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dicharge %

Operating 
temperature 
in °C

Pb-Acid 50-150 Sec-hrs 0.001-40 35-50 500-2000 @70 5-15 70-80 <0.2 -5 to 40

NaS 200-600 Sec-hrs 0.4-244.8 100-175 2500@100 10-20 75-89 No 325

Ni-Cd 400-2400 Sec-hrs 6.75 30-80 3500@100 10-20 70 0.2-0.3 -40 to 50

Li-ion 900-1300 Sec-Min 0.001-50 100-200 1500-3500@80 14-16 75-95 5-Jan -30 to 60

VRB 600 Sec-10hrs 2-120 30-50 100-13000@75 10-20 65-85 Very low 0 to 40

ZBB 500 Sec-10hrs 0.1-4 60-85 2000-2500 8-10 65-85 No 0 to 40

PSB 300-1000 Sec-10hrs 0.005-120 >400 100-13000@75 15 60-75 No 0 to 40

Sizing of a VRB Battery Based on Max-Min Method 
of Power Dispatch in a Wind-PV Hybrid System 

Hina Fathima. A, Prabaharan. N 
Research Scholar, School of Electrical Engineering, 
VIT University, Vellore Campus, Tamil Nadu, India. 

ahina.fathima2013@vit.ac.in 
prabaharan.nataraj@gmail.com 

Palanisamy. K 
Associate professor, School of Electrical Engineering, 
VIT University, Vellore Campus, Tamil Nadu, India. 

kpalanisamy@vit.ac.in

 

Abstract— Unpredicted and intermittent nature of renewable 
energy makes them difficult for grid integration and operation. 
Battery storage systems have thus been indispensable in 
rendering these systems dispatchable by improving their 
reliability and quality. Hybrid renewable energy systems 
combining the wind and solar power generation are rapidly 
gaining popularity due to the complementary nature of the 
respective natural energy sources. This study attempts to propose 
a sizing of Vanadium Redox flow battery based on min-max 
dispatch method while considering peak demand periods in a 
power grid. Further exploration of battery performance studied 
by observing its State-of-Charge shows an effective utilization of 
battery capacity and improved cycle periods for an extended cell 
life. 

Index Terms—Flow battery, VRB, wind, power dispatch, sizing 

I. INTRODUCTION  
 Rapid depletion and rising prices of non-renewable 
energy fuels has stimulated the development of alternate 
energy solutions drawing power from renewable sources. 
Wind and PV systems have been coupled to form Hybrid 
Renewable Energy Systems (HRES) successfully in recent 
times. However, their main disadvantage is the 
uncontrollable and intermittent power generation. Many 
renewable energy producers are unable to sell their power 
due to unavailability of power evacuation infrastructure 
([1]-[2]). Also, failure to meet scheduled dispatches makes 
them less attractive and more a problem than aid for grid 
regulators.  
 Energy storage systems have proved to play an 
essential role in elimination of these interruptions and 
making wind power deliverable. The nature of wind power 
requires a storage which is capable of rapid power 
absorption and delivery. Also, solar energy is available 
only for a few hours during day and even this, is weather 
dependent. Large scale storages like pumped hydro and 
compressed air require huge investments and are site 
dependant. Other options like flywheels and 
supercapacitors characteristic of rapid response time have 
limitations in terms of power ratings and are self-
discharging. Hence, battery storages are the most suitable 
form of storage to be integrated with renewable systems. 
They are available in many types and ranges as detailed in 
Table I [3].  

 
Usage of energy storage in grid-integrated systems 

needs meticulous understanding of the application 
requirements, power market, grid parameters and demand 
structure of the targeted consumer. Battery sizing and 
performance greatly depends on the power dispatch that is 
expected to be met by the hybrid system. Many dispatch 
methodologies have been developed over recent time. The 
aim of these studies is to dispatch the intermittent 
renewable energy in a consumer/grid satisfying quality by 
reducing/ eliminating forecasting errors and fluctuating 
power disturbances. It is imperative to note that while 
attempting to schedule power dispatch from the hybrid 
system, the battery storage must be designed so as to 
maximize its lifetime while minimizing its size and thereby 
investment costs. Market factors, forecasting 
methodologies and control operations are also focussed on. 
 

TABLE I. BATTERY STORAGE SYSTEMS AND 
CHARACTERISTICS 

 Li et al. [4] developed a dispatch schedule where the 
battery storage is operated so as to deliver minimum and 
maximum wind generation alternatively to extend battery 
lifetime and costs. Nguyen et al. [5] modified the above 
discussed strategy to increase battery lifetime and minimize 
errors in wind power. Also the study incorporated a lifetime 
cost function based optimization algorithm to reduce the 
battery capacity needed. A short term power dispatch 
control has also been outlined to depict the behavior of the 
system in case of transients in the wind farm output. 

Abdullah et al. [6] modelled a stochastic 
programming based dispatch strategy which considered 
uncertainties of wind speeds and energy prices. Also a rank 
based dispatch strategy was developed for multiple Battery 

221978-1-4799-8598-2/15/$31.00 ©2015 IEEE



Energy Storage Systems (BESS) proving better 
performance than single battery storage. Yao et al. [7] 
planned a hybrid system operation involving two battery 
storage systems. The wind power was utilized to charge 
one battery while the second one discharges to deliver the 
load. On reaching their respective State-of-Charge (SOC) 
limits the batteries interchange their roles. The dispatch 
strategy developed aimed at maximizing wind power 
delivery and reducing the number of interchange switching 
between storages. Luo et al. [8] proposed a co-ordinated 
dispatch plan which effectively utilized a single BESS to 
mimic the behaviour of a dual BESS. The battery size is 
then optimized based on scheduled dispatch to minimize 
investment costs. Teleke et al. implemented a SOC based 
control strategy [9] and a model predictive control [10] to 
dispatch smoothened wind power output and a STATCOM 
is designed to charge/discharge the battery. 

II. MODELING OF SYSTEM COMPONENTS 

 
 

Fig. 1. A Grid-connected Hybrid Renewable Energy System. 
 
Fig. 1 shows the common configuration of a hybrid wind-

PV-battery system. Wind and solar generate electric power that 
is to be delivered to the utility grid. But, due to the intermittent 
and unpredictable nature of their natural sources they are 
rendered to be highly volatile and unreliable.  

 
A. Wind power Modeling  

 Wind power is converted into electrical power in a 
wind turbine and the power thus generated at speed v is 
found by the following relation [11]. 
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30.5 ( , ) vw pP A Cρ λ β= × × × ×                              (1) 

where ρ -Air density in kg/m3; A -Swept area of blades; 
ratedP - rated power of wind turbine (kW). 

 Wind power is generated when the wind speeds are in 
the range between the cut-in (vci) and cut-off (vcout) speeds. 
Thus variation of wind speed (v) has a great influence on 
the power generated. Hence, any variations in the wind 
speed greatly influences the wind power generated. The 
pitch angle of the turbine blades affects the power 
coefficient function of the wind turbine denoted by Cp 
which depends on pitch angle and tip-speed ratio of the 
turbine. Hence, pitch angle is controlled to control the 
power output from the turbine. 

B. Solar Modeling 
 Solar energy has been harvested in various forms of 
energy since times unknown. Conversion of solar energy 
into electrical power generation using photo-voltaic panels 
has seen wide development and implementation. Solar 
panels contain photovoltaic materials, mostly silicon, to 
convert solar radiation into electrons by the photovoltaic 
effect. The current thus generated is collected to generate 
electric power given by: [11] 

[ ]1 ( )c
pv pv pv c STC

STC

G
P Y f T T

G
α= × × + −                    (2)       

Where pvY -Rated power (kW); pvf -Derating factor for solar 

panel; G -Irradiation; α -Temperature coefficient of PV panel; 
T-temperature (°C); c -current conditions; STC -Standard test 
conditions. 

This type of electric power generation finds wide 
usage in space crafts, rural electrification, standalone smart 
grids and in hybrid system configurations with other 
renewables. Wind and solar power generation find many 
hybrid applications as they are complementary in nature.   
 

C. Battery SOC Modeling 
 Battery storages are one of the most mature storage 
technologies which have been in use for a very long time to 
store and discharge electric power. Development in battery 
storages led to emergence of deep cycle and gel-absorbent 
batteries. Evolution of flow battery storage systems has 
made the battery storage technology competent with large 
scale storages. Their most significant feature is ability to be 
recharged instantly by replacing the electrolytes. The redox 
batteries are similar to a reversible fuel cell in the sense 
they employ a heterogeneous electron transfer as opposed 
to solid-state diffusion characteristic of conventional 
batteries. A Vanadium Redox Battery (VRB) has been 
selected in this study. This is a rechargeable flow battery 
and has two vanadium based electrolytes stored in separate 
tanks. The chemical reactions occurring in the flow battery 
are: 

4 5

3 2

V V e

V e V

+ + −

+ − +

↔ +
+ ↔

                                  (3)  

During charging, oxidation occurs at the positive half-
cell and electrons are removed from the positive terminal of 
the battery. Simultaneously, electrons are absorbed at the 
negative half-cell for the reduction of vanadium ions. On 
discharging, the reverse reactions occur at the half-cells 
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with a reversal in the direction of current flow.  In a flow 
battery, the volume of the electrolyte stored gives the 
energy capacity of the storage. However, the power 
capacity depends on the area of contact of electrode with 
the electrolyte solution. VRB batteries find varying 
applications such as renewable power penetration in power 
grid; load levelling, frequency regulation and energy 
arbitrage. A validated dynamic model o a VRB can be 
studied in [12]. The SOC of the battery gives an expression 
of the battery energy levels and is given by  

( ( ))( ) ( 1) b

bess

P t dt
SOC t SOC t

E
= − +                   (4) 

Where bP -Battery charge/discharge power (kW); 
bessE -Battery capacity (kWh) 

III. SIZING OF VRB BASED ON POWER DISPATCH 
A. Power Dispatch Based On Min-Max Strategy 

Q.Li [4] proposed a min-max strategy of power 
dispatch to determine the battery storage capacity for a 
wind farm. Later this was modified by Nguyen et al. [5] 
to improve battery lifetime and minimize storage 
capacity. The basic idea is to formulate the power 
dispatch based on battery operation so that the battery 
storage undergoes alternating charge and discharge cycle 
intervals. During the charging interval the power dispatch 
is set to minimum value of the wind power generated in 
that interval and excess power is used to charge the 
battery. On the other hand, in the discharge interval the 
power dispatch is set to maximum value of the wind 
power generated and the deficit power is drawn from the 
battery.  

In this paper, we further implement the above 
explained strategy with a modification to incorporate the 
peak shaving features. Generally, power grid experiences 
peak power during mornings and evenings as shown in 
Fig. 2. But, renewable power generation depends on 
availability of natural sources which are uncontrollable. 
Thus, there occurs power mismatch between the 
generation and demand.  

 
 

Fig. 2. General Demand curve of a power grid 
Source: TERI analysis 

Hence, the power dispatch is scheduled based on min-
max strategy in such a manner that the discharge intervals 
are scheduled to be in the peak demand times. And during 
the low demand times the battery is set to charging phase. 
This enables the hybrid system to deliver power during 
peak demand times and hence, aid in load leveling. The 
min-max power dispatch method [5] is as explained 
below: 

Step 1: Selection of time interval dT  so as to ensure 
that battery is never overcharged or fully discharged. 
Usually, it is set to be an hour on the time scale. Greater 
the time interval smoother will be the power dispatch 
curve. 

Step 2: The power generated profile is split into N 
sets of data where N will be the number of time intervals 
in the simulation period. 

Step 3: In each interval i the minimum and 
maximum power generated is identified. Depending on 
the status of the battery in that particular interval period 
the power dispatch ( i

pdP ) is set as follows: 
Let Pgen denote the renewable power generated from 

the wind-PV system. 
For discharging: 

{ }
( 1)

( )
d d

i i
pd geni T t iT

P MAX P t
− ≤ ≤

=                    

For charging: 

{ }
( 1)

( )
d d

i i
pd geni T t iT

P MIN P t
− ≤ ≤

=                  (5) 

Using the above procedure the power dispatch curve 
i
pdP  is formulated. When the battery is in the discharging 

state, the power to be delivered is set to maximum value 
of the power generated in that interval. Hence, the deficit 
power is to be discharged from the battery. Similarly, 
when the battery is in the charging state a minimum 
power level is dispatched to the grid and the remaining 
power is used to charge the battery storage system.  

In this study the battery state is set depending on the 
peak demand curve of the power grid. It is obvious by 
studying the demand curve from Fig. 2, that there are four 
major features in the demand curve viz., wee morning 
trough, a late morning peak, an mid-afternoon trough, and 
an late evening peak. Hence, the time intervals are 
segregated into four phases based on the demand phases. 
When the battery is in the peak phase then its status is set 
to be discharging in order to meet the peak load and vice 
versa. Scheduling dispatch as per this strategy helps in 
optimum utilization of battery and thus longer lifetime of 
battery with fewer charging cycles. Also, the battery size 
is effectively reduced compared to battery sizes required 
for regulating dispatch based on wind forecasts. As the 
investment costs depend on the size, it is imperative that 
the battery capacity is reduced as much as possible while 
meeting all power requirements. 
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B. Sizing Strategy for VRB 
VRB battery sizing is based on the power dispatch 

curve as estimated in Section III. To maintain power 
balance in the system, it is assumed that the power 
generated is equal to the sum of power dispatch and 
power to/from the battery. Hence, the power absorbed or 
discharged from the battery at time t Pb(t) and is given by 

( ) ( ) ( )b gen pdP t P t P t= −                   (6) 
Thus the battery must be sized so as to meet this 

power balance at all times. The battery power 
charged/discharged is evaluated for every ith interval 
using the power balance in eq. (6). Based on this, the 
battery rating during charging and discharging intervals is 
evaluated separately as 

For discharging 

{ }
( 1)

( ) ( ) ( )

[ ] | ( ) |
d d

i i i
dis gen pd

rat i
dis disi T t iT

P t P t P t

P i MAX P t
− ≤ ≤

= −

=
         (7) 

For charging 

{ }
( 1)

( ) ( ) ( )

[ ] | ( ) |
d d

i i i
ch gen pd

rat i
ch chi T t iT

P t P t P t

P i MAX P t
− ≤ ≤

= −

=
         (8) 

Where 1  i  N is the number of intervals in the 
duration of simulation and t denotes the time instance in 
the ith interval Td. As the battery capacity must meet the 
maximum power charged or discharged it is hence 
assigned as the maximum of Pdis

rat[i] and Pch
rat[i].  

{ }[ ] [ ], [ ]rat rat rat
b dis chP i MAX P i P i=    (9) 

This gives the battery capacity required in each 
interval i and the rated VRB battery capacity is evaluated 
to be the maximum of this rat

bP occurring in the N 
intervals. 

{ }
1

[ ]rated rat
bess bi N

P MAX P i
≤ ≤

=                   (10) 

Thus by implementing the above strategy for each 
interval i the rated VRB power capacity is obtained. If  
is the efficiency then rated

bessE can be evaluated 

using rated
bessP .  

IV. SIMULATION RESULTS 
The sizing methodology detailed in Section III is 

implemented for evaluating the size of VRB battery 
storage to be integrated with a Wind-PV hybrid 
renewable power system in Southern India. The wind 
turbine of 275kW is a MICON M450-200 fixed speed 
asynchronous machine [13]. The solar panel of 75kW is 
then coupled with this to form the hybrid power system to 
be integrated with a power grid. The necessary 
parameters for wind and solar power generation 
calculation are listed in Table II. The wind speed data and 
solar irradiation data is recorded from a wind site in 
Southern India. Fig. 3 and Fig. 4 show the wind speed 

and solar irradiation in 10 min intervals. Thus the power 
generated from the hybrid wind system is calculated after 
including efficiencies of the turbine and panel as listed in 
Table II. The generated power curves thus obtained are 
shown in Fig. 5.  

 
TABLE II. WIND TURBINE AND SOLAR PANEL DATA 
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Fig. 3. Solar irradiation and temperature 

 
 

 
Fig. 4. Wind speed data 

 
A.  Power Dispatch Evaluation 

As in Fig. 5, the power generated from the hybrid 
power system is highly fluctuating and peak generation 
occurs at 13:00 hours when the solar irradiation reaches 
its peak value. But, from demand curve in Fig. 2, it is 
evident that there is huge mismatch between peak power 
and peak demand timing.  
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Fig. 5. Power curves for wind, solar and combined hybrid system 

 
Hence, an energy storage system is needed to bridge this 
power gap. VRB storage is very well suited for these 
applications. 

• To accumulate large quantities of power at 
low demand trough periods and deliver the stored 
power at peak periods. 

• To have a fast charge or discharge response 
in order to eliminate power fluctuations existing in the 
generated power. In order to decide on the capacity of 
the battery required to deliver these features a power 
dispatch needs to be drawn. 
 
The power to be dispatched is formulated based on 

the methodology explained in Section III. Considering N 
to 24 so that each interval i has a duration Td of 1 hour. 
Then the state of battery in each interval is decided 
according to demand peak and trough timings as shown 
in Fig. 6. Based on the battery states determined the 
power dispatch is evaluated using eq. (5). The power 
dispatch curve thus evaluated is shown in Fig. 6. The 
dispatch power is a smoothened version of the fluctuating 
generation power curve and a closer examination will 
show that min/max generated power delivery depending 
on the battery states. 

Sizing of battery storage will now depend on the 
power needed for the generation to meet the dispatch 
curve. From eq. (6) the BESS power to be discharged/ 
charged in each interval are evaluated and the maximum 
discharge rate and charge rate for each interval is plotted 
in Fig. 7 and Fig. 8. It is important to note that though 
battery operates in five demand states, the number of 
hours the battery charges and discharges are equal 
thereby ensuring effective usage of the total storage 
capacity. Overall Pbrat found from eq. (9) is shown in Fig. 
9. The maximum value in this figure is the battery power 
capacity needed to meet the energy requirements for this 
application. The value of power rating of battery thus 
found is 124.63kW which amounts to about 45.32% of 
the system rating. The energy capacity will then be nearly 
28kWh provided efficiency of 75%.  

 
Fig. 6. Power dispatch curve 

 
 

Fig. 7. VRB discharge power rating 

Fig. 8. VRB charge power rating 
 
 

Fig. 9. VRB maximum power rating 
 

Once the battery size is evaluated now the hybrid 
system is analyzed for its power delivery. When Pgen is 
greater than Ppd then battery is charged else the deficit 
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power is met by discharging the battery. The battery is 
assumed to have an initial 60% SOC with 75% DOD and 
care is to be taken to avoid the battery from charging 
beyond 95% of its capacity. A battery management 
system is then included as shown in Fig. 10. The battery 
undergoes approximately two complete charge/discharge 
cycles which implies that the battery capacity is 
effectively utilized to improve its useful lifetime. The 
power delivered by the hybrid wind-PV-VRB system is 
plotted in Fig. 11. The delivered power approximately 
follows the dispatch curve with minor exceptions when 
battery becomes completely discharged with a LPSP ratio 
of 2.7% only. Thus, the VRB battery aids the hybrid 
renewable generation to meet the scheduled dispatch 
effectively. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 10. Energy management of VRB 
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Fig. 11. Power delivered by the hybrid Wind-PV-VRB system. 

V. CONCLUSION 
Flow batteries are increasingly being considered for 

large scale grid integrated renewable energy storage 
options. In this paper a VRB battery is sized based on a 

modified min-max dispatch strategy which considers 
peak demand periods of a power grid. The methodology 
was tested for a 275kW wind-PV HRES with real time 
data and the results have been documented. The battery 
thus sized is evaluated for its performance to deliver the 
dispatched load with only 2% LPSP. Also, an energy 
management framework has been implemented to avoid 
over/ under charging of the battery. The performance 
shows effective utilization of battery capacity with 
minimum number of charge discharge cycles so as to 
maximize battery life. Control of battery storage system 
for emission of forecast errors in the wind data can 
further be analyzed as future prospects from this work.  
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