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Abstract— In this paper, the electric power generated 

through wind turbines is highly erratic due to the stochastic 

nature of wind and may affect both the power quality and 

power systems the planning of. Capacitive Energy Storage 

Systems (CESs) may play an important role in wind power 

applications by controlling wind power plant output and 

providing ancillary services to the power system and 

therefore, enabling an increased penetration of wind power 

in the system. This article deals with the review of several 

energy storage technologies for wind power applications. 

The main objectives of the article are the introduction of the 

operating principles, as well as the presentation of the main 

characteristics of energy storage technologies suitable for 

stationary applications, and the definition and discussion of 

potential capacitive energy storage applications in wind 

power, according to an extensive literature review.    
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I. INTRODUCTION  

Nowadays wind energy is very fastest growing sources of 

electricity. Electricity is generated by wind turbines, is 

highly erratic, and therefore the wind power penetration in 

power systems can lead to problems related system 

operation and the planning of power systems [1-2]. These 

problems may be particular very important in islanded grids. 

Therefore, wind generation facilities are required, in 

accordance with grid codes, to present special control 

capabilities with output power and voltage, to withstand 

disturbances and short circuits in the network during defined 

periods of time [3]. In this type, wind turbine farms are 

known as wind power plants. In this scenario, capacitive 

energy storage play an important role in wind power 

applications by controlling wind power plant output and 

providing ancillary services to the power system and thus, 

enabling an increased penetration of wind power in the 

system. Numerous publications regarding the review of 

suitable storage technologies for stationary applications are 

found in literature [4–6]. In [5-6], a summary of capacitive 

energy storage main features is provided. In addition, a 

revision of specific, worldwide capacitive energy storage 

examples for renewable energy applications is detailed in 

[4]. Accordingly, this article focuses on two main 

objectives; firstly, the introduction of operating principles 

and the main characteristics of several storage technologies 

suitable for stationary applications; and, secondly, the 

definition and discussion of potential capacitive energy 

storage applications in wind power. The classification of 

potential capacitive energy storage applications has been 

performed under full power duration of the storage criteria 

in each case. Thus, applications where capacitive energy 

storage are required to inject or absorb power for less than a 

minute, as in power smoothing of wind turbines; or long-

term storage applications, such as these related to load 

following or seasonal storage, have been considered. 

II. WIND-DIESEL SYSTEM  

The design and operation of wind stand-alone and wind-

Diesel isolated power generation systems presents a few 

problems. The loads on the system change from time to time 

and there will be times when no wind blows. For the wind 

stand-alone power system, the need to introduce a storage 

medium to meet the load demand during such conditions is 

essential. There must be some form of energy storage to 

meet the load when the wind is not blowing. It then remains 

to determine how long this stored energy needs to last and 

how it should be stored. In the case of the wind-Diesel 

power system, the Diesel generator must, therefore, be sized 

to meet the maximum demand, plus an allowance for 

growth, when no wind blows. With the capacity of the 

Diesel generator fixed, then under favourable wind 

conditions, the wind turbine can be used to reduce the load 

on the Diesel generator, thereby saving fuel. In extreme 

cases, given sufficient wind and a large enough wind 

turbine, the Diesel generator can be shut down and the 

electricity demand met by the wind turbine alone. When it 

comes to deciding how this energy should be stored, the use 

of a capacitor energy storage unit for load levelling/damping 

purposes is one of the options, and its application to a wind-

Diesel power system is presented herein. Superconducting 

magnetic energy storage (SMES), batteries and capacitors 

have been suggested as storage units for improving the 

dynamic performance of hybrid wind-Diesel power systems 

without a grid connection. Batteries have the highest energy 

storage density, of the order of l0 s J/m 3. The SMES has a 

slightly lower storage density, around 107 J/m 3. Capacitors 

manufactured with present technology have a storage 

density of only 105 J/m 3.The dielectric losses and low 

energy density of capacitors make them less attractive as a 

bulk energy storage device capable of load leveling during 

large generation loss incidents. However, a small rating 

capacitive energy storage (CES) can effectively damp the 

power-frequency oscillations caused by small perturbations 

in the real power load. The advantages of a CES unit are that 

it is practically maintenance free and does not cause any 

environmental degradation. The operation of the CES unit is 

quite simple and less expensive, compared with the SMES 

which requires a continuously operating liquid helium 

refrigeration system. 

III. CAPACITIVE ENERGY STORAGE 

Capacitors can store electrical energy directly in their 

electric field by accumulating electrostatic charges on the 

two parallel plates. CHCs differ from the conventional 
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capacitors in that they are multilayer ceramic capacitors 

with a dielectric that has its peak dielectric constant at 77 K, 

the temperature of liquid nitrogen. The dimensions of the 

capacitor are determined by the energy storage capacity 

required [6]. The storage capacitor C may consists of many 

discrete capacitance units connected in parallel. 

A Capacitive Energy Storage (CES) consists of, 

from circuit point of view, a super-capacitor or a cryogenic 

hyper-capacitor (CHC), a Power Conversion System (PCS) 

and the associated protective circuitry as shown in Fig. 1. 

 
Fig.1 Circuit diagram of Capacitive Energy Storage Unit 

The PCS, consisting of an ac-to dc rectifier and a dc-to-ac 

inverter, form the electrical interface between the capacitor 

and the power system. The resistor 
1

R  connected in parallel 

across the capacitor is the lumped equivalent resistance 

representing the dielectric and leakage losses of the 

capacitor bank. Two bridges are preferred so that harmonics 

produced on the ac bus and in the output voltage to the 

capacitor are reduced. The bypass thyristors provide a path 

for current Id in the event of a converter failure. The dc 

breaker allows current Id to be diverted into the energy 

dump resistor 
D

R  if the converter fails. Assuming the 

losses to be negligible, the bridge voltage 
d

E  is given by 

[6] 

E   2E cos  –  2I R
d d o d c

                            (3.1) 

Where 

d
E  = DC voltage applied to the capacitor (kV) 

 = firing angle (degree) 

 
d

I = current through the capacitor (kA) 

c
R  = equivalent commutating resistance (ohm) 

do
V  = maximum open circuit bridge voltage of each 

By changing the relative phase angle α of this pulse 

through a range from 0˚ to 180˚, the voltage across the 

capacitor E
d

 can be made to vary from its maximum 

positive value to the maximum negative value. 

The voltage pulses from the firing circuits are 

timed to cause each SCR to begin conduction at a prescribed 

time. The sequence maintains a constant average voltage 

across the capacitor. The exact timing of the firing pulses 

relative to the phase of 50 Hz ac voltage determines the 

average dc voltage across the capacitor. Since the bridges 

always maintain unidirectional current and E
d

 is uniquely 

defined by α for positive and negative values, the power 

flow 
d

P  in the capacitor is uniquely determined by α in 

both magnitude and direction. Thus, without any switching 

operation, reversibility as well as magnitude control of the 

power flow is achieved by continuously controlling the 

firing angle α. The firing angle of the converter is controlled 

by an algorithm determined by utility needs, but basically 

the control circuit responds to a demand signal for a certain 

power level, either positive or negative. Then based on the 

voltage across the capacitor, a firing angle is calculated and 

transmitted to the firing circuit. 

The response time of the control and firing circuits 

to a new demand signal are so short that a new firing angle 

may be chosen for the very next SCR to be pulsed, say 

within a few milliseconds. This rapid response to power 

demands that may vary by hundreds of megawatts is a 

unique capability of CES relative to other energy storage 

systems such as pumped hydro, compressed air, flywheels 

etc. This ability to respond quickly allows the CES unit to 

function not only as an energy storage unit but also as a 

spinning reserve and to provide stability in case of 

disturbances on the utility system. The reversing switch 

arrangement provided accommodates the change of 

direction of the current in the capacitor during charging 

(rated load period) and discharging (during peak load 

period), since the direction of the current through the bridge 

converter (rectifier/inverter) cannot change. During the 

charging mode, switches S1 and S4 are on and S2 and S3 

are off. In the discharging mode, S2 and S3 are on and S1 

and S4 are off. 

The normal operating point of the capacitor can be 

such that the maximum allowable energy absorption equals 

the maximum allowable energy discharge. This will make 

the CES unit very effective in damping the oscillations 

created by sudden increase or decrease in load. If 
do

E  

denotes the set value of voltage and 
maxd

E  and 
mind

E  

denote the maximum and minimum limits of voltage 

respectively, then, 

2 2 2 2

max min

1 1 1 1

2 2 2 2
d do do d

CE CE CE CE  

  

(3.2) 

Hence  
1

2 2 2

m ax m in
[ ]

2

d d

do

E E
E


                              (3.3) 

The capacitor voltage should not be allowed to 

deviate beyond certain lower and upper limits. During a 

sudden system disturbance, if the capacitor voltage goes too 

low and if another disturbance occurs before the voltage 

returns to its normal value, more energy will be withdrawn 

from the capacitor which may cause discontinuous control. 

To overcome this problem, a lower limit is imposed for the 

capacitor voltage and in the present study, it is taken as 30% 

of the rated value. Initially, the capacitor is charged to its set 

value of voltage Ed0 (less than the full charge value) from 

the utility grid during its normal operation. To charge the 

capacitor at the maximum rate, Ed is set at its maximum 

value by setting α = 0°. At any time during the charging 

period, the stored energy in Joules is proportional to the 

square of the voltage as described by Once the voltage 

reaches its rated value, it is kept floating at this value by a 

continuous supply from PCS, sufficient to overcome the 

resistive drop. Since this Ed0 is very small, the firing angle 
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α will be nearly 90°. The CES is now ready to be put into 

service. When there is a sudden rise in load demand, the 

stored energy is almost immediately released through the 

PCS to the grid as pulsed AC. As the governor and other 

control mechanisms start working to set the power system to 

the new equilibrium condition, the capacitor charges to its 

initial value of voltage Ed0. The action during sudden 

releases of load is similar. The capacitor immediately gets 

charged towards its full value, thus absorbing some portion 

of the excess energy in the system, and as the system returns 

to its steady state, the excess energy absorbed is released 

and the capacitor voltage attains its normal value. The 

power flow into the capacitor at any instant is 
d d d

P E I  

and the initial power flow into the capacitor is 

do do do
P E I where 

do
E  and 

do
I  are the magnitudes of 

voltage and current prior to the load disturbance. 

When a load disturbance occurs, the power flow into the coil 

is 

( )( )
do d do d do d

P P E E I I      
   

(3.4) 

So that the incremental power change in the capacitor is 

( )
d d do d d

P E I E I                 (3.5) 

The term 
do do

E I  is neglected since 
do

E = 0 in the 

storage mode to hold the rated voltage at constant value. 

IV. CONCLUSION 

In this paper, the operating principles as well as the main 

characteristics of capacitive energy storage technologies 

suitable for stationary applications have been described. In 

addition, a summary of potential capacitive energy storage 

applications in wind power have been defined and discussed 

according to an extensive literature review. In conclusion, it 

is worth pointing out that several benefits for the operation 

of the power system considering wind power plants as well 

as some considerations can be achieved. The predictability 

improvement of the output of wind power plants with an 

ESS not only involves technical benefits that favor the 

incorporation of wind power in the network, but also 

economic benefits owing to penalty reductions in 

forecasting errors. In addition, operation costs of the power 

system can be reduced due to the reduced power reserve 

requirements of the system. 
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