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Abstract: This paper aimed to evaluate the use of wind turbine storage systems to provide electricity in the distribution grid 

through a five-level inverter. New manner of connecting renewable energy source to a multilevel inverter is presented; the 

conventional structure consists on the use of a DC bus as an intermediary between AC/DC converters and inverter. The 

proposed system is composed by four wind turbine generators with MPPT (optimal torque control) control, four battery storage 

systems connected to each capacitor of the DC link and a five level diode clamped inverter connected to the grid by three 

phase transformer. One of the problems associated with the use of multilevel inverters is the balancing of capacitors, battery 

banks are used to solve this problem in addition to smooth the power injected to the grid. 

Keywords: Permanent Magnet Synchronous Generator (PMSG), Battery Storage, Five Level Diode Clamped Inverter, 

Space Vector Modulation, Supervision and Management 

 

1. Introduction 

The use of wind energy conversion systems has been 

considerably expanded over last decades, wind turbines can 

be categorized in two categories: wind turbines with fixed 

speed and with variable speed. Recently variable speed wind 

turbine generators are largely used, authors in [1, 2] gave 

some advantages of this kind of wind turbines compared to 

fixed speed. Among problem related to variable-speed wind 

systems is presence of the gear box connecting wind turbine 

to generator [3], permanent magnet synchronous generators 

(PMSG) turns out to be increasingly attractive, due to reason 

cited in [3, 4], other advantages of PMSG are given in [5, 6]. 

Energy storage systems (ESSs) have some significance 

applications in operations like grid stabilization, stable power 

quality, load shifting, grid operational support and smooth 

power injection to grid. Several power smoothing methods 

have been introduced in literature [7-12], battery energy 

storage system (BESS) is selected as energy storage and 

incorporated into wind farms for dispatching wind power and 

maintain power and energy balance as well as to improve 

power quality. Recently multilevel inverters appear to be a 

very good solution for renewable energy applications, 

various kinds of topologies are presented in literature [13-

16]. The diode clamped inverter topology seems to be more 

appealing for reasons cited in [17]. Different methods of 

modulation techniques exist to control the inverter they are 

developed in [13-17]. The fundamental concern of the diode 

clamped multilevel converter topology is the balancing of the 

capacitor voltage sin the DC link [18]. Several Solutions for 

addressing this problem have been reported in the literature 

[19]. In this article, as represented in Figure 1, four variable 

speed wind turbines battery storage system connected to grid 

is presented. Each turbine is coupled to every capacitor of 

DC link of the inverter via an AC/DC converter and for each 

of this capacitor of DC link a battery bank is also connected, 

as shown in Figure 2. Five-level inverter is proposed, its 

output gives satisfying results regarding he THD and wave 

form compared to the classic two level inverter, it is 

controlled with simplified space vector modulation this new 

simplification greatly reduces computation time and reduces 

complexity of algorithm. The proposed structure (connection 

of battery bank to each capacitor of the DC link of inverter) 



85 Ali Berboucha et al.:  Control and Energy Management of Multilevel Inverter for Grid Connected Wind Turbine Storage System  

 

gives benefit of balancing voltages across every capacitor 

without using complex algorithm on one side, and on the 

other allows us to smooth power injected to the grid. 

 

Figure 1. Global wind turbine connection system. 
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Figure 2. Detail show battery banks are connected to five level inverter. 

2. System Description and Modeling 

AS shown in Figure 1, our system is composed of four 

variable speed wind turbines and PMSG, each one is 

connected to AC/DC converter, the latter is connected to one 

of DC bus of five level inverter, in addition to four battery 

banks that are used to maintain the voltage of each DC bus 

constant and smooth the power injected to grid. 

2.1. Modeling of Wind Turbine 

The aerodynamics of wind turbine may be characterized 

by its Cp (λ,β) curve, which is usually provided by 

manufacturers. Cp is the power coefficient; it matches to 

maximum mechanical power recovered from wind at its 

maximum value and it depends of tip-speed ratio λ and pitch 

angle β. For given Cp, mechanical power Pm and mechanical 

torque Tem extracted from wind by the wind turbine may be 

given by [20, 21]: 

Pm=0.5ρSCp(λ,β)V3
w                             (1) 

Tem=
��
Ώ�                                          (2) 

Modeling of wind turbine is widely developed in the 

literature, the model given in [1] is used in this article. 

Maximum power coefficient (Cpmax) matches to optimum tip 

speed ratio (λopt). The turbine rotor speed is adjusted through 

variable speed mode of wind turbine to maintain optimum tip 

speed ratio to meet maximum power coefficient for 

extracting maximum mechanical power from wind. Power 

coefficient is a function of blade pitch angle, and linear 

relation between wind speed and the speed of blade tip, this 

coefficient indicates the efficiency that wind turbine 

transforms kinetic energy contained in wind into mechanical 

energy. According to the Betz limit, for horizontal axis 

turbines with three blades, maximum possible value is 

approximately 0.593. 

2.2. Modeling of PMSG 

The model of the PMSG-based wind turbines including the 

electrical and mechanical models is fully explained in [22]. 

2.3. Modeling of Battery Bank 

A lead acid (LA) batteries were chosen for this work, the 

model for simulation under Matlab is detailed extensively in 

[23]. 

2.4. Multilevel Inverter Model 

First’s studies on multilevel inverters have been made with 

three-level inverter that has been presented by Nabae [16]. 
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Last few years, multilevel inverters have gained lot of 

attention in the field of medium voltage and high power 

application due to their many advantages cited in [24], recent 

applications of this kind of inverters have a variety including 

induction machine and motor drives, active filters, interface 

of renewable energy sources, flexible AC transmission 

systems and static compensators [16, 24]. Diode clamped 

inverters, especially three-level structure, have a wide use in 

motor drive applications compared with other multilevel 

inverter topologies; but when the number of level exceeds 

three, there is a limitation on number of clamping diodes and 

complexity to control the inverter. In this paper five level 

diode clamped inverter topology is used, as we can see in 

Figure 3 circuit diagram of this topology is presented. 

 

Figure 3. Circuit diagram of five level diode clamped inverter. 

The inverter has three legs; each leg is composed of eight 

switches with anti parallel diodes, capacitors split the DC- 

bus voltage. Voltage across each capacitor is Udc/4, and 

voltage stress across each switching device is limited to Udc/4 

through the clamping diodes [24]. Using the complementary 

control between upper switches and lower ones, so to have: 
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���� � 1 	 ��
��� � 1 	 ����� � 1 	 ������ � 1 	 ���
                                   (3) 

Where k= (1,2,3) is the leg number. 

As indicated in Table 1, each leg of inverter can have five 

possible switching states, 1,2,3,4 and 5. 

Table 1. Diode clamped inverter voltage levels and switching states. 

Switchingsymbol 
Switchstate 

Voltage��� ��� ��� ��� ��� ��� ��� ��� ��� 1 1 1 1 1 0 0 0 0 
���2  

2 0 1 1 1 1 0 0 0 
���4  

3 0 0 1 1 1 1 0 0 0 4 0 0 0 1 1 1 1 0 
	���4  

5 0 0 0 0 1 1 1 1 
	���2  

 

Assuming ideal power switches, connection functions are 

defined as follows: 

#$%
$& '��( � ���. ���. ��. ���'��( � ��
. ���. ���. ���'��* � +1 	 ���,. ���. ��. ���'��* � ��
. ���. ���. +1 	 ���,                     (4) 

Voltage of leg k (k=1,2,3) of five-level inverter relative to 

middle point O is given by the following equation: 

-.�/ � 02+'��( 	 '��( , 1 2'��* 	 '��* 34 567�           (5) 

Output voltage of the inverter is given by: 

8.�.�.9 � � 82 	 1 	 1	12 	 1	1 	 12 9 8.�/.�/./9                      (6) 

3. Control of Wind Energy Conversion 

System 

3.1. Control of Battery Bank Storage 

This control has two aims: control of battery bank system 

such illustrated in Figure 4 and regulation of the DC link 

capacitor voltage, battery bank is connected to the DC-link 

via chopper; the schematic of the battery converter control is 

shown in Figure 4. Four wind turbines of 660kW and four 

battery banks which can provide up to 300kW each one are 

used, DC link voltage is set at 900V which means the use of 

75 batteries of 12V in series. Knowing the power that must be 

delivered to grid  ;<=>? , reference power for each battery 

banks is given by: 

;=>?@=�ABCD� 	 ;E@F�@                             (7) 

Were:;=>?@ : power reference for each control unit, ;<=>? : 

power required by load,  ;E@F�@ : power produced by wind 

turbine “i” I = (1,2,….4). So each turbine battery bank group 

must deliver power equal to
�ABCD� . 

 

Figure 4. Battery bank storage control. 

The battery power reference is produced by the supervisory 

system. The correct or adjusts the current ibat in the aim to 

track the reference ibatref, with an objective of charging or 

discharging the battery depending to the need. Figure 5 shows 

flowchart of operation of storage battery system. 

 

Figure 5. Operation of storage battery. 



89 Ali Berboucha et al.:  Control and Energy Management of Multilevel Inverter for Grid Connected Wind Turbine Storage System  

 

 
3.2. Control of Five-Level Inverter 

One of the most known control approach for multilevel 

inverters is known as SVPWM, which directly applying the 

control of the variable provided by the control system and 

identifies each commutation vector as a point in the complex 

area of (α,β). Studies have shown that the use of SVPWM 

gives us better results than Sinusoidal PWM schemes 

concerning harmonic elimination and fundamental voltage 

ratios [16]. Five-level NPC inverter has 125 switching states 

as shown in Figure 6. Each phase arm of inverter consists of 

eight switching element and has five different witching states 

that are 1,2,3,4,5 representing positive big, positive small, 

zero, negative small and negative big switching sequences. 

 

Figure 6. Five-level space vector diagram. 

In this part, a simplified technique is used where the 

hexagon of Figure 6 is subdivided into six smaller three-level 

hexagons, and each three-level hexagons is subdivided into 

six smaller two-level hexagons as it can be seen in Figure 7. 

The idea is to find in which two level hexagon is located the 

reference vector to apply the SVPWM for two-level inverter, 

and that starting with determining in which three level 

hexagon the reference vector is located, then subtracts the 

reference voltage vector from the central vector that connects 

the center of the five levels hexagon to the center of the 

hexagon with three levels. New three-level reference vector 

is created. Repeat the same thing between three level 

hexagon and two level hexagon to get new two-level 

reference vector, and finally apply two level SVPWM. This 

change greatly reduces the computation time and reduces the 

complexity of the algorithm. 

 

Figure 7. Simplification five-level space vector diagram. 



 International Journal of Electrical and Electronic Science 2018; 5(4): 84-95 90 

 

 

3.2.1. First Simplification 

Knowing the position of a reference voltage vector, a three 

level hexagon is chosen from the six hexagons which 

constitute the five levels diagram. Every hexagon is 

recognized by the angle θ such as: 

#$$
$%
$$$
& 1GH ��I� J K L I�2GH I� J K L I�3GH I� J K L 
I�4GH 
I� J K L �I�5GH �I� J K L I�6GH I� J K L ��I�

                              (8) 

After having selected a hexagon, the new reference vector 

V
*’

s is calculated as follows (Table 2). 

Table 2. First simplification of reference voltage vector. 

Hexagon Vα
*’ Vβ

*’ 

1 Vα
*-1/2 Vβ

* 

2 Vα
*-1/4 

Vβ
*-√3/4 

3 Vα
*+1/4 Vβ

*-√3/4 

4 Vα
*+1/2 Vβ

* 

5 Vα
*-1/4 Vβ

*+√3/4 

6 Vα
*+1/4 Vβ

*+√3/4 

3.2.2. Second Simplification 

Having the selected three levels hexagon and the 

location of the new vector, one hexagon is selected among 

the six small hexagons constituting this three level 

diagram. Computing of the new reference Vs
*’’ 

is made. 

Table 3 gives the components α and β of the reference 

voltage Vs
*’’

. 

Table 3. Second simplification of reference voltage vector. 

Hexagon Vα
*” Vβ

*” 

1 Vα
*’-1/4 Vβ

*’ 

2 Vα
*’-1/8 

Vβ
*’-√3/8 

3 Vα
*’+1/8 Vβ

*’-√3/8 

4 Vα
*’+1/4 Vβ

*’ 

5 Vα
*’-1/8 Vβ

*’+√3/8 

6 Vα
*’+1/8 Vβ

*’+√3/8 

When the new reference voltage Vs
*’’ 

and the 

corresponding hexagon are fixed; the traditional two level 

space vector modulation technique can be used. Figure 8 

show the output voltage of the first phase of the inverter and 

the spectral analysis it shows that the use of SVPWM reduces 

harmonic. 

 

Figure 8. Output voltage .( and spectral analysis for a five-level inverter controlled by SVPWM. 
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It is important to note that this value of THD looks great 

and unacceptable, but it should be noted that it is the value of 

the inverter output voltage without a filter, and comparing to 

the values found by [16], where he uses several technique to 

control the inverter we concluded that this THD is very 

acceptable and that the SVM gives better results than the 

conventional technique (multicarrier pulse width modulation 

and other). 

3.3. Control of the Grid Side 

Our system must (PMSG/battery bank) inject sinusoidal 

currents (amplitude and frequency) with the aim to generate 

bank active power to the grid. The active and reactive powers 

are given using components of grid voltage current 

+.<�, G<� , .<QandG<Q, by: 

U ;< � .<�G<� 1 .<QG<QV< � .<�G<Q 	 .<QG<�                           (9) 

By controlling G<�  and G<Q , references for active and 

reactive power can be obtained (;<=>? , V<=>?): 

�G<�=>? � �ABCD.WA6XYABCD.WAZW6A[\WZA[G<Q=>? � �ABCD.WAZ\YABCD.WA6WA6[\WAZ[                    (10) 

Figure 9 shows us the diagram of the grid side control. 

 

Figure 9. Diagram of the grid side control. 

4. Simulation Results of Global Wind 

Turbine System 

MATLAB/Simulink is used to simulate the global system 

of Figure 1, simulation is made for a period of 3 hours, In 

order to be close to real conditions, wind speed differs 

slightly for the four turbines like shown in Figure 10a, 

average wind speeds between 9m/s and 10.5m/s are taken. 

Figure 10b shows powers produced by the four generators 

and their sum, it is noted that they are a function of the wind 

speed and they are not constant, negative value means that 

power is supplied to the load. 

Figure 10c shows battery banks power, positive power means 

that power produced by wind generators is more than power 

demanded by load, than the surplus is used to charge batteries, 

negative power of battery banks means that power produced by 

wind generators is less than power demanded by load; battery 

banks are used to inject the power deficit to grid. Strategy 

proposed enables checking the level of each storage unit if wind 

generations power are not the same and offset the fluctuating of 

wind power as illustrated in Figure 10c. 

 

(a) 
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(b) 

 

(c) 

Figure 10. a Wind speed profile for each turbine, b Generators power, c Battery banks power. 

With storage technique, we can equilibrate DC bus as shown in Figure 11a, and the voltage of each one is kept at 900V and 

this without use of complex algorithms. 

 

(a) 
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(b) 

 

 

(c) 

Figure 11. a DC bus voltages, b Battery banks state of charge, c Grid current and voltage with spectral analysis of current. 

Figure 11b shows state of charge of each battery banks, it 

depends on wind power available and power required by the 

load, if the power of wind available is greater than the power 

required by the load the battery bank is charged and 

increased of its SOC is observed. 

If the power of wind available is less than the power 

required by the load the battery bank is discharged and we 

see decreased in its SOC. 

The injected currents are sinusoidal with a constant 

frequency and have a good quality as shown in Figure 11c, 

use of five levels inverter as a connection interface allows us 

to have a very good quality of the injected current. As show 

in the spectral analysis, the THD is about 0.32% and 

compared to the results found by [16], this value is very 
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satisfactory and encouraging for use of multilevel inverter 

with SVM as control strategy. 

The current and voltage are in phase opposition which 

means that the active power is negative this to say that the 

power drawn is injected and not absorbed. 

 

 

Figure 12. Active and reactive power (reference and injected). 

Figure 12 shows the active and reactive powers (reference and 

injected). The injected active and reactive powers by the system 

perfectly follow the references required by the load. It should be 

noted that the reactive power can take different values which 

depend on the demand of the load. That means, the system can 

operate with unit power factor Q=0 (0s < t < 1800s and 5400s 

< t < 7200s), can generate reactive power (7200s < t < 11800s), 

or absorb reactive power (1800s < t < 5400s). 

Simulation indicates that the use of several wind turbines 

using only one multilevel inverter may furnish more power, 

results show efficiency of the multilevel inverter controlled 

by the simplified technique. 

It is well to note that the results obtained are results of 

simulations and that the models that we took for our case are 

ideal and non-real models which generates errors compared 

to the real results. The switching and conduction losses of the 

converters, loss of the transmission lines, losses of 

friction…etc, have been neglected. 

5. Conclusion 

This article, presented study and control of variable speed 

wind Battery storage system connected to the grid, based five 

level inverters, to supply a load. Wind energy conversion 

system based on PMSG was proposed, wind turbine system 

has been modeled. Also, to maximize the extracted power 

from wind optimum torque control MPPT is applied, it gives 

very good dynamic performance. PMSG was controlled by 

vector control; it gave good response and result according to 

wind speed variation. The use of a five level inverter with his 

simplified control as a grid interface gives a good results in 

term of THD and power quality. The objective in this paper 

was to present a way to balance the DC bus of five levels 

inverter, use this last with a simple, efficient control, and feed 

a load with active and reactive power with a variable wind 

speed. The proposed structure has a lot of advantages 

compared to classic systems, in case where two levels 

inverter is used to connect production source to grid, limits 

for power rise are imposed. The multilevel diode clamped 

inverter does not have this problem because it has a DC bus 

segmented by series connected capacitors, so it offers many 

connection possibilities. In addition, harmonic distortion 

filter elements and cost of installation are reduced; the 

proposed structure gives benefit of balancing voltages across 

each capacitor without using complex algorithm, supervising 

the state of charge of batteries bank and smoothing power 

injected to grid.  
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Appendixes 

System Parameter Values 

Turbine: Turbine radius R = 23.5m, 

Turbine inertia = 222963kg.m
2
, 

Air density ρ = 1.225kg/m
3
, 

Number of blades = 3. Grid: V = 690V, 

f=50Hz. Filter parameters: R = 0.01Ώ, 

L = 0.001H. PMSG: Rated power P = 660kW, 

Stator resistance R = 0.01Ώ, 

d, q axis stator inductances Lds = Lqs = 0.001H, 

Magnetic flux Ψf = 2.57Wb, 

Pair number of poles P = 64. 

DC bus: Udc1 = Udc2 = Udc3 = Udc4 = 900V. 

Line parameters: r = 0.012Ώ/km, x=0.116Ώ/km. 
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