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Abstract—This paper is analyzing the operation of a stand-

alone wind turbine system with variable speed Permanent 
Magnet Synchronous Generator (PMSG) and a system for 
storing energy during wind speed and load variations. Energy 
storage devices are required for power balance and power 
quality in stand alone wind energy systems. Initially, the holistic 
model of the entire system is achieved, including the PMSG, the 
boost converter and the storage system. The power absorbed by 
the connected loads can be effectively delivered and supplied by 
the proposed wind turbine and energy storage systems, subject to 
an appropriate control method. The main purpose is to supply 
230 V/50 Hz domestic appliances through a single-phase inverter. 
The simulation results, validated by experimental testing, show a 
good prediction of the electrical parameter waveforms. The 
control system is implemented on a dSPACE DS1103 real-time 
board. Furthermore, the results confirm the stability of the 
supply. 
 

Index Terms—wind power, energy storage, real-time control, 
stand-alone generator, variable-speed permanent magnets 
generators,  

I. INTRODUCTION 
VER the past few years, research into the use of 
renewable energy sources (RES), such as wind, 
photovoltaic and hydro power plants [1]-[3], for 

electricity generation has been the subject of increased 
attention. In the case of wind energy conversion systems 
(WECS), the interest is also focused on small units, used to 
provide electricity supply in remote areas that are beyond the 
reach of an electric power grid or cannot be economically 
connected to a grid. While large wind turbines reached their 
technological maturity, small-scale WECS have to be further 
optimized in order to achieve integration in flexible 
microgrids (MGs) and increased reliability [4].  

Clusters of MGs, linked through power and data exchange 
highways, play a similar role in the smart grid as the power 
generators do in classical power systems. However, the higher 
flexibility of the MGs and the easier integration of RES make 
them more attractive [5], [6]. WECS are the most favored 
alternatives for supplying electricity in stand-alone cases at 
this moment due to the fact that wind energy is relatively 
 

L. Barote and C. Marinescu are with the Department of Electrical 
Engineering, Transilvania University of Brasov, 500024, 1, Politehnicii, 
Romania (e-mail: luminita.barote@unitbv.ro; corneliu.marinescu@unitbv.ro). 

M. Cirstea is with the Department of Computing and Technology, Anglia 
Ruskin University, East Road, CB1 1PT, Cambridge, United Kingdom         
(e-mail: marcian@ieee.org). 

 

easily harnessed, the maintenance required by the wind 
turbine generators is reasonable and there is no fuel cost.  

Several electrical machines can be used to implement the 
electromechanical energy conversion and control, each of 
which presents different advantages and disadvantages [7]-[9].  
For small power wind systems operating in remote and 
isolated areas, the study of permanent magnet synchronous 
generators (PMSGs) has been the subject of much research. 
PMSGs are especially interesting in low power wind energy 
applications, due to their small size and high power density.  

The primary advantage of PMSGs is that they do not 
require any external excitation current. A major cost benefit in 
using the PMSG is the fact that a diode bridge rectifier may be 
used at the generator terminals since no external excitation 
current is needed. The system topology used in this paper is 
based on a PMSG connected through a diode bridge rectifier 
and a boost converter to the DC-link for small and medium 
power range [9]-[11]. 

Due to the highly variable nature of the wind, the utilization 
of an energy storage device such as a battery can significantly 
enhance the reliability of a small stand-alone wind system. 
Integrating an appropriate energy storage system in 
conjunction with a wind generator removes the fluctuations 
and can maximize the reliability of the power supplied to the 
loads [12]-[14]. In the autonomous system, the wind power 
converter may be operated to maximize the wind energy 
converted into electricity. The captured energy is supplied to 
the load directly, the difference between the wind power 
generation and user consumption being directed to or supplied 
by the battery energy storage device connected via the power 
electronic interface [2].  

The lead acid batteries (LABs) are the dominant energy 
storage technology, with their advantages of low price, high-
unit voltage, stable performance and a wide range of operating 
temperature [15], [16]. The LABs hence constitute an exciting 
challenge, as major components in the development of the 
stand alone wind energy systems [17], [18]. 

The paper is organized as follows: in Section II, the stand-
alone wind turbine system configuration and associated 
control methods are presented, then Section III describes the 
simulation and experimental results, while conclusions are 
provided in Section IV. 
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II. STAND-ALONE WIND TURBINE SYSTEM CONFIGURATION 
The proposed stand-alone wind power system supplies 

single-phase consumers at 230 V / 50 Hz. It is designed for a 
residential location and it is based on a 2 kW wind turbine 
(Fig. 1), equipped with: i) a direct driven permanent-magnet 
synchronous generator (PMSG), ii) an AC/DC converter 
(diode-rectifier bridge + boost converter) for the tracking of 
the maximum power from the available wind resource, iii) a 
LAB storage device, iv) an inverter, v) a transformer and vi) 
resistive loads. The wind power is converted into the 
mechanical-rotational energy of the wind turbine rotor. A 
wind turbine cannot ‘completely’ extract the power from the 
wind. Theoretically, only 59 % of the wind power could be 
utilized by a wind turbine [19] but for the 2 kW wind turbine 
system analyzed in the paper the real power coefficient is 
39%. 

 
Fig. 1. Wind turbine configuration. 

 
The wind turbine rotor is connected to the wind generator, 

thus converting the mechanical energy into electrical energy. 
The generator's AC voltage is converted into DC voltage 
through an AC/DC converter. The rectifier is matching the 
generator’s AC voltage to the DC voltage, while the boost 
converter provides the required level of constant DC voltage. 
The DC output voltage is fed to the battery bank and through 
an inverter further to the load. The voltage should stay 
constant for various wind speeds. When the wind speed is too 
high, the power excess supplied by the wind turbine is stored 
in the battery. When the wind speed is low, the generator, 
together with the battery bank, can provide sufficient energy 
to the loads. The DC loads are supplied directly from the DC 
circuit. At high speeds, the turbine control system stops the 
energy production. The same protection is activated also in the 
case when the battery is fully charged and energy production 
exceeds consumption. At low wind speeds, load shedding is 
used to keep the frequency at the rated value.  

The storage system is composed of a LAB and a full bridge 
single-phase inverter that converts the DC voltage of the 
battery in AC voltage. Further, this voltage is applied to a 
single-phase transformer, which boosts-up the voltage to     
230 V. The inverter controls the power transfer.  

A. The PMSG Model 
The dynamic model of PMSG is derived from the two-

phase synchronous reference frame in which the q-axis is 90° 
ahead of the d-axis, with respect to the direction of rotation. 
The electrical model of PMSG in the synchronous reference 

frame is given by (1), [20] - [22]:  
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where subscripts d and q refer to the physical quantities that 
have been transformed into the d-q - synchronous rotating 
reference frame; Ra is the armature resistance; ωe is the 
electrical rotating speed which is related to the mechanical 
rotating speed of the generator as gpe n ωω ⋅= , where np is the 

number of pole pairs; ψPM is the magnetic flux of the 
permanent magnets . The electromagnetic torque can be 
derived, as show in [23], to be: 
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If the PMSG is taken without rotor saliency (where Ld = Lq 

= L), eq. (1) can be rewritten as:  
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and the electromagnetic torque can be regulated by iq as: 
 

qPMpe inT ψ5.1=                                                                (4) 

B. The Boost Converter Model 
The unidirectional boost converter achieves an interface 

between the battery and the rectifier capacitor and ensures 
rapid transfer of power [24]. The block diagram is shown in 
Fig. 2a and a simplified model of the boost converter is shown 
in Fig. 2b. 

(a)     
 

(b)   
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Fig. 2. (a) The boost converter diagram (b) Equivalent model of the boost 
converter.  

The voltage and current relationship between the primary 
and secondary sides is given by (5) and (6): 
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where D is the PWM modulation factor. 

When Vdc ≥ Vb , the boost converter is not working and the 
current provided by the generator is channeled through the 
bypass Schottky diode Ds. In relations (5) and (6), it is 
assumed that there is no power loss in the converter. The input 
and output signals of the boost converter are modeled by two 
controlled current sources (see Fig. 2b). 

The reference current ( *
LconvI ), is supplied by the MPPT. 

The error between the reference current and the measured 
current (ILconv) is applied to a PI regulator. The output of the 
regulator is summed with the positive voltage reaction, which 
realizes 1-Vdc/Vb. The modulation factor D is obtained, which 
is used as reference for the PWM generator, as shown in     
Fig. 3. The modulation factor provides the control signal for 
the converter’s switching device ST. 

 

 
Fig. 3. The boost converter control diagram. 
 

In order to control the generator current and to provide 
overspeed limitation, our research team proposed in [25] a 
control method which is applicable to the dc boost converter 
block diagram analyzed (see Fig. 2). Also, the operation of the 
PMSGrectifier is characterized by variable frequency and 
variable voltage, as the wind turbine rotor speed varies.   

C. The Maximum Power Point Tracking (MPPT) 
To obtain maximum power from a controlled WECS, this 

has to operate in the variable speed mode. Thus, an adequate 
controlling method, based on Maximum Power Point Tracking 
(MPPT), must be used, in order to maximize the electric 
output power and to adjust the generator speed [12], [13], 
[26].  

Several studies have been dedicated to small turbines, 
including different architectures with their associated 
complexity and implementing different control strategies 
giving certain energy efficiency values. Knowing the optimal 
characteristics allows maximizing the energy transfer by 
controlling the torque, speed or power. In fact, energy 
efficiency not only depends on the control strategy but is also 

influenced by the system topology and its losses [26]. 
 
Depending on the wind speed, the MPPT control adjusts the 

power transferred, bringing the turbine operating points onto 
the ”maximum power curve”, like in Fig. 4a. In the case of the 
system studied, both in the simulations and experiments, the 
converter control system did not allowed to obtain maximum 
power over the entire range of wind speeds, but only from 3 
m/s to 6 m/s, due to current limitations introduced by the 
motor inverter which emulated the wind turbine. A PI 
regulator is used to implement the MPPT function, which 
provides the reference power for the boost converter, based on 
the wind speed measurements (vp.u) and the turbine generator 
speed (np.u).  

The MPPT control block diagram is shown in Fig. 4b. 

(a)     
 

(b)        
Fig. 4. (a) Wind turbine power characteristics (b) MPPT control block 
diagram. 

D. The Energy Storage System 
The energy storage system is composed of a single-phase 

MOSFET inverter and a bank of 12 V each (gel type) LABs 
connected in series to provide the desired value of the inverter 
battery voltage. The energy storage system configuration is 
shown in Fig. 5. The LAB is able to supplement the power 
provided to the load by the wind turbine, when the wind speed 
is too low.   
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Fig. 5. The storage system configuration. 
 
The equivalent electrical model of the LAB contains a 

controlled voltage source (Eb), connected in series with the 
internal resistance (Rint) and the LAB voltage (Vb). It is known 
that the Eb voltage depends on the charging state, battery type 
and temperature and it is expressed by the following 
relationship [27]:   
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where: Eb0 is the no load battery voltage at the rated charge, K 
is the polarization voltage, Q is the battery capacity and Ib is 
the battery current. The input of the charging/discharging 
controller is used as parameter - the SOC (State Of Charge) of 
LAB, and is defined as:  
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where Qn is the rated capacity of LAB.  
If the LAB is fully charged, SOC = 1 and if the battery is 

discharged at the maximum value, SOC = SOCmin. For 
instance, the maximum recommended discharge for LABs 
used in such applications is 80 %, thus SOCmin=0.2. As the 
full discharge is not recommended for LABs, a SOCmin=20 % 
will be considered in the regulator’s implementation. 

The calculation algorithm uses one variable parameter (Ib) 
and one constant block (Qn). With a discrete time integrator 
block, the mathematical operations and an initial SOC value, 
the LAB SOC[%] is obtained.  

III. SIMULATION AND EXPERIMENTAL RESULTS 
The proposed system has been modeled and simulated 

using the Matlab/Simulink/SimPowerSystems environment 
[28].  Fig. 6 shows the block diagrams for simulation (Fig. 6a) 
and those related to the experimental implementation (Fig. 
6b). Measurement blocks are also included.  

The experimental results are obtained on a laboratory test 
bench which includes the described system in conjunction 
with a wind turbine emulator that drives the PMSG. The 
PMSG belongs to a real wind turbine. The wind speed 
changes and load switching conditions were performed using 
the wind turbine emulator and a dSPACE DS1103 real-time 
board. This emulator is able to reproduce the steady and 
dynamic behavior of a real wind turbine.  

The hardware scheme is based on a Danfoss VLT - FC302 
frequency converter, with vector control / open loop torque 
control, and the real-time control system dSPACE DS1103. 
Additionally, the theory of real-time control systems is 
detailed in [29], [30]. The operating principle is based on a 
control loop, where the input signal is the electromagnetic 
torque of the asynchronous motor (AM) and the output signal 
is the motor speed. The wind speed can be modified through 
one independent input of the emulator [31]. The block 
diagram of the wind turbine emulator is presented in Fig. 7. 

 

 
(a) 

 
(b) 
Fig. 6. The implemented structures: (a) Simulink block diagram; (b) 
Experimental setup. 
 

 

 
Fig. 7. Wind turbine emulator. 

 
A graphical user interface has been build, using the control 

desk software, in order to allow real time control, evaluation 
of the system and to find the desired operating conditions 
which can verify the studied and proposed cases. 

In order to investigate the system’s operation, the following 
simulations and experiments were carried out: 

− Variation of the wind speed, while the load is constant 
(two case studies); 

− Load switching, with fixed wind speed (two case studies). 
These will be discussed in the following subsections.  
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A. Variation of the Wind Speed, while the Load is Constant  
Case 1: Decreasing variation of the wind speed, while the 

load is constant (P=1 kW); 

 (a)       

(b)         

(c)           

(d)         

(e)        

(f)       
Fig. 8. (a) PMSG rotor speed variation (b) PMSG electromagnetic torque (c) 
The DC link rectifier bridge voltage variation (d) The LAB voltage variation 
(e) LAB current variation (f) The LAB-SOC variation. 

In Case 1, the entire energy load demand is considered        
1 kW. The simulation and experimental results for the wind 
generator are summarized in Figs. 8a,b,c. During this process, 
the LAB voltage decreases by about 3 V (Fig. 8d). The 
simulation and experimental test results for the LAB current 
are shown in Fig. 8e. When the LAB is discharging, the 
battery SOC decreases in order to ensure a stable supply for 
the loads. The results can be seen in Fig. 8f. When the wind 
speed is 5 m/s, the wind turbine cannot supply the entire 
energy demand of the load (1 kW), therefore the battery is 
supplying the difference. The active power balance of the 
system is shown in Fig. 9, experimental tests confirming the 
simulation results.  
 

(a)       
 

(b)    
Fig. 9. Active power balance of the system (a) Simulation (b) Experiments. 

 
Case 2: Random wind speed variation with variable load. 
In this case, a typical wind profile is implemented, over 100 

seconds, as shown in Fig. 10a. The profile is based on local 
wind data characteristics [32]. In a wind-storage system, the 
battery is smoothening the output power of the wind turbine 
by charging and discharging accordingly. Corresponding to 
the two load values which are connected and disconnected 
(see waveform of Fig. 10h), the experimental results are 
summarized in Figs. 10b,c,d,e,f,g,h.  

 

(a)      
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(b)        

(c)      

(d)      

(e)   

(f)   

(g)  

(h)     
Fig. 10. (a) Typical wind profile for storage device (b) The PMSG rotor speed 
variation (c) The PMSG electromagnetic torque (d) The DC link rectifier 
bridge voltage variation (e) The LAB voltage variation (f) The LAB current 
variation (g) The LAB-SOC variation (h) The active power balance of the 
system. 

B. Load Switching, at Fixed Wind Speed (two Case Studies) 
Case 1: 2 kW load switching at 9 m/s; 
Case 2: 1 kW load switching at 0 m/s. 
In Case 1, the wind speed is maintained constant at 9 m/s. 

A 2 kW load is connected at t=3 s, and disconnected at t=7 s. 
The simulation and experimental results for the wind turbine 
emulator are summarized in Figs. 11a,b. The DC link bridge 
voltage variation is presented in Fig. 11c. Further, Figs. 11d,e 
show that the LAB’s operating mode changes from charge to 
discharge during the transient event. 

As no load is connected initially, the power difference 
supplied by the wind turbine is stored in the battery and is 
then released when the 2 kW load is connected, thus ensuring 
continuous supply of the load. The SOC slope changes when 
the load is switched on and off, as shown in Fig. 11f, which 
means that the battery is switching from the charging to the 
discharging mode. Consequently, the system maintains its 
active power balance (Fig. 12). 
 

(a)     

(b)      

(c)      

(d)      
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(e)      

(f)      
Fig. 11. (a) PMSG rotor speed variation (b) PMSG electromagnetic torque (c) 
The DC link rectifier bridge voltage variation (d) The LAB voltage variation 
(e) LAB current variation (f) The LAB-SOC variation. 
 

(a)    

(b)   
Fig. 12. Active power balance of the system (a) Simulation (b) Experiments. 
 

In Case 2, the wind turbine doesn’t rotate (v=0 m/s). A 1 
kW load is connected at t=3 s, and then it is disconnected at 
t=7 s. During the transient event, the LAB voltage decreases 
(Fig. 13a), and the negative current implies that the LAB has 
entered into the discharge mode, in order to ensure stable 
supply for the loads (Figs. 13b,c). Fig. 14 shows that the 
active power balance of the system is maintained, regardless 
of the load change. 

(a)  

(b)  

(c)  
Fig. 13. (a) The LAB voltage variation; (b) The LAB current variation;        (c) 
The LAB-SOC variation. 
 

(a)    

(b)  
Fig. 14. Active power balance of the system: (a) Simulation (b) Experiments. 
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Small changes in the battery voltage and current waveforms 
can be observed on the experimental results, comparing with 
the simulation curves, taken as reference. The explanation for 
these differences is that the real system is more complex than 
the model used in the simulation and its performance can be 
affected by many parameters which are not considered in the 
simulation (the neglected / unknown wires for example).  

These differences are more significant in the results 
presented for load switching (for example in Figs. 8d and 
11d), due to the use of a real inverter in the laboratory test 
bench, which has low dynamics during the transient regime, 
compared with the simulation case, where an ideal inverter is 
modeled. In addition, the mismatch of the time axis between 
the simulation and the experimental test results occurs because 
of the difficulty of controlling the real system start time, as 
done in the simulation case. 

IV. CONCLUSIONS 
A control structure for single phase stand-alone wind based 

energy sources is analyzed in this paper. This includes an 
associated energy storage system, with the role to stabilize the 
output voltage in autonomous applications.  

The main original contributions of this paper are: i) the 
development of a control topology which achieves MPPT, 
voltage and battery state of charge (SOC) monitoring, with 
optimal conditions for battery charging, ii) the design and 
implementation of a wind turbine emulator with an induction 
motor and a frequency converter and iii) the experimental 
laboratory test bench development to validate in practice the 
results obtained from simulations. 

The MPPT algorithm, which controls the power electronic 
interface, will ensure a maximum extraction of energy from 
the available wind. The LAB always ensures the safe supply 
of the loads (households), regardless of the problems caused 
by wind speed or load variations, by switching between the 
charging and the discharging mode.  

Simulation and experimental test results show that the 
active power balance of the system proves to be satisfied 
during transient loads and variable wind speed conditions.  

The configuration can operate with inductive loads, but 
there is no effect of the L component on the dc side power 
circulation, so the specific study of the RL case is of no 
interest. However, the inverter has to be oversized to bear the 
reactive component. Thus, the analysis performed and the case 
studies considered, lead to the conclusion that the proposed 
system can effectively provide reliable and good quality 
power to the customers in the autonomous power system. 

This work highlights the functionality and efficiency of the 
control system developed and offers perspectives for future 
research on autonomous wind energy system control 
strategies.  
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