
Renewable and Sustainable Energy Reviews 59 (2016) 1170–1184
Contents lists available at ScienceDirect
Renewable and Sustainable Energy Reviews
http://d
1364-03

n Corr
fax: þ6

E-m
journal homepage: www.elsevier.com/locate/rser
Mitigating methods of power fluctuation of photovoltaic (PV) sources
– A review

S. Shivashankar a, Saad Mekhilef b, Hazlie Mokhlis a,n, M. Karimi c

a Department of Electrical Engineering, University of Malaya, 50603 Kuala Lumpur, Malaysia
b Power Electronics and Renewable Energy Research Laboratory (PEARL), Department of Electrical Engineering, University of Malaya, 50603 Kuala Lumpur,
Malaysia
c Faculty of Engineering, Computing and Science (FECS), Swineburne University of Technology, Sarawak Campus, Sarawak, Malaysia
a r t i c l e i n f o

Article history:
Received 8 October 2014
Received in revised form
7 January 2016
Accepted 13 January 2016

Keywords:
Intermittent photovoltaic
Power fluctuation
Energy storage
Cloud movement
Smoothing PV output
x.doi.org/10.1016/j.rser.2016.01.059
21/& 2016 Elsevier Ltd. All rights reserved.

espondence to: Department of Electrical E
0 3 79675316.
ail address: hazli@um.edu.my (H. Mokhlis).
a b s t r a c t

Renewable Energy Sources (RESs) particularly photovoltaic (PV) and wind are becoming important
sources for power generation. Frequently varying output of PV and wind caused by clouds movement,
weather condition and wind speed make them an intermittent and unreliable sources when connected
to grid. Connecting intermittent sources to grid introduces challenges in various technical aspects such as
power quality, protection, generation dispatch control and reliability. In this context, leveling inter-
mittent source's output is necessary inorder to maintain grid's stability. This paper is aimed at bringing
out the latest comprehensive literature review on problems associated when the intermittent PV is
connected to grid and the methods of smoothing the output power fluctuation from PV. This paper also
briefly discusses control strategy built for battery energy storage pertaining to this issue.

& 2016 Elsevier Ltd. All rights reserved.
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Fig. 2. Typical output power from PV [2].
1. Introduction

Renewable Energy Sources (RESs) like solar, wind, hydro etc.,
contribute for today's electricity generation. By the end of 2014,
RES contributed 22.8% of global electricity production in the world.
The PV installed capacity rose by 27% from 139 GW in 2013 to
177 GW in 2014. Grid connected PV is the fastest growing RES
power generation technology [1]. The global PV capacity for the
last 10 years (2005–2014) is shown in Fig. 1.

The quantity of electricity produced from PV directly depends
on intensity of sun light. PV and wind when connected to the grid
have positive impact on the network. At the same time, they also
can have a negative impact. The PV penetration relies on solar
radiation which fluctuates daily, hourly and over a shorter period
of time (minutes and seconds). Fig. 2 shows a typical output power
from PV plant due to changes in solar radiation.

Estimating solar radiation is essential to determine the power
generated by the PV. Predicting solar radiation using mathematical
models based on artificial neural network (ANN) is found to be
more accurate compared to the regression model, empirical
regression model, empirical coefficient model, angstrom model
and models based on fuzzy logic [3]. A neural network model for
predicting system output is done in [4] for a PV system connected
with battery storage. The model can accurately predict the system
output and the amount of battery capacity needed to compensate
the PV output power fluctuation with the help of weather infor-
mation and cloud pattern as inputs. Changes in weather condi-
tions, rain fall and movement of clouds affect the output power
from PV. The primary reason for output power fluctuation in PVs is
due to movement of clouds [5].

Given below are some of the issues of PV output power fluc-
tuation caused by cloud movement as reported by the
investigators,

(i) When PV penetration increases, it is not easy for conventional
generators in the system to track the quick change in PV
generation [6].
Fig. 1. Global PV capacity
(ii) When PV output power changes rapidly, the area control error
of two or more interconnected area may exceed its prescribed
limit [6].

iii) Large uncontrolled PV penetration may change dispatch of
regulating units in the utility causing a violation in dispatch
regulating margins [6,7].

(iv) Frequent changes in PV output caused by changes in cloud
pattern increases overall operating cost of the system [7,8].

Due to these negative impacts, some power utilities had
imposed ramp limits to control output power from intermittent
renewable generation. Puerto Rico Electric Power Authority
(PREPA) for example has suggested limiting the ramp-rate from
wind turbines and PV to be within 10% of rated capacity per
minute [9]. By having this limit the impact of voltage and fre-
quency fluctuation in grid side could be minimized.

High penetration of intermittent PV cause voltage fluctuations
in grid, voltage rise and reverse power flow, power fluctuation in
grid, variation in frequency and grounding issues. PV penetration
in low voltage distribution network also causes harmonic
between 2005–2014.
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distortion in current and voltage waveforms [10]. PV inverters are
the main source of injecting current harmonics into the distribu-
tion system. The injected current harmonics can cause voltage
harmonics and increases total harmonic distortion level in the
system. These harmonics can increase the losses in the distribu-
tion system. A review on dynamic and static characteristics on
integrating very large scale PV plant with utility is carried out in
[11]. It was found that fluctuations in output power found in large
scale grid connected PV plants can affect the system's primary and
secondary frequency regulation resulting from significant real
power imbalance on the grid side. Since PV has no inertia, inte-
grating large PV plants as a substitute to conventional generators
reduces the effective inertia of the bulk power system, which in
turn causes the system to have poor ability to cope with frequency
fluctuations caused due to frequent output power changes. A
review in [12] also discussed the impact of very large scale PV
when integrated with the utility and grid code requirement which
would facilitate interconnection of large scale PV system with the
utility grid. Since the regulation varies from one system operator
to another the authors insist on developing necessary standards
globally to facilitate integration of very large MW (megawatt) scale
PV plant with utility grid which helps the PV equipment manu-
facturers and developers to reduce additional manufacturing cost.

The movement in cloud influences change in output power
which also depends on size of the PV plant. The larger the size of
PV plant lower the output power fluctuations. Shorter the sam-
pling time higher the significance of the smoothing effect [13]. In
[14,15] authors illustrate challenges faced when large scale PV
installations interact with existing grid utility. Due to random
fluctuations, it is difficult to prepare the scheduling of PV for
electricity generation. The PV output fluctuations can be limited by
using additional sources like battery, capacitors, diesel generators,
fuel cell, controlling maximum power point tracking (MPPT) to
control output power from PV generator or by installing dump
load to divert excess power. There has been an intense research
activity in the field of RES and the problems associated with it.

The objective of this paper is to provide a comprehensive
review on the problem associated with intermittent PV output
when connected to the grid and its mitigation methods. Firstly, the
paper discusses few important issues caused by PV output varia-
bility when PV is connected to the grid. Then a brief explanation
on smoothing output power fluctuation by geographical disper-
sion for PV clusters installed in wide areas is presented. Then a
comprehensive discussion on methods of mitigating PV output
power fluctuations for individual PV installation using batteries,
capacitors, electric double layer capacitor (EDLC), superconductive
magnetic energy storage (SMES), diesel generators, fuel cell, MPPT
power curtailment and dump loads is reviewed in detail. Based on
comparative analysis of these various mitigation methods, it was
found that batteries are ideal choice for this fluctuation problem
and therefore the control strategy of battery energy storage is also
discussed briefly. The paper is organized as follows: Section 2
addresses the problem when the output power of PV fluctuate,
Section 3 explains the ways to smooth the output power fluctua-
tions from PV, Section 4 explains control strategy of battery sto-
rage technology used for this problem. Discussion is presented in
Section 5 and this paper is concluded in Section 6.
2. Problems with intermittent power source

Installing PV in feeder would contribute to problems like fre-
quency deviation and voltage fluctuation in electric power system.
In this section important issues such as (i) Grid connected voltage
fluctuation, voltage rise and reverse power flow, (ii) unintentional
islanding, (iii) power fluctuation in grid and (iv) effect in grid
frequency are discussed below.

2.1. Grid connected voltage fluctuation

Voltage fluctuation is change in voltage from the prescribed
value. It is problematic when it deviates from the specified limit.
PV is not only affected by the change in grid voltages but also
sometimes cause voltage fluctuation themselves. Movement of
clouds is also a source for induced voltage fluctuation however, the
magnitude of voltage fluctuation is independent of cloud cover
[16]. The impact of voltage fluctuations has been explained in
[5,16,17].

2.1.1. Voltage rise and reverse power flow
Voltage regulation is an issue when power from intermittent

sources increases during grid operation. When PV penetration
increases the voltage level at the substation also increases. The
voltage level at the substation may violate the limits in presence of
capacitor bank or voltage regulating devices which are normally
installed in substations to boost the voltage. The possible way to
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solve this issue is to limit the PV real power generation. When
cluster of intermittent PV are connected to low voltage (LV) dis-
tribution network, the voltage will raise with the reverse flow of
power from the intermittent source towards the substation. Dur-
ing this voltage rise the power output from the PV should be
restricted and continuing with this problem the intermittent
power source has to be disconnected from the LV network [18].
Fig. 3 depicts the problem of voltage rise locally. The voltage across
the distribution line decreases from sub-station until it reaches the
point of PV connection. The voltage rises immediately after con-
necting PV at points A and B. To avoid further voltage rise beyond
its acceptable upper limit the PVs at point C and D are dis-
connected. In addition to it reverse power flow destabilizes the
control system of voltage regulators since they are designed for
unidirectional power flow and also trigger the protection relay
which may possibly disconnect the load.

Authors in [19] have recommended ways to handle the reverse
power flow problem in the distribution network. The authors
recommended the use of phase balancing from the utility side to
mitigate single phase reverse power flow and use of bidirectional
regulators to maintain voltage regulation and check three phase
reverse power flows. Reactive power control for PV inverter was
suggested by authors in [20] to improve distribution system
operation. The reactive power control method mitigates distribu-
tion system voltage magnitude fluctuation caused by short term
solar power fluctuation. Literatures also suggested the use of
dump load and energy storage devices to mitigate the voltage rise
problem. Authors in [21] suggested curtailment of both active and
reactive power by locally controlling the PV inverter to avoid
voltage rise.

2.1.2. Voltage flicker
Another important problem pertaining to variable power out-

put from PV is voltage flicker. Fig. 4 illustrates voltage flicker
where the variation in voltage peaks (waveform inserted in Fig. 4)
caused by PV output power variation induced by movement of
clouds.

This problem occurs when rapid changes in PV occurs due to
clouds passing which will lead to sudden changes in voltage level.
Literature has suggested many ways to handle the voltage rise
problem [22].

2.2. Unintentional islanding

Unintentional islanding occurs when a fault occurs in distribu-
tion level, during which the power generated from PV is equal to
load demand. The power interruption from the grid side cannot be
sensed by the PV system and PV continues to generate power to the
load. However for safety concerns PV system has to stop generating
power. This state is called “Unintentional Islanding” [18].
Remote, active and passive are the methods used to detect
unintentional islanding. Remote islanding technique is associated
with utility side and is based on communication between PV
inverter unit and utility. Although it is more reliable than active
and passive techniques, it is are expensive to implement and
involve complex communication techniques [23]. During active
method the islanding is detected by inducing an intentional dis-
turbance such as active or reactive power fluctuations to the grid.
However these disturbances also contribute to power quality
issues. These intentional disturbances may also affect the perfor-
mance of PVs when connected in cluster. The passive island
detection method works on examining a sudden drift in para-
meters like voltage, current, frequency, active power or reactive
power when islanding occurs. The passive method works well for
large power system where the huge drift in parameters are easy to
detect.
2.3. Power fluctuations in grid

Industries are widely affected when there is a grid disturbance.
One of the main causes of disturbance is intermittent power out-
put from PV and wind power. These sources do not deliver con-
stant power continuously like nuclear, thermal or gas-fired plants.
It is the challenge for the grid operator for the ability to predict the
power produced from these intermittent sources. The fluctuation
in the grid changes the voltage and frequency parameter which
affects sensitive equipments in manufacturing units. Due to this
problem battery backup and local generators are commonly used
to protect sensitive equipment and control systems.
2.4. Effect in grid frequency

Frequency is one of the important factors in power quality.
During grid interconnection frequency must be maintained uni-
formly. Usually load variation causes frequency deviation in the
grid and it becomes worse when PV output power changes due to
quick change in radiation level [24]. Control of intermittent source
output is necessary since increasing share of PV will affect power
quality during grid interconnection. At present, frequency devia-
tion due to PV penetration is less as compared to wind turbines
since the installed capacity of wind units is higher than PV. The
frequency can be regulated by installing energy storage devices.
Distributed storage can be used to regulate system frequency for
the area by charging or discharging the storage on operators
command. In future, the frequency deviation due to increase in PV
penetration will be noticeable.
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3. Intermittent smoothing approaches for PV output

To prevent power fluctuations, grid operators generally impose
limits on suitable ramp rates. Smoothing PV output power fluc-
tuation increases the overall system cost, operating cost and the
cost of power produced by PV. For example, installation and
control of dump load, fuel cell or battery sources to mitigate PV
variability increases all the aforementioned costs. In order to study
the impact of PV penetration on electric network, extensive ana-
lysis is necessary which rely on large volume of historical data. In
order to mitigate the power fluctuation problem input data of
minutes, hourly or weekly radiation of PV is necessary. Predicting
the power production from intermittent PV is not 100% accurate. It
is clear from [25] that a PV system depends on short term varia-
tions of solar radiation since PV system respond to changes in
radiation. A study on developing a frequency fluctuation model to
calculate the frequency of output power fluctuation and magni-
tude of fluctuation was carried out in [26]. In [27], authors ana-
lyzed fluctuations in solar radiation focusing on amplitude and
frequency of occurrence instead of focusing on location and time.
A wavelet based spectral analysis tool was used for analysis of
short-term fluctuation of instantaneous clearness index. The
wavelet spectral analysis gives information about frequency of
occurrence and fluctuation.

3.1. Smoothing power fluctuation by geographical dispersion

Geographical dispersion is normally used to mitigate the short
term output power fluctuations for PV clusters installed in wide
area. It is also observed that the protection problem caused by
large PV penetration can also be solved by dispersing PV genera-
tion [28]. Fig. 5(a) and (b) shows six PV plants geographically
dispersed over 1000 sq km in Spain and their outputs.

From the analysis it was found that the effective smoothing
depends on grouping PV installations and the corresponding dis-
tance between them.

Many methods are developed to forecast the PV power with
and without the help of solar radiation. One such method is
combining regional forecast technique and principal component
analysis (PCA) to forecast PV power generation spread over large
area was proposed in [29]. The disadvantage of combining regional
forecast and PCA technique is that it is impossible to monitor the
PV units spread across the region individually. The proposed
method did not use solar radiation measured in the past.
Significant findings were reported in [30] where economic and
performance analysis of roof top PV was carried out. The authors
were the first to report increase in LFC (Load Frequency Control)
when PV contribution increases. It is also found that the break
even cost is high when PV contributes less to the power system.
Considering economic and LFC requirements, 10% PV penetration
to power system as the upper limit is suggested. In [31] the
authors used the output from 100 PV distributed in Germany to
calculate the stability and long-term predictability of the dispersed
PV generation. It is found that power fluctuations were suppressed
significantly but could not smooth short-term fluctuations effec-
tively. Incidentally, when number of PV system decreases it con-
tribute to increase in fluctuations. In [26], short term output power
fluctuation of a geographically dispersed PV is reduced against
individual PV. In addition, it is possible to calculate largest fluc-
tuation of individual PV from a PV group by applying convolution
technique to the frequency fluctuation model. The reduction in
output power variability by integrating many PV stations is
achieved in [32]. It is also confirmed that the magnitude of
smoothing effect depends on capacity of tie-line available for
electricity transfer between PV stations and grid. Strong decrease
in fluctuation was observed by applying wavelet transform to clear
sky index of separate PV installation or average of geographically
dispersed six locations [33]. Hoff et al. [34] developed a model to
calculate the output variability of PV group by computing the
standard deviation of change in fleet output power, relative output
variability and dispersion factor. The results closely matched with
the measured 20 s irradiance data. The fleet computation is valid
but difficult to implement practically since the multiple system
calculation involves heavy mathematical calculations and insuffi-
cient data on solar irradiance.

By spreading the resources, the fluctuations and the transient
related interconnection issues such as voltage problems, tripping
issues at the sub-stations or distribution level are reduced con-
siderably but cannot be eliminated [35]. The problem of voltage
fluctuation in a grid connected dispersed PV is also addressed in
[36]. There are literatures about detailed study on fluctuations in
irradiance [37,38]. A correlation among distance between PV
inverters, wavelet time scale and daily fluctuation is established in
[39] for a 45.6 MW PV plant spread over 2.8 km. [40] focuses on
reducing variability in PV power generation by geographic disper-
sion. It is concluded that, increased dispersion reduces variability
indicated by standard deviation and pearson correlation coefficient
analysis. Furthermore small reduction in energy generation with
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increased dispersion above 800 km and step up in system perfor-
mance with increase in dispersion of solar PV panels was found. The
authors of [41] recommend the operator to forecast the cloud pat-
tern and predict PV generation to maintain system reliability and to
reduce system operating cost since the efficiency of the scheduling
also depends on accuracy of the forecast.

3.2. Smoothing by using energy storage technologies

Storage devices assist in performing one or more important
tasks such as (i) smoothing power fluctuation, (ii) shift peak
generation period, (iii) protection during outages when installed
along with large PV generation [2].

3.2.1. Battery energy storage
The usage of energy storage technologies is inevitable as the PV

penetration increases in the grid. Battery energy storage (BES)
consists of many batteries connected in series–parallel combina-
tion to produce required power for the application. Batteries are
cost effective and can store energy in the form of electrochemical
process. They have quick response in charging and discharging
mode. There are many types of batteries used for BES applications,
some are (i) flooded lead acid (LA) batteries, (ii) valve regulated
lead acid (VRLA) batteries, (iii) nickel cadmium (NiCd) batteries,
(iv) lithium ion (Li-ion) batteries, (v) sodium sulfur (NAS) batteries
and (vi) vanadium redox (VRB) batteries. Lead acid (LA) batteries
are widely used for this application due to low cost and market
availability. Increase in maintenance cost and frequently adding
distilled water are few disadvantages of LA batteries. VRLA is
alternate choice since they are maintenance free, operating life of
VRLA is higher than normal LA and achieve 70–80% efficiency.
Compared to LA batteries NiCd, NAS, VRB, Li-ion batteries are
efficient, have high energy density, require less maintenance. High
energy density, more operating life and less maintenance cost also
make sodium–sulfur (NaS) batteries a better choice than LA bat-
teries for large scale power applications. It is important to estimate
the power and energy rating of the battery storage.

It is estimated that battery is 17 times more effective in pro-
viding frequency regulation services than traditional resources
[42]. Fig. 6 shows solar PV and battery source connected to the grid
through separate voltage source converter.

Control strategy for a grid-connected PV, battery energy system
(BES) is proposed in [43] to smooth output power fluctuations
from PV. The optimal size of the BES is estimated by optimizing a
multi-objective function using genetic algorithm for a 1.2 MW PV
plant. Operating efficiency of the proposed controller is reported
as 84% and the state of charge (SOC) control reduces the size of
battery by 2% from 300 kWh to 294 kWh. It is also observed that
the non-linear parameters like battery impedance, self-discharge
11 kV,
50HZ,Grid

Solar PV plant DC-DC converter VSC 1

Battery bank Bi-directional
DC-DC converter

VSC 2

PC
C

A
C

bus

To load

Fig. 6. Battery station for smoothing PV output connected with grid.
resistance affect the charging and discharging of batteries. It is also
suggested that the proper representation of BES contribute to
accurate SOC estimation and improves controller design. A day
ahead dispatching smooth model is optimized using linear pro-
gramming for a PV, wind, battery hybrid system when connected
with the grid connection [44]. The combined output of PV and
wind is smoothed effectively by charging and discharging the
battery system.

A rule based controller for battery is designed in [45] for
optimal use of lead acid BES. The authors achieved effective
smoothing of PV output where the battery is dispatched on hourly
basis. A third order model of battery was considered for accurate
representation of battery charging/discharging level [46]. The third
order model of battery is shown in Fig. 7 where the Rp and Ep are
parasitic branch for self-discharge and R0 is overcharge resistance.
It was reported that the controller is effective in dispatching the
set points most of the time.

A power management system is developed in [47] which bal-
ance real and reactive power independently with current con-
troller and is capable of smoothing the output power fluctuations
from PV. A microgrid consisting of diesel power plant, PV and BES
is considered in this study. The power management system works
on operator decision. The design and size of the lead acid battery is
accurately found by following the developed guideline algorithm.
The authors observed the reduction in computational burden and
the effective smoothing was carried out by applying moving
average filtering method. They also reported applying droop
mechanism for excitation control of diesel plant enables reactive
power sharing between diesel plant and BES. Hill et al. [48] pre-
sents challenges of operating PV in grid connection mode and
explains different modes of operating the BES in solar-grid con-
nected mode. The authors focused on ramp rate control, frequency
response and reactive power support for a BES integrated with PV
installed on Hawaiian Islands. They reported that by coupling PV
with battery will improve the economics. PV-BES also provides
voltage and frequency regulation services. The BES act as a cen-
tralized storage installed in distribution feeder since the control of
battery in centralized storage is easy. Daud et al. [49] evaluated the
dynamic performance of BES with grid connected PV system under
step change in solar radiation and fault in the grid. A control
strategy was developed to maintain DC bus voltage constant at
500 V and efficient operation of BES. Authors used parameters of
VRLA battery for the simulation. They also suggested using lithium
batteries than lead acid batteries for large scale applications con-
sidering the economic point of view. The authors of [50] mini-
mized the line losses in distribution system considering variation
in PV and load operation. The optimal scheduling problem was
solved using genetic algorithm. It was reported that the line loss
were reduced to 390.41 kWh from 523.5 kWh in summer season
and in the winter season the line losses were reduced to 81.5 kWh
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from 117.31 kWh. The authors also reported that the line loss
would go up to 467.4 kWh and 169 kWh in summer and winter
respectively if the BES is not scheduled. The proposed optimal
scheduling method has improved the system performance. The
authors did not address the effectiveness of proposed method in
smoothing the output power fluctuation of PV. NAS batteries were
used to suppress PV output power fluctuations, where hybrid
method involves moving average and fluctuation center to pro-
duce reference set point for NAS battery bank [51]. Results show
the performance of hybrid suppression method is almost same
when compared to moving average method and it is also esti-
mated hybrid suppression method requires battery with low
power capacity and high energy capacity.

The optimal control strategy of VRLA BES by optimizing the
control parameters of state of charge feedback (SOC-FB) control
scheme by genetic algorithm, gravitational search algorithm (GSA)
and particle swarm optimization (PSO) for smoothing the output
power from PV farm is presented in [52]. They used an improved
BES model and also evaluated the optimal size of BES. The pro-
posed control strategy has improved the operating efficiency of
SOC-FB controller to 90% from 37.6% (by using conventional SOC-
FB). In summary the obtained results show that (i) high power
fluctuations were reduced by optimal control and operation of
BES, (ii) BES size has been minimized and (iii) the use of optimi-
zation technique increases efficiency of the controller. Fuzzy
wavelet filtering method is proposed to smooth the output power
variation of a wind turbine and PV system [53]. The effectiveness
of the proposed control method is tested to smooth the output
fluctuation from wind and PV by maintaining the SOC of battery
within its limit. The fuzzy wavelet filtering method efficiently
levels the output power fluctuation without adding energy storage
capacity.

In [41] optimal power management of PV, BES in grid operation
is presented where a predictive power management supervisor is
designed in three stages. The authors formulated an objective
allowing intense PV penetration into grid by proposing peak
shaving at lower cost. Dynamic programming was used to achieve
the objective function. Authors considered economic view of
owner to minimize the cash flow as objective function and com-
pared it with rule base management approach. Battery SOC, state
of health (SOH), battery power limits are taken as constraints and
are maintained within the limits to prevent battery from degra-
dation and ageing. The cash flow is minimized effectively using
predictive power management strategy than rule base manage-
ment. Predictive power management strategy minimizes the
electricity bill of owners by 13%. The article [54] discusses on
smoothing the output power from single PV and multiple PV
generators located in different locations. A control method is
developed based on fuzzy logic which balances the output fluc-
tuation by charging/discharging the BES. The optimal size of BES is
also estimated. The fuzzy control method is validated by analyzing
the frequency deviation. It is observed that the fuzzy control
method is effective in smoothing PV output than MPPT control and
maintains the frequency deviation within 70.2 Hz.

Use of lithium ion phosphate battery energy storage is
demonstrated to smooth the output power fluctuation from PV
and wind hybrid system [55]. The SOC smoothing control method
is designed by considering (i) power distribution among BES, (ii)
coordination among BES for smoothing, (iii) individual BES SOC
level. Optimal design of storage considering intermittent wind and
PV has been presented in [56]. The aim is to reduce the size of the
storage device and it was concluded that the PV power is more
predictable than wind power. Improved cycle VRLA battery is used
to charge/discharge power to smooth the power fluctuation from
PV inverter output [57]. The smoothing is based on average solar
irradiance and the results show the smoothing algorithm reduces
the ramp-rate. The experiment demonstrates the increase in
operating life of improved VRLA battery. Battery is used to smooth
PV output by using a smoothing and SOC tracking algorithm [58].
Combining natural gas engine generator with battery for
smoothing PV output was demonstrated by [59]. Smoothing
algorithm developed by authors of [58] was used. The smoothing
algorithm can respond to (i) PV output fluctuation, (ii) Area control
error and (iii) load variability. It was found from the experiment
that the (i) natural gas engine generator responds to slow ramp-
rates, (ii) battery responds to quick ramp-rates, (iii) reduction in
battery size and low ramp-rates.

In [60] integration of electric vehicle DC–DC bi-directional
chargers for charging electric vehicle is carried out. In addition
to it the size of the battery is also evaluated. They analyzed the
effectiveness of the charger to smooth the PV output by limiting
the ramps within the prescribed limits by charging of battery.
Result shows reduction of ramp-rate by efficient battery operation.
Model predictive control (MPC) framework is proposed for a grid
connected PV-BES system [61]. The objective of the system is to
shift the output to match the load profile and smooth the inter-
mittent output from PV. The forecast model in MPC frame work is
self-correcting in nature which involves linear error correction.
MPC framework is dynamic and it involves computational method,
where less computational time is required to solve the optimiza-
tion problem. Thus, the cost of the system is minimized
extensively.

A method where the ramp-rate of PV inverter is controlled to
desired level by employing battery energy source is proposed in
[62]. The proposed method is effective to mitigate the fluctuation
problem and to control the ramp-rate independent of PV output
historical data. They designed an algorithm for controlling the
energy storage by observing the inverse relationship with PV
output ramp-rate. The authors recommended usage of energy
storage devices such as BES and capacitors to limit the PV ramp-
rate. The problem of voltage rise with the increase in PV pene-
tration is reduced by coordinate control of distributed lithium ion
iron phosphate batteries and OLTC (on-load tap changing) trans-
formers [63]. The problem of voltage fluctuation and reverse
power flow in distribution network is addressed when a roof top
PV is connected with BES [64]. The battery storage is used to store
excess power flow during peak PV penetration and discharge
during peak evening load. In addition, the storage also discharges
for short term during PV output fluctuation caused by change in
weather conditions. The proposed charging/discharging method is
tested practically in distribution network and is effective in
maintaining voltage profile, reverse power flow and to match
excess PV power with evening load profile.

3.2.2. Use of capacitors and superconductive magnetic energy sto-
rage (SMES)

The ramp-rate of PV generators connected to grid can be con-
trolled by electric double layer capacitor (EDLC) where the refer-
ence is generated using moving average method [65]. The capa-
citors absorb the difference of power between PV and inverter
output. The expression for calculating the capacitor size was
developed and it was found that the capacitor size decreases when
ramp-rate decreases. Moreover the size of the capacitor is reduced
by 10% to its projected size when the PV output is smoothed using
moving average method. The moving average method depends on
older data points. When there is no significant fluctuations in PV
output the reference waveform produced using moving average
method deviates wider. This is because the moving average
method heavily depends on previous or older data points which is
termed as “memory effect”. Therefore due to this reason the
energy storage will operate unnecessarily even thought there is no
significant fluctuation in PV output power. Power modulation of
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photovoltaic sources for frequency regulation is proposed in [66].
The frequency deviation is minimized by modulating the PV
generator's output limited to 3% of the rated power is achieved.
The effect of PV penetration on OLTC transformers was examined
in [67]. Results show increase in tap changing frequency and
voltage violation as PV penetration level increases (0–90%). They
also reported that tap changing frequency and voltage violation is
reduced by installing DSTATCOM (Distribution static compensator)
in the feeder. Consequently, this will minimize the maintenance
cost and increases the life span of OLTC transformers. They also
estimated the size of DSTATCOM needed for voltage regulation.
The increase in the size of DSTATCOM significantly reduces the
voltage violation.

Moving average prediction method predicts the exact value
with time delay. The exact value can be found after (N�1)Ts/2 s
where N is sampling number and Ts is sampling interval. This
demerit is overridden by applying Euler moving average predic-
tion (EMAP) method. EMAP method is applied to a system con-
sisting of PV, fuel cell and EDLC, where the following objectives
were achieved: (i) meeting customer power requirement, (ii)
effective use of fuel cell, (iii) EDLC to compensate PV output, load
demand and to (iv) maintain voltage stability [68]. System topol-
ogy is shown in Fig. 8.

EMAP is an effective method for optimal power sharing
between fuel cell and EDLC. Furthermore, the size of EDLC is also
reduced by 77% when compared to moving average prediction
method.

The problem of voltage flicker caused by variability in PV out-
put is mitigated by installing super capacitors [69]. The use of
superconducting magnetic energy storage (SMES) with inter-
mittent sources shows its effectiveness in maintaining load side
frequency [70]. It was found that the increase in SMES capacity
maintains the frequency within the limit. The SMES is combined
with 4 kW PV facility to show that the PV output is fully utilized
and is effective in leveling the PV output power fluctuations [71].
The experimental results conducted at different weather condi-
tions demonstrate that the PV output is effectively enhanced by
using SMES. Active/reactive power control for current sourced-
EDLC connected inverter for solving the PV or wind output fluc-
tuation problem is proposed in [72]. The effectiveness of the
proposed control method is tested when connected to wind tur-
bines. Terminal voltage fluctuation and fluctuation in tie-line
power is effectively reduced. The use of current controlled ultra
capacitors and battery energy storage connected to PV in grid
connected mode is examined in [73], to minimize the PV output
fluctuation and to meet load variations. Ultra capacitors and bat-
tery through dual active bridge (DAB) converters connected in
series and parallel combination are used to meet the DC bus vol-
tage. A proposed topology for DAB converter enables power
sharing between battery and ultra capacitor as presented in [73].
The characteristic feature of the proposed control strategy and
DAB controller are: (i) power distribution among batteries is
flexible without affecting normal operation, (ii) upgrade of energy
storage is done by connecting the battery or ultra capacitor
directly to the group through DAB converter without disturbing
the existing order, (iii) dynamic allocation of steady state power
and transient power demands to batteries and capacitors and (iv)
the battery with high SOC is discharged till the SOC level of all
batteries are same. The PV output is smoothed by installing elec-
tric double layer capacitors [74]. The power exchange between
capacitor and PV is enhanced by controlling buck-boost controller
as illustrated in Fig. 9. The power injected or absorbed by the
capacitor is done by turning on and off the pulses G1 and G2.

In [75], a novel idea of voltage management in distribution
system by cooperation between distribution network operator and
commercial customers is demonstrated. Voltage regulation in
distribution network due to PV output fluctuation is done by
installing Static Var Compensator (SVC). PV output based on
minute by minute irradiation data is used for analysis.
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3.3. Diesel generator

Integrating diesel generators with PV for mitigating fluctuation
has gained user's trust in early years. However, the difficulty of
using a diesel generator for the PV power fluctuation problem are
due to (i) slow response during continuously changing PV and (ii)
decrease in operational efficiency when it is made to run at low
output levels during high level of oscillation in PV. These problem
have prompted the users to focus on fast response technologies
with more operational flexibility like battery energy storage,
capacitors and fuel cell [76]. Fig. 10 shows the connection of PV
and the diesel generator hybrid system with grid.

Authors in [77] developed a fuzzy controller for PV generator to
control the frequency of a PV-diesel hybrid system. The PV gen-
erator controlled the output produced and effectively maintained
the frequency deviation within 70.2 Hz. The results were satis-
factory when compared with PV with MPPT control. The diesel
generator acted as a backup source which will follow the changes
caused by variation in PV output and load. A similar work was
carried out by authors in [78]. The authors developed fuzzy rea-
soning control based on (i) average insolation, (ii) variation in solar
insolation and (iii) frequency deviation. In addition, a proportional
integral controller was installed to control the PV inverter. Oper-
ating PV-battery-diesel engine generator installed in a ship was
analyzed in [79]. In this work, a coordinate operation between the
PV, battery and diesel generator considering changes in solar
radiation was achieved by minimizing the fuel consumption of
diesel generator and maintaining constant output from the gen-
erator with high efficiency. In [80] frequency deviation is
maintained within its limit by prioritizing the PV using fuzzy rules.
A coordinate control based on fuzzy reasoning of multiple PV
connected with diesel generator in isolated power system is
developed in this work. Central and local controllers have been
proposed. The central controller produce the output power level-
ing command based on fuzzy reasoning. The local controller is
responsible for maintaining coordination. The proposed two level
coordinate controls are effective in minimizing frequency devia-
tion when compared with MPPT control. A control strategy for
coordinate operation of PV and diesel generator is proposed by the
authors in [81]. When PV power production increases or decreases
the power production of diesel generator decreases or increases
respectively, where the coordination is maintained by exchange of
information. Coordination method for multiple PV systems has not
been suggested. The problem of voltage and frequency stability at
the grid side has also not being addressed. A two level coordinated
control considering frequency deviation was proposed in [24] to
smooth the output power fluctuation of multiple PV system
operated along with diesel generator. Frequency deviation not
more than 70.2 Hz was observed. The objective of (i) smooth
output fluctuation and (ii) minimize frequency deviation were
achieved in order to maintain the reliability of the system. The
benefit of coordinated control is shortage of power can be com-
pensated by nearby generator.

3.4. Fuel cell

Operating fuel cell plant along with intermittent source is gaining
its emergence due to following reasons; (i) high integrating efficiency
with RES, (ii) high reliability and low maintenance cost, (iii) fast
response, (iv) fuel cell can be installed near to the load with reduced
noise and emission. Feasibility of using fuel cell to smoothing the PV
output power is demonstrated in [82]. In [76] hybrid operation of fuel
cell with PV is studied. The authors reported that it is realistic to use
this hybrid system in grid connected and standalone modes as the
variations in load and PV output are fulfilled by fuel cell. It is worth to
mention that the fuel cell have registered an increase in ramp-ups up
to þ5.4 MW per min and ramp-down up to �4.5 MW per min. How-
ever the authors did not discuss about the use of fuel cell for voltage or
frequency mitigation problems arising due to intermittent PV. Smoo-
thing algorithm was developed based on exponential smoothing to
dispatch power from proton electron membrane (PEM) fuel cell as a
solution to suppress short term PV fluctuation was conducted in [83].
The proposed system is as shown in Fig. 11.

The average of irradiance data in 1 minute resolution measured
for 20 years is used for this work. The work does not involve any
forecasting methods and rely heavily on the measured PV data
from the past. The work can be carried out with PV forecast
technique. Fuzzy logic based self tuning PI controllers is proposed
in [84] to compensate the power change in microgrid consisting of
PV, wind and tie line power when microgrids are interconnected.
The system is operated in islanded and grid connected mode
where the controllers are effective in reducing frequency deviation
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Table 1
Change in revenue for different methods [2].

Method

Battery Dump load MPPT BatteryþMPPT

Change in revenue in % with
fluctuation 7400 kW/10 min

�18.5 �14.7 �9.0 �7.8

Change in revenue in % with
fluctuation 7250 kW/10 min

�22.4 �19.9 �13.7 �10.6

Change in revenue in % with
fluctuation 7100 kW/10 min

�28.2 �32.6 �25.9 �16.4

Change in revenue in % with
fluctuation 70 kW/10 min

�34.5 �51.0 �43.8 �24.5
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caused by random variation in PV, wind power generation and tie
line power. The problem of frequency deviation caused by power
fluctuation from intermittent source is addressed in a system
containing PV, wind and micro turbine with fuel cell by balancing
the real power between generation and load is carried out in
MATLAB in [85]. However the problem of smoothing output power
from intermittent sources is not addressed. A power management
system is developed in [86] for a stand-alone system containing
PV, wind generator and fuel cell as a primary energy source and
battery back-up as secondary source. The output power of the PV
and wind is controlled by MPPT and pitch angle control. The
effectiveness of proposed energy management system for fuel cell
to supply the power deficit during winter and summer season
considering real irradiance and wind speed data is demonstrated
by the authors.

3.5. Curtailment of active power by MPPT control and dump load

Curtailing power from PV is a conventional method to suppress
the output power fluctuations. In [87], authors limit the output
power from PV by controlling its MPPT (Maximum power point
tracking). The smoothing effect is created by limiting the PV ramp-
ups by 1% of PV rated capacity per minute. This proposed method
does not address limiting PV's output when radiation decreases. It
is reported that the output fluctuation is reduced by 28%. The
condition of changes in frequency and voltage deviation is not
considered. In [88], authors controlled the system frequency by a
novel method of utilizing “PV reserve” by operating the PV after
MPPT point. The frequency control capability of the system with
PV and rotating machine is only demonstrated and no energy
storage technology is used. The cost of the system is reduced when
compared with using storage technologies. When batteries usage
is combined the size of battery is reduced very much.
In [2], the authors performed linear programming to investi-
gate the economical benefits of three smoothing methods (i) use
of battery storage, (ii) use of dump loads and (iii) operating below
MPPT method. NAS batteries are economical for long term appli-
cations are used for the simulation. From economic point of view,
the loss of revenue from its base value is less (base value is cal-
culated as $23,666,808) by operating below MPPT method when
compared to the usage of battery storage and dump loads because
operating below MPPT method do not require any additional
installation [2] as shown in Table 1. From the table, it can be
clearly noticed that operating battery together with MPPT method
is more economical.

PV connected to utility grid through dump load is shown in
Fig. 12.

The main objective of installing dump loads is to smoothen the
fluctuation by absorbing excess power generated by PV system.
The dump load consists of resistance with a controller to control
the power flow through the load. It is logic to say that dumping a
part of power generated is a loss. In [5], authors examined the
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impact of voltage fluctuation and flicker when cloud pass above PV
panels. Results showed passing clouds induce large voltage flickers
in the distribution network. The flickers are greater than the
prescribed level. Authors showed from the experimental results
that the load controllers can be used to reduce short-term and
long-term flickers effectively. Unity flicker severity curve method
is used to calculate the level of voltage flickers in the proposed
control algorithm. The control algorithm acts as a central con-
troller which controls the load controller. The effectiveness of load
controller can be viewed from the published results, where all the
short-term flickers are reduced and maximum long-term flickers
are maintained within the prescribed limit. In addition, they
noticed that flicker in phase A also contributes to flicker in phase B
and C due to capacitive linkages between the phases. Increase in
PV capacity also increases the short-term and long-term flickers.
Curtailment of PV output power using dump load was recom-
mended in [89] to ensure voltage of the system is within its
acceptable limits.

In addition to MPPT control and dump load, curtailing active
power using PV inverter control was demonstrated in [90,91].
Power curtailment using PV inverter control is achieved by
frequency-power droop control when PV is connected to diesel
generator dominated system [90]. Frequency deviation is reduced
and fuel consumption of diesel generator is minimized during
peak PV penetration and low load. Droop active power curtailment
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Fig. 12. PV connected with dump load.

Fig. 13. SOC-feedback
control is used to limit the PV output from inverter to maintain the
voltage within specified limit [91]. The droop active power cur-
tailment works on relating the system frequency and active power
of the generators.
4. Control strategy for BES

Understanding battery modeling is necessary for developing
control strategy of BES. Utilizing simple battery model for BES
implementation is easy but less accurate. Vice-versa, computa-
tional burden and mathematical complexity increases when
accurate battery model is considered for BES implementation. The
rule based control of battery in [45] is developed considering
battery SOC limits, charging/discharging current limit and battery
life time. The rule based control is considered as closed loop
optimal controller as it continuously gets feedback from BES. This
controller is easy to implement since it does not involve mathe-
matical equations and the computation time is less when com-
pared to other controller which is its advantage. The proposed
controller can be used for any energy storage technology by
incorporating its constraints.

The control parameters of a SOC feedback (SOC-FB) controller
proposed in [43] is shown in Fig. 13. Idref and Iqref are direct and
quadrature axis reference currents generated by the outer control
loop. The SOC feedback controller is used generate the battery
reference power (PBESref) which is used as the input to outer con-
trol loop. Here the SOC time constant (TSOC), SOC margin rate (M)
and BES energy rating (CBES) in the SOC feedback controller are
optimized using genetic algorithm. The primary objectives
achieved in this work are (i) to minimize the BES size, (ii) to decide
optimal charge/discharge level for BES and (iii) safe operation
of BES.

The difference between the rule based controller [45] against
genetic algorithm optimized SOC-FB controller is the BES dispatch
ability depends on the hourly set point that reflects effective
smoothing. On the other hand the dispatch ability of the rule
based controller depends on the controller's time constant. In [47],
the authors designed a current control algorithm to maintain
charging/discharging current within its limits. The SOC limits,
current limits, load forecast, PV forecast were considered for the
design. The authors noticed that the AC network is less stressed in
implementing the current control algorithm where the BES
responds within the acceptable time. In [49], discharge/charging of
BES is achieved by SOC and voltage control algorithm imple-
mented on DC–DC buck boost controller of BES. The internal cur-
rent control loop controls the charge/discharge current consider-
ing SOC level of battery. The authors developed algorithm for
optimal operation of BES based on SOC level and DC bus voltage. In
the absence of BES, when solar irradiation increases or decreases
in step the voltage at DC bus also fluctuates by 5% and the power
controller [43].
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transfer to utility grid also changes between 720%. With the
presence of BES during step change in irradiation the voltage
fluctuation at DC bus is limited to 1–2%. It was also reported that
when the system is subjected to faults, the controller minimizes
the transient settling time by optimally operating the BES.

In [50], authors minimized the line loss by scheduling the BES
using genetic algorithm. The authors proposed a battery model
and estimated the SOC of the battery using piecewise constant
current (CC)–constant voltage (CV) method. The CC–CV method is
simple and considers the heating effect caused by electrochemical
reaction in battery which is a drawback of coulometric method
and Advanced Vehicle Simulator (ADVISOR) model. The authors
claimed the proposed piecewise CC–CV is realistic and less com-
plicated. There are many algorithms in the literature [92–95]
which are used to estimate the SOC of the battery. The SOC-FB
control scheme is used to control the BES in [52]. Operational
constraints such as (i) SOC limit, (ii) depth of discharge (DOD)
limit, (iii) voltage exponential limit and (iv) battery current limits
are included for control of BES. SOC-FB controller normalizes
(i) SOC at appropriate level, (ii) charge/discharge current level
within limits and (iii) BES terminal voltage. In [54], the BES is
controlled based on the designed fuzzy controller where the out-
put power command is generated from PV on the basis of
(i) average insolation, (ii) absolute average of frequency deviation
and (iii) variance in insolation. The output power command is
given as an input to energy storage system which produces
smoothing effect by charging/discharging the batteries. For coor-
dinated control an addition parameter “tuning factor” is designed
with the MPPT which produce output power command. Imple-
menting artificial intelligence (AI) methods in control of battery
energy storage can alleviate power quality disturbances in the grid
tied PV systems [96]. The review conducted by the authors show
that implementing AI control schemes in energy storage devices
outperforms the conventional control methods in terms of con-
trollability and response time for the PV power fluctuation events.
Apart from that the authors also highlighted the drawbacks of it as
AI method takes more time in training the data and the system
will not perform to it maximum efficiency if the AI control
schemes are tested with new unseen data sets. Model predictive
control (MPC) framework in [61] dynamically responds to system
changes and external signal from the operator. Two types of BES
are used: (i) large BES for shaping output power profile and (ii)
small BES to smooth PV output fluctuations. The MPC framework
integrates the control algorithm with the forecast models. The
control of BES is modeled as a convex optimization problem.

The control of charging/discharging power from BES is devel-
oped based on (i) PV output power, (ii) load profile and (iii) current
SOC level of battery [64]. Reduction of reverse power flow depends
Table 2
Comparison of characteristic features among different mitigation methods for mitigatin

Characteristics Battery Capacitors/SMES/
EDLC

Die
ge

Response time of the source for mitigation
problem

Fast Very fast Slo

Short/long term storage application Short Short Lo
Ability to mitigate fast ramp ups and downs Yes Yes very rapid No
Efficiency in mitigating short term PV
fluctuations

High High Lo

Ability to control voltage/frequency fluctua-
tion due to PV power fluctuation in grid
side

Yes Yes Ye

Reliable in mitigating PV fluctuations High Very high Lo
Cost High High Hi
Size of PV plant 0- large MW

scale
0-few MW scale 0-M
on battery size. Optimal size of battery for mitigating voltage
fluctuation and reverse power flow is also found. The controller is
designed such that it can compensate the charge drained by
adjusting the charging rate to maintain the desired level of SOC.
Fuzzy wavelet filtering control strategy is effective in smoothing
the output by not compromising the deviation in SOC level of
lithium-ion battery [53]. The charging/discharging command for
the battery energy sources is sent from the coordinate controller
which is based on battery SOC level and voltage at bus bar [63].
Authors found that by coordinate control the life span of OLTC
transformer is increased by minimizing the frequency of tap
changer. A four stage SOC smoothing control strategy is proposed
in [55] for lithium ion phosphate BES which is based on (i) SOC
level of individual BES units and (ii) charge/discharge power
constraint of each BES units. The SOC smoothing control strategy is
found to be effective in minimizing the wind, PV combined output
power fluctuation on extreme SOC levels. It is also reported the
operating life of BES is extended since the battery units share the
burden. Two novel battery energy storage control strategies to
smooth PV ramp-rates with half the battery requirement is pro-
posed in [97]. These control strategies are tested with real time
data acquired from 38.5 MW PV fleet in Portugal. In the first
strategy the ramp ups are limited using inverters and the ramp
downs are met by battery storage. The second strategy is based on
accurate SOC control. The first strategy presented by the author
has two disadvantages: (i) total energy loss in the system is up to
9% due to inverter limitation and (ii) practical implementation is
hard due to complexity in inverter control. However advantage of
second control strategy is that it is easy to implement. The authors
also claim that both control strategies can be implemented irre-
spective the size of PV plant.
5. Discussion

Curtailment of output power is not recommended since it
limits the revenue of the owners even though it is found to be an
economical method for smoothing PV output. Effects like voltage
fluctuation, reverse power flow and frequency deviation produced
due to PV output fluctuations can be reduced by complementing
PV with rapid energy storage technologies such as batteries, fuel
cell, capacitors with more effective control.

Performance comparison among different mitigation methods
are summarized in Table 2. On comparing the performances based
on vital characteristics it was found that diesel generator, fuel cell
and natural gas engine generator were not able to mitigate fast
ramp ups and downs. This is because the time taken by these
sources to respond to this sudden change is slow. They were
g PV power fluctuation.

sel
nerator

Fuel cell MPPT
method

Dump load Natural gas engine
generator

w Slightly slow Fast Fast Slow

ng Long Long Long Long
No Yes Yes No

w Low High High Low

s Yes Yes Yes Yes

w Low High High Low
gh High Low Low High
W scale Few kW–MW
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0-very few
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200 kW–few MW
scale
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capable in supporting relatively slower ramp-ups and ramp-
downs. On the other hand other mitigating methods were fast
enough to mitigate PV ramp-ups and downs. MPPT control
method and use of dump load is highly reliable but is not
recommended to mitigate PV power fluctuations in large PV plants
since it limits the revenue of the owners even though the cost is
relatively very low. But they can be applied for relatively smaller
PV installation of residential levels or up to community level.

Energy storage devices like battery, capacitors or SMES are
suitable candidates for PV power fluctuation problem. Rapid
changes in PV output power may induce unwanted voltage or
frequency fluctuation at the point of interconnection. These
changes can be efficiently mitigated with the help of battery or
capacitors. Battery energy storage is most preferred for MW scale
PV installations since batteries have high energy density, it can
discharge power for longer duration that is even for hours. On the
other hand capacitors or SMES are high power density devices
which can discharge power only for few seconds and can be used
to mitigate power fluctuation for smaller PV installations. In
addition, the capacitors/SMES have clear advantage over batteries
as they are cost effective, have faster charging time and have
longer life which proves to be an ideal candidate for small PV
installation up to commercial scale. For capacitors or SMES,
increasing the energy density is the key and this limitation hinders
them from being implemented in multi MW scale PV projects.
From the above discussion it can be seen that the battery energy
storage is the ideal choice for mitigating PV output power fluc-
tuations for PV installations of any size. In addition to it, when
using fuel cell for power mitigation problem, the processing time
taken by the fuel reformer to convert the necessary input to
hydrogen to deliver required power is slow. Therefore this makes
the fuel cell the second best choice for the power mitigation
problem. Improvement in fuel cell reformer can eliminate the time
delay where fuel cell technology can be a potential alternate to
batteries in the future.

Fig. 14 shows battery storage was preferred by researchers as a
source for mitigating PV output power fluctuations.

Lead acid batteries are economical for short term (2 years)
applications. Installing sodium sulfur batteries for a term of 4 to
6 years is economical for BES applications. Fuel cell technology can
be a potential alternative to batteries as (i) it can be used for long
term applications (15–20 years), (ii) have prolonged discharge
time at rated capacity and (iii) parasitic loss is almost negligible.
Employing optimization technique on SOC-FB controller for bat-
teries is found to be effective for PV output power leveling appli-
cation. Optimizing the control parameters of SOC-FB controller for
battery is effective in minimizing the PV output fluctuation and
increases operational efficiency of the controller. Based on the
review it can be seen that the control of battery is based on SOC
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Fig. 14. Articles reviewed based on source used of smoothing PV output.
level, therefore accurate battery modeling and estimation of SOC
and depth of discharge (DOD) is necessary.

It is found from the literature that use of optimization techni-
que and control algorithm for battery or capacitor controllers
(i) increases overall efficiency of the controller, (ii) minimizes the
size of battery/capacitor by optimally charging/discharging, (iii)
increase the operating life of battery/capacitor. It is evident that
combining a secondary energy supply or an additional power
generating unit with battery will increase the operating life and
reduces the size of the battery. Combining energy storage tech-
nology with other methods like varying MPPT or dump loads
proves to be more effective in smoothing PV output and also
reduce the size of the energy storage technology. However, com-
bining rapid response technology with diesel generators, natural
gas engine generator is more effective in reducing transient and
slow ramp rates. However when PV penetration is low the use of
storage technologies is not essential to mitigate PV variability.
With increase in PV penetration, rapid storage technologies like
batteries and capacitors are crucial for mitigating variable PV
generation when connected to a weak grid.

Recent advancement for the PV power mitigation problem is
actively researched and work published by authors in [98,99]
shows that flywheel and compressed air energy storage (CAES) can
be a good alternate source for mega-watt scale PV plants. In [98]
the authors modeled MW scale CAES system for a 100 MW peak
power PV plant. The objective of this work is to do a feasibility
study on CAES systems to absorb or produce the power difference
from the target power supplied to the grid and the power pro-
duced from the PV plant. The authors demonstrated CAES dynamic
response to sudden PV ramp ups and downs. A detailed thermo-
dynamic model on PV farm and CAES system considering real
conditions is reported. Authors highly recommend the construc-
tion of large PV farms equipped with CAES systems in the areas
where the solar energy potential is high. It should be noticed that
CAES systems is a good alternate for battery bank because of its
lower capital cost. Since no previous literatures have been repor-
ted on this topic yet the feasibility of CAES system for small PV
plants has to be researched. A smoothing method is presented in
[99] where the performance of battery energy storage, fly wheel
and ultra capacitors connected to single large PV plants are
examined. These sources are used to limit the PV ramp rate within
10% of PV rated capacity per minute. It was found that increase in
size of these energy storage contribute to decrease in ramp vio-
lations. The model also demonstrates the importance of PV fore-
cast, assuming a perfect forecast scenario it was found that the
ramp-rate violation is reduced by 24%. Optimum value of power to
energy ratio for battery, ultra capacitors and flywheel systems
were found and used for further analysis. The power to energy
ratio of ultra capacitor is very large and therefore to mitigate 99%
of PV ramp violations the power capacity required by the ultra
capacitor is very large compared to battery or flywheel systems.
Due to this reason the capital cost of ultra capacitors is very large.
It was also found that limiting the ramp limit to 5%/min increases
the energy rating of the sources than the power rating, due to this
reason the power to energy ratio decreases. In this paper moving
average method is used as the reference to dispatch the required
power to control the PV output power ramp within the limit. On
analyzing the cost of different energy sources it was noticed that
the capital cost of batteries is cheaper than fly wheel installations
but the operation and maintenance expenses for the fly wheel is
cheaper than batteries. The usage of flywheel is limited to multi
MW scale PV plant and implementing flywheel system to mitigate
PV output power fluctuations should be researched for small PV
plants. The cycle life of flywheel system is more than batteries
therefore even though with higher capital cost it may be
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economical to operate flywheel system parallel with large PV
fleets for longer run.
6. Conclusion

In this paper an updated review on various techniques for
mitigating output power fluctuation from PV sources is presented.
Since intermittent sources are connected to the grid, the usage of
storage technologies like batteries, capacitors and fuel cell are
indispensable and found to be very effective in minimizing the PV
output variations. The use of fuel cell for this problem is in the
early stage of research. Utilizing batteries or capacitors are also
appropriate for power quality applications.

Literatures related to the use of battery/capacitor or any addi-
tional sources placed individually or centralized for reducing PV
variability for geographically dispersed PVs is less and its impact
on grid can be experimented by researchers. Well placed energy
storage devices can help to solve other issues like voltage fluc-
tuation, voltage flicker caused due to PV output variability,
therefore strategic placement of energy storage technology for
distributed PVs can also be researched.

Studies focusing on grid connected power quality issues cre-
ated when PV output varies are limited. Large part of the litera-
tures concentrates on smoothing PV output. More focus on voltage
flicker, voltage at grid side, reverse power flow and frequency
deviation is needed when leveling PV output power. Special
attention has to given on solving these power quality issues. The
effectiveness of these mitigating methods depends on forecast of
solar radiation. Simplified and more accurate technique is needed
to forecast the solar radiation from which PV output power is
estimated. These methods will be useful for plant operators where
they can plan the scheduling of conventional generators. Increase
in PV penetration raise problem in grid but the problems should
not limit growth in solar energy production.
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