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Abstract.

This paper proposes the energy management system for DC side of the microgrid which
consists of PV system, wind energy system, along with hybrid energy storage system consist
of battery and supercapacitor. Solar and wind systems are implemented with maximum
power point control to extract maximum power. To improve the power output and to
manage its intermittent nature of these sources hybrid energy storage devices is
implemented with appropriate control strategy . Hybrid energy storage system with high
energy density and high-power density is implemented to reduce the fluctuation in DC link
voltage and to maintain power balance in DC microgrid. The control strategy proposed
fulfills the need of transient power and average power requirements of the load. The
proposed DC microgrid is realized in MATLAB Simulink and the performance of the
system is verified for different cases.
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1. INTRODUCTION

In the current scenario as power demand is increasing and fossil fuel is getting depleted need
for alternate energy sources and also distributed generation-based grid is increasing.[1]
Renewable energy sources are the promising solution for these energy needs. Among the
several renewable energy sources wind and Solar are the prominent sources as it available
in plenty and it is a clean energy. Microgrids with wind and solar are evolving. [2] To
handle the variable nature these sources and to increase the penetration of these devicesin
to main grid energy storage devices are required. Battery is the most commonly used
energy storage system [3]. Some loads such as refrigerator, Air conditioner, require high
starting current and sizing the battery for such requirements proved to be costly.[4] In
situations such as sudden load change /generation change to handle the momentary as well
as regular current requirements combination of high power and high energy density devices
are required [5]. Most commonly used combinations are flywheel and battery, battery and
supercapacitor, fuel cell -flywheel, pumped hydro-battery and etc. [6]-[7] However, battery
-super capacitor is an effective solution, as flywheel suffers with rotor failure, pumped
hydro system requires large area, fuel cell responds slowly to fast load variations.[8]. In
microgrid with hybrid energy storage devices such as battery and supercapacitor meeting
the load demand by maintainingthe SOCs of the storage devices is challenging. Therefore,
designing a control strategy for energy management plays a important role in the
continuous, stable and reliable operation of the microgrid. In [9]-[11] an energy
management system is proposed with battery as the storage device. In these system DC
link voltage rating and Battery voltage rating should be kept same. Any load /generation
disturbances must be buffered by the battery. This places high stresses on the battery and
also this reduces the life cycle of it. [12]. A perfect storing system in a DC microgrid must
be able to supply together high-power density and energy density needs to manage the
circumstances such generation, load, and climate changes. By applying battery and
supercapacitor (SC) hybrid combination battery life time, reduction in battery size,
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reduction in cost of the battery can be achieved. Several types of control approaches been
reported in the literature for energy management Model predictive control, neural
networks, decision tree, fuzzy logic and etc [13]-[17] However, these methods involve
large data storage requirements and extensive computations. And the disadvantage of the
Model predictive Controller method is itrequires large mathematical computations.

Potential development in battery life time is quantified in [18]-[19] In[20] advantages
of addition SC to battery storage system in wind energy conversion systems is been
verified. The basic concept of all the above-mentioned energy management strategies is
that battery provides a low frequency current requirement and transient current component
is handled by super capacitor momentarily and the battery slow response is not
compensated. This proposed paper is based on dividing average current requirement and
high frequency current requirement for generating reference current for battery and SC.
The battery error component is utilized to generate current reference for supercapacitor
along with high frequency current component to compensate the slow response of the
battery, to achieve faster voltage regulation.

2. DC MICROGRID ARCHITECTURE

The DC micro grid considered contains of PV power generation system, wind energy
system (WES) along with battery and ultra-capacitor Hybrid Energy Storage System
(HESS) is shown in Fig.2.1. In the represented Microgrid system, Photo Voltaic with the
boost converter implemented with MPPT controller utilizing peturb&obseve algorithm to
increase the output power of the PV system. The output pulses from MPPT controller are
supplied to the boost converter that is linked to DC bus. WES consists of wind turbine
coupled with PMSG generator. The AC power generated from WES system is converted
into DC power using AC -DC converter. HESS is employed to handle the transient as well
as the regular load necessities. The energy storage devices super capacitor and battery is
parallelly attached to DC bus via bi-directional DC-DC boost-buck converter. A DC-AC
converter is employed to convert DC power from the PV, battery and SC to AC power and
supply to ACload and is represented in Fig.2.1. Proposed system constitutes the DC
microgrid.

2.1. Wind Energy Conversion System

In the wind turbine wind’s dynamic energy is changed into mechanical energy and is given
in equation (2.1) below
P = 1lpmrzC (A B)V3 (2.2)

w 2 P
Where Cp is the co-efficient of power (Betz), p is density of air in kg/m®, V is the velocity
of wind in m/s, r is the length of the blade in m. Equation (2.2) gives the wind turbine’s
aerodynamic torque.[22]

w =
w
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Figure 2.1. Configuration of Hybrid Energy sources with HESS

Where @ is the rotor speed in radians per second. The generated mechanical energy is
changed in to electrical energy in Permanent Magnet Synchronous Generator. The diode
rectifier converts the three-phase AC voltage of the PMSG into DC voltage.

2.2. PV System Model

The single -diode equivalent circuit of PV cell is shown in the Fig:2. This cell can be
symbolized as an ideal Photovoltaic cell with a diode connected parallel to the current
source.[23]. To prevent the reverse power flow, the bypass diode is used.
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Fig:2.2 Equivalent circuit of PV cell[23]
Ipvv= Iphv_ld (2.2.1)

and Current of diode (1) is represented in idyllic form as follow

qVocpv
Iq= Io(eyr®rTr- 1) (2.2.2)
qVocpv
Ipvv = Iphv — [o(evr®e’r — 1) (2.2.3)

Where 1q4, Iphv, Vo, 4, np, and T, denote the current (diode), Photo current, output potential
of PV, total Charge, factor of ideality, Boltzmann constant and temperature in Kelvin
accordingly. Shunt resistance (Rsh) is negligible as it has less effect on 1-V features of the
Photovoltaic cell. Therefore equation (2.2.1) can be simplified to (2.2.3). Detailed
specifications of the model is given in the table (2.2.1) below and the model used is
WAAREEEnergiesWU-120. Boost converter design is similar to that reported in [7].



S.No Solar cell Details _ i
Constraints Symbol Value Wind Energy system Details
1 Highest power  [Pmm 120W S.No |Parameter Variable [Value
2 Highest voltage  [Vmmp 171V 1. Base_ rotational speed (cd 1.2pu
2. | Maximum power Pw 0.85 pu
- atbase speed
2 ;:g?te (s;rzl::trent In;r:p 1A 3. | Nominal output power| Pout 1Kw
current Is BA 4. | Wind turbinerated |V 12m/s
5 Open circuit Vopen o1V : }I_/e|8{3|ty -
Voltage urbine radius R 1.1m
Table 2.2.1 Details of PV System Table2.2.2 Details of WECS

The boost converter is realized with MPPT control implemented with P&O algorithm. There
various types of MPPT algorithm [24] stated in the literature. Amid various types, Perturb
and Observe procedure is simple to employ, and is used to increase the photovoltaic system

Systems Storage system
: Requirement
P(k)= v(k)* i(k) |

Battery Li-ion-24 V,14Ah

‘ : SC 32V,29F
\o ' N
] \ Two-way Ly=0.03mH,

e — DC-DC Lsc=0.352mH, C=400pF,
g s converter Vo=50v, R=5Q, f=16KHZ

= = —
» : Kbp=0.004, Kbi=0.9
= . . fi ’ ) ’
Lhiei b S oller | K5cP=0.55, Ksci=16800,
E%“—‘m:r of HESS Kppv=1.58, Kiiv=4097.
Fig.2.2.1.P&OMPPTAIgorithm Table.2.3.1Storage system

power output and also to rise the system effectiveness of the photovoltaic system.[25]. The
P&O algorithm flow chart is presented in Fig.2.2.1. This algorithm is used to give pulse
input to the boost converter. This algorithm disturbs the voltage and relative change in power
is calculated and is compared with previous power value. The operating point will be traced
towards MPP if the power change is positive and away from MPP if the change in power is
negative. This process will be repeated until maximum peak is obtained.[26]



2.3. Battery &super capacitor Modeling

In the DC microgrid system Li -ion battery model obtainable in MATLAB /Simulink 2018
is been considered. Equivalent circuit of the Li-ion is shown in Fig.2.3.1. The Battery model
represents the different variations of battery and its features. Battery is modelled as
current source with some inbuilt resistance, according to the SOC level of the battery
charges and discharges.

When battery works in charging mode battery voltage rises and when it works in
discharging mode the current rises.
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Fig.2.3.1 Battery Model [27] Fig2.3.2 Supercapacitor model [28]

The DC microgrid system also utilizes Stern -Tafel model of the ultra-capacitor which is
obtainable in Simulink (Mat lab) is depicted in Fig.2.3.2. It is established as the voltage
source that can be controlled with inbuilt resistance. The ultra-capacitor model performance
depends on the numerous constraints such as ultra-capacitor’s inbuilt resistance, ultra-
capacitor rated capacitance and net stored charge.

2.4, DC Microgrid System with Two-way Converter control

In the presented DC microgrid, energy storage devices ultra-capacitor and battery are linked
to the DC bus parallel to each other using individual two-way converters which can transfer
the power in both directions. Depending on the switching pulses received from the energy
management control system the converters of the battery and ultra-capacitor either
discharges(supplies) or charges(absorbs) power depending on the power flow direction.
Converter construction is depicted along with microgrid system simulation in Fig.2.4.1. In
case of boost mode, the switches SW-bb1l and SW_SCC1 is switch to on condition and in
buck mode SW-bb2 and SW_SCC2 is switch to on condition.
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Fig.2.4.1. Simulation circuit of DC Microgrid with HESS

3. ENERGY MANAGEMENT ALGORITHM

In this proposed energy management algorithm basically works on the net current required
from storage devices which is obtained from the feeding difference between DC bus voltage
and actual available voltage to Proportional Integral controller. Pl regulator ‘s output current
signal is further split into high frequency current component and average current component
using filter controller. The average current component is obtained as follows

Ipav = F(Itor) (3.1)
IBerr :IB av — IBat (32)

This obtained average current component (I 4, ) is compared with the available battery
currentlp,, and the error signal (Ip.,)0btained as in equation (3.2) is supplied to the PI
regulator to produce duty ratio. Then duty ratio is converted in to switching pulses by means
of pulse width modulator (PWM), using these signals the switches SW1 and SW2 are
operated. The transient current necessities (IIys) are attained from the net current
necessities(I7,¢)by deducting the low frequency current requirement (I 4, ) as follows

Inf =Itot — Ipav- (3.3)

In order to compensate the slow response of the battery, and to compensate
uncompensated(Punc) power by the battery for first few seconds uncompensated power is
calculated as follows,

Punc = (Igqy — Ipat) Vi (3.4)

Where V is the voltage of the battery. The current reference given to the super capacitor
includes the uncompensated current component of the battery and high frequency current
component. In the equation 3.5 second part represents the uncompensated current of the
battery.

Vb
Iscres =Inf + Upw — Ipg ) Ve (3.5)



The reference current for the supercapacitor is obtained by subtracting actual supercapacitor
from current obtained from equation (3.5) and the variance obtained is provided to PlI
regulator to produce duty ratio and the switching pulses are generated from PWM and is
given to the supercapacitor bi-directional converter switches (SW3&SW4) as shown in the
figure 2.4.1. In order to maintain the constant DC link voltage, super capacitor and battery
will either act boost/discharge mode or in buck /charge mode. Energy management strategy
is shown in figure.3.1.

Battery
Converter

_/- PWM Supercapacitor
Converter

Fig.3.1 Energy Management Strategy of DC Microgrid

4, SIMULATION AND ANALYSIS

The DC microgrid system is analyzed for load variation and generation variation and the
results of two cases are discussed below

4.1 Casel: Load Variation

To analyze the load variation, generated power is kept constant, and load is varied as from
1500W to 2000W at 0.25 sec. Before 0.25 sec power from is wind power 1300Wand solar
power is 1000W which is more than the load requirement, and the extra power is been
absorbed by battery(700W) upto 0.25 sec as shown in figure4.1, sudden rise in load power
at 0.25 sec is momentarily satisfied by super capacitor and average power requirement is
satisfied by battery. It is also verified that the DC link voltage is kept constant(50V)
regardless of load change as observed in figure4.2

Fig4.1 Power response for load variation Fig4.2DC Link Voltage



Case4.2: Variation in Generated Power

DC microgrid is analyzed for variation in generation by keeping load power requirement
constant at 1500W. In this case wind power generation is kept at 1000W and PV power is
varied by varying irradiance. At starting power generation from PV system is 500W and it
increase to 1000W at 0.2. Upto 0.2 sec the power generation from PV and wind systems is
equal to the load demand of 1500W. After 0.2 sec PV power is increased to 1000W, now
power generation form PV and wind is more than the load requirement. The extra power of
500W is absorbed by supercapacitor momentarily for few microseconds followed by
battery as shown in figure 4.3 And also from figure 4.4, it is verified that DC link voltage is
sustained constant regardless of generation deviation.

Fig 4.3 Response to PV generation variation Fig 4.4 DC link Voltage

Similarly when wind velocity is changed at 0.2 sec, the wind power generation changes
from 1000w to 500W along with variation in solar irradiance introduced at 0.2 sec from
1000W/m? to 400w/m?, due to this total power generation becomes less than the load
demand of 1500W. Momentary power deficit of 600w is supplied by the super capacitor
for 0.008 sec followed by the battery as shown in figure 4.5.Form the figure 4.6 ,it is clear
that DC link voltage remains constant irrespective of generated power variation. All
simulation results are tabulated and presented in table4.1 below

e e E— -

Fig 4.5 Response to PV&Wind generation Fig 4.6 DC link Voltage
variation
Different Scenarios DC link voltage Variation
Overshoot Steady state - time | Disturbance recovery time
Load Variation 58V 0.007 sec 0.004 sec
PV Generation Variation | 55V 0.006 sec 0.001sec
PV &Wind Generation 58V 0.007 0.004 sec
Variation

Table4.1 Summary of Simulation and Analysis results




5. CONCLUSION

Hybrid Energy Storage system along with two renewable energy sources are effectively utilized in
the presented energy management control strategy. The main goal of the proposed energy
management algorithm is to sustain thedc link voltage constant irrespective of load changes and
the generation variation. The proposed system is simulated and analyzed and is also verified that dc
link voltage is sustained at constant value irrespective of change in wind velocity, variation in
irradiance and load variation and also the stability of the system is maintained.
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