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Abstract: Interfacing converters utilized in connecting energy storage systems like ultra 

capacitors and battery banks to wind generation systems introduce additional cost and power 

losses. This paper thus presents an immediate integration theme for ultra capacitors utilized in 

mitigating short-run power fluctuations in wind generation systems. This theme uses a dual 

electrical converter topology for each grid affiliation and interfacing a ultra capacitor bank. The 

most electrical converter of the dual electrical converter system is hopped-up by the corrected 

output of a wind turbine-coupled permanent-magnet synchronous generator. The auxiliary 

electrical converter is directly connected to the ultra capacitor bank. With this associate 

interfacing converter is not needed, continuity of load maintenance is possible and there are not 

any associated cost and power losses incurred. The performance of the proposed system is 

evaluated in MATLAB/SIMULINK software. Finally, the Simulation results shows that the 

short-run fluctuations is suppressed and posses the desired characteristics in wind energy 

systems. 

Keywords: Direct integration of ultra-capacitors, dual inverter, energy storage interfacing, and 

non-integer voltage ratio 

1. INTRODUCTION 

Global warming is one of the most critical environmental problems arising in the world, must be 
taken into consideration. In an attempt to prevent the realization of these fears, we know that 
utilization of renewable energy has become very useful in the emissions of greenhouse effect gases 
(CO2, NOx, SOx, etc.). However, the generated power is always fluctuated due to an environmental 
status. In order to promote renewable energy and compensate the fluctuating power, though an 
energy storage system is effective, one must resolve a number of issues, including those related to 
efficiency, economy and environment. In recent years, Short-Term power exchange exploitation 
ultra-capacitors is actively pursued in wind generation systems as evident from the massive variety 
of techniques according within the literature. These techniques may be divided into 2 major 
classes, looking on the means that ultra-capacitors square measure connected to the wind 
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generation system. within the initial class, the ultra-capacitors square measure connected to the 
intermediate dc link of the consecutive convertor system as shown in Fig. 1(a) and (b). Despite the 
fact that the direct affiliation shown in Fig. 1(a) is that the simplest, it might be troublesome to urge 
the most use of the ultra-capacitor bank thanks to dc-link voltage limitations obligatory by the grid-
side electrical converter. The effects of this issue will otherwise be reduced if associate degree 
intermediate dc–dc convertor is placed between the ultra capacitor and also the dc link as shown in 
Fig.1 (b) [10], [11]. This dc–dc converter has to possess two-way power flow capability and 
therefore needs a minimum of 2 quick change devices rated to the peak power. Moreover, the Low-
Pass Filter (LPF), comprising an inductor and a capacitor, degrades the dynamic response [12]. 
Therefore, the interfacing dc–dc converter increases the system cost, power losses, and complexity. 
In the second category, the common ac bus is used for power exchange, as shown in Fig. 1(c), and 
it requires an additional dc–dc converter, a dc–ac inverter, and a coupling transformer [13]. 
Therefore, in both cases, these additional converters essentially increase the overall cost and power 
losses, which would be absent if a direct integration scheme with full controllability is available.  

 This paper therefore presents a direct integration scheme for ultra capacitors with the use of the 
grid-side inverter. The proposed inverter system is shown in Fig. 1(d), and it is formed by 
cascading two two-level inverters through a coupling transformer. The two inverters are named as 
the main inverter and the auxiliary inverter.  

The ultra capacitor bank is directly connected across the dc link of the auxiliary inverter. The 
dynamic behavior of the ultra capacitor voltage is handled by the inverter controller, eliminating 
the need for an additional boost converter. The main inverter is a high-power low-speed inverter 
which operates at fundamental frequency, producing square wave outputs. Harmonics produced by 
the square wave output are compensated by the low-power high-speed auxiliary inverter. As the 
high-power main inverter operates at the fundamental frequency, it can be constructed using 
devices like gate turn-off thyristors (GTOs), emitter turn-off thyristors (ETOs), or integrated gate-
commutated thyristors (IGCTs). On the other hand, the auxiliary inverter can be constructed using 
more commonly available devices like insulated gate bipolar transistors (IGBTs). This particular 
power and frequency splitting arrangement helps to reduce power losses in the inverter system 
[14]. 

2. ANALYSIS ON ULTRA CAPACITOR CHARGINGAND DISCHARGING PROCESS 

In the proposed system, the dc-link voltages of both the main inverter and the auxiliary inverter are 
allowed to vary independently and dynamically.  
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Fig.1. (a) Ultra capacitor directly connected to the dc link. (b) Connection to the dc link 
through a dc–dc converter. (c) Connection to the common ac bus. (d) Proposed grid-side 

inverter with direct connection. 

As a result, the space vector diagram of the combined inverter takes different shapes at different 
dc-link voltage ratios as shown in Fig.2. Here in Fig. 2, hexagons formed by the voltage vectors of 
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the main inverter are named as main hexagons while the hexagons formed by auxiliary inverter 
vectors are named as sub hexagons. This vector representation explains the operations of the main 
inverter and auxiliary inverter.  

 

Fig. 2. Space vector diagrams at different dc-link voltage ratios. 

(a) – (e) Varying Vdc while Vdcx is constant. 
 (f) – (i) Varying Vdcx while Vdc is constant. 
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Fig. 3. (a) Output voltage vas and (b) average super capacitor current Idcx for diagrams 
shown in Fig. 2(a)–(e) 
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Fig. 4. (a) Output voltage Vas and (b) fundamental component of the output voltage Vasf 

 

Fig.5 Per phase equivalent circuit of the dual inverter. 

3. POWER SHARING MPPT AND GENERATOR-SIDE CONTROLLER 

The output voltage vector Vr is combination of main inverter voltage and auxiliary inverter voltage. 
The following mathematical equations gives the power, voltage equations of the grid, main inverter 
and auxiliary inverter. The equivalent circuit of the proposed system is shown in Fig. 5.The circuit 
describes the output voltage vector (Vr), main inverter voltage vector (VM), auxiliary inverter 
voltage vector (VA), and the current vector (i). The output voltage vector is combined output of the 
main inverter voltage vector and the auxiliary inverter voltage vector as in Eq. (1). The real power 
delivered to the load can be expressed as the dot product in Eq. (2). Furthermore, the output power 
is equivalent to the sum of the main inverter power and the auxiliary inverter power as expressed in 
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Eq. (3). Eq. (4) and Eq. (5) show the relationships between inverter voltage vectors and 
corresponding switching states. With the help of these five equations, an expression can be derived 
for the power of the auxiliary inverter, i.e., the supercapacitor power, as in Eq. (6). where VM, PM, 
and SiM (i = 1, 2, 3) represent the main inverter voltage, power, and switching function while those 
of the auxiliary inverter are given by Vr, PM, and SiA(i = 1, 2, 3), respectively. Vr represents the 
output voltage, and Pgrid represents the real power flow to the grid. 

 

Fig.6. Control circuit of proposed system 

According to eqn. (6), it can be deduced that, for a given output power, supercapacitor power 
varies with the main inverter dc-link voltage Vdc. Therefore, super capacitor power can be 
controlled by controlling the main inverter dc-link voltage. Furthermore, according to eqn. (3), for 
a given output power, the main inverter power solely depends on the auxiliary inverter power. 
Therefore, the maximum power point of the wind turbine can indirectly be tracked by changing the 
main inverter dc-link voltage. The usual practice is to maintain this voltage at a constant level with 
the help of a controlled rectifier or a boost rectifier placed between the main inverter and the wind 
turbine generator (WTG) system. However, in the proposed system, the boost rectifier is used to 
vary the main inverter dc-link voltage and thus indirectly track the maximum power point of the 
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WTG. The controller block diagram for this indirect maximum power point tracking (MPPT) is 
shown in Fig. 6. In this controller, the measured wind speed and the parameters of the turbine 
model are used to derive a power reference for the generator-side converter. The actual generator 
power is compared with the reference, and the error is fed into a proportional–integral (PI) 
controller which generates a voltage reference for the boost rectifier. This voltage reference is 
normalized to produce the modulation index for the boost rectifier. 

4. DESIGN OF THE GRID-SIDE INVERTER 

In the proposed system, the main inverter is operated in the six-step mode, which moves slowly 
from one vector to the next. This generates square wave outputs from the main inverter which get 
smoothened by the auxiliary inverter. Owing to this low-frequency operation, the main inverter 
switching losses get reduced [14]. The grid-side inverter controller employs an inner current 
controller and an outer power controller as shown in Fig. 6. The grid voltage and current injected 
into the grid are converted into the synchronous reference frame. The direct component of the 
inverter output current id controls the active power exchange with the grid while the quadrature 
component iq controls the reactive power. Therefore, to generate a reference for the direct current 
component, the instantaneous active power of the generator-side converter is passed through an 
LPF [6]. The quadrature current reference I*q is set to zero to keep the power factor at the grid 
connection point at unity. These active and reactive current references (I*d and I*q) are then 
compared with actual current components, and the errors are passed through PI controllers to 
produce voltage references v*d and v*q, respectively. Eq. (7) and Eq. (8) are then used to calculate 
the amplitude and angle of the reference voltage vector. In Eq. (8), θ is the initial phase angle of the 
reference vector. 
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5. DESIGN OF ULTRA CAPACITOR AND GENERATOR-SIDE CONTROLLER 

The main cause of power fluctuations is the change of wind speed. Therefore, the capacity of the 
energy storage system is also a function of the wind speed variation. In order to analyze this 
relationship, the wind is modelled as the sum of a dc quantity and a series of harmonics as in Eqn. 
(9) . In the following simulation, the wind speed fluctuation is assumed to be 20% of the mean 
value as in Eq. (10). The power captured from the wind can be expressed as in Eq. (11). 
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Where Vw is the instantaneous wind speed, Vw0 is the mean wind speed, ∆Vwi is the harmonic 
amplitude, ωi is the angular frequency (f = 1/T = ω/2π = 0.1 ∼ 10 Hz), ρ is the density of air, A is 
the swept area of wind turbine blades, and Cp is the coefficient of power conversion. Power 
fluctuations caused by the aforementioned wind speed change have to be compensated by the 
energy storage system. 
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Therefore, the required capacity of the supercapacitor bank is determined according to where Esc, 
discharge is the amount of energy taken out from the supercapacitor during the discharging period, 
t1 and t2 are the starting time and end time of the discharging period, respectively, and Vsc, H and 
Vsc, L are the starting and end values of the super capacitor voltage. Super capacitors behave as 
resistors at high frequencies (typically beyond few tens of hertz) [19], [20]. Therefore, the proposed 
system requires an electrolytic capacitor to assist supercapacitors at high frequencies. 

6. VI.SIMULATION RESULTS 

The proposed direct integration scheme has been tested using computer simulations on 
MATLAB/SIMULINK digital simulation platform. The schematic diagram of the simulation setup 
is shown in Fig. 1(d). The wind speed profile shown in Fig. 7(a) with an average speed of 10 m/s, 
20% harmonic amplitude, and 1-Hz harmonic frequency is used to test the performance of the 
proposed system and control strategy. The Proposed system is evaluated in matlab Simulink 
software using the Table I parameter values. 



Design of Dual Inverter for Wind Energy Conversion System with Direct Integration 

Impending Power Demand and Innovative Energy Paths - ISBN: 978-93-83083-84-8 183 

Table I: System parameters for Simulation 

Fundamental Frequency 50Hz 

Resistance of generator 0.2ohm 

Inductance of generator 1mH 

Capacitance of dc link capacitor C1, C2=2.2mF 

Capacitance of ultra capacitor 60mF 

Rated voltage of the ultra capacitor bank Vdcx=1000v 

Grid voltage 400V 

Rated power of the generator Ppmsg=100kw 

Wind turbine Cut-in speed  4m/s 

Rated speed of the wind turbine 12m/s 

Turns ratio of the coupling Transformer 1:1 

 

 

Fig.7. (a) Generator Output 
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Fig.7. (b) Wind Profile 

 

Fig.7. (c) DC Rectifier Output 
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Fig.7. (d) Boost Converter Input /Output 

 

Fig.7. (e) Capacitor Voltage 
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Fig.7.(f) Capacitor current (charging/discharging) 

 

Fig.7. (g) Gridside Inverter Output 

The corresponding variations of generator output is shown in Fig.7(a). The input power shows a 
large variation ranging to 200 kW. The average value of the output power is 200 kW with a small 
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variation of 5± kW. A simple calculation would reveal that the corresponding input power 

fluctuation is about 66% while the output power fluctuation is less than 8.4%. This proves the 
efficiency of the proposed system in mitigating power fluctuations caused by wind changes. As 
mentioned in Section III, the main inverter dc-link voltage is changed to control the ultra capacitor 
power and thus to indirectly track the MPPT of the WTG. The corresponding main inverter dc-link 
voltage and the supercapacitor voltage variations are shown in Fig. 7(e). According to this diagram, 
the main inverter dc-link voltage shows a large variation ranging from 400 to 1200 V which is far 
below the upper limit of modern IGCT devices, and therefore, the proposed system is feasible. 
Similarly, the supercapacitor voltage varies with a maximum of Vsc, H = 800 V and a minimum of 
Vsc, L = 400 V. Therefore, according to (12) and (13), the required minimum capacitance of the 
supercapacitor bank is found to be 43.75 mF which is a realistic value. The boost converter input 
and outputs are shown in Fig.7. (d). the main inverter dc-link current is nearly constant due to the 
six-step operation of the main inverter. However, the supercapacitor current varies with the main 
inverter dc-link voltage owing to the pulse width modulation (PWM) operation of the auxiliary 
inverter. The change of the modulation index of the generator-side converter (boost rectifier) for 
the aforementioned wind speed profile is shown in Fig. 7 (b). The corresponding generator currents 
are shown in Fig. 7 (a). Similarly, the variations of the amplitude and power angle of the grid-side 
inverter output voltage are shown in Fig. 7 (c) and (d), respectively. These two values are nearly 
constant owing to the smooth power delivery to the grid. Consequently, the d–q-axis currents of the 
grid side inverter are nearly constant as shown in Fig.7 (e). And the capacitor current charging and 
discharging is shown in Fig. 7. (f) The corresponding three phase currents of the grid-side inverter 
and their zoomed-in view are shown in Fig.7 (g).  

7. CONCLUSIONS 

The direct integration of energy storage devices has a number of advantages such as reduction in 
power losses, cost, and complexity. Therefore, in this paper, the popular dual inverter topology was 
customized to connect a supercapacitor bank directly into the dc link of the auxiliary inverter. The 
operation of the proposed system was discussed in detail. Simulation and experimental results were 
presented to verify the efficiency of the proposed system in suppressing short-term wind power 
fluctuations. 
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