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ABSTRACT

KEYWORDS: DC Microgrid; droop control; hybrid energy storage system;

PMSG; power management strategy; PV.

This paper presents a control strategy for a PV-Wind based standalone DC Micro-
grid with a hybrid energy storage system. A control algorithm for power management
has been developed for the better utilisation of renewable sources. The proposed sys-
tem helps in reducing the voltage variation in the DC bus and the current stress in the
battery due to intermittency of both solar and wind energy. The PV array and the wind
system operating in MPPT are interfaced to the DC load using boost converters. The
control algorithm during reduced power mode uses droop control strategy for keeping
bus voltage constant under excess power condition. The controllers for battery and su-
percapacitor designed by frequency domain analysis are also presented. The system is
tested for sudden change in load, renewable energies, reduced power mode and during
load shedding using MATLAB-Simulink platform. The effectiveness of the proposed

strategy is validated through simulation studies.
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CHAPTER 1

INTRODUCTION

A microgrid is defined as a group of Distributed Energy Resources (DERs), includ-
ing Renewable Energy Resources (RES) and Energy Storage Systems (ESS) and loads,
that operate together locally as a single controllable entity [[1]. Microgrids exist in var-
ious sizes and configurations; they can be large and complex networks with various
generation resources and storage units serving multiple loads, or small and simple sys-
tems supplying a single customer. Microgrids exist in both grid connected and islanded
forms. Grid connected microgrids have a Point of Interconnection (POI) or Point of
Common Coupling (PCC) with a large power network. In both grid connected and is-
landed/isolated operation modes, microgrids should maintain balance between genera-
tion and consumption, while satisfying reliabilty, power quality and adequate standards.
Isolated microgrids have no POI or PCC. The vertically integrated bulk power system

has now been changed to a smart decentralised network with the growth of microgrid.

1.1 Motivation

The most promising methodology for remote electrification and/or decrease in depen-
dence on fossil fuel based energy source is the idea of renewable based hybrid electric
system. The use of fossil fuels leads to C'O, emission and environmental pollution. So
by the use of clean energy resources, greenhouse gas emission can be reduced. The
solar and wind are the most abundant renewable sources available in nature. The hybrid
combination of solar and wind energy can provide continuous power to load than an
individual source alone. The solar and wind sources are intermittent, uncontrollable,
stochastic and highly variable, their integration in the electric power grid posses chal-
lenges to its effective operation. Innovative technologies and novel control algorithms
are required to alleviate various problems such as load mismatch, poor load follow-
ing, voltage instability, inferior power quality and reliability problems, to increase the

penetration of RE sources in the electric power grid.



1.2 Literature Review

The photovoltaic energy is one of the renewable energies that has been attracted by re-
searchers all over the world. The conversion efficiency of PV arrays are very low, it
requires maximum power point control algorithms to harness maximum energy. The
direct and indirect methods for MPPT algorithms are described in [2]. The use of wind
energy to meet the energy demand has a great advancement over the past decades. The
various methods used for obtaining maximum output power from wind energy system
has been studied in [3]. A comparison has been made in this paper among various
MPP methods in terms of convergence time, efficiency, training, complexity and wind
measurement. The use of supercapacitor along with battery improves and enhances the
life of battery [4]. The batteries have low power density and limited charge/discharge
cycles. The supercapacitors are high-power storage devices which are mainly used to
smooth the peak power applied to the battery and to deliver full power during short
grid outages. A supercapacitor is a double-layer electrochemical capacitor that can
store thousand times more energy than a typical capacitor. It shares the characteristics
of both batteries and conventional capacitors. Moreover, they have almost negligible
losses and long lifespan. They can process a large number of charge and discharge
cycles (several hundred thousand cycles) compared to only a few thousand cycles for
lead-acid batteries and can supply much higher currents than batteries. An energy man-
agement system for a laboratory scale microgrid based on wind-PV-battery is proposed
in [5]]. The control algorithm developed in this provides stable operation of the system
under various power generation and load conditions. A DC link voltage controller with
PV-battery-supercapacitor combination based grid interactive supervisory power man-
agement system is proposed in [6]. The power management system proposed in this
considers renewable power variation, grid availability, electricity pricing and changes
in local loads. A DC Microgrid with a decentralised droop control with multiple dis-
tributed renewable energy sources and constant power load is studied in [7]]. This paper
considers voltage and power fluctuations control due to source disturbances and load

change.



1.3 Objective

The objective of the thesis is the proposal of a control strategy for a DC microgrid con-
taining hybrid renewable sources with a hybrid storage system. It can be summarised
as follows:

1) The integration of solar and wind energy with battery and supercapacitor to provide
reliable, adequate power to meet load demand.

2) A power management strategy for better control and management of power.

3) The proposed system should reduce voltage variation in the DC bus and the current
stress in the battery due to the intermittency of both solar and wind energy.

4) The design of battery and supercapacitor by frequency domain analysis to meet the
steady state and transient requirements when both wind and PV changes simultane-
ously.

5) The load requirement should be shared between PV and wind when battery is fully
charged and the system is operating in excess power condition by means of droop con-
trol.

6) The reduction of wind power during high wind speeds by varying the pitch angle.

1.4 Scope of Work

The work find applications in rural/remote areas where grid interconnection and main-
tenance is a techno-economic challenge. The use of abundant renewable sources, solar
and wind can make a country to meet ever increasing energy demand. The use of solar

and wind is eco friendly and reduces environmental pollution.

1.5 Overview and Structure of Work

Chapter 2 deals with the architecture of DC microgrid and the photovoltaic systems.
The equivalent circuit of a PV cell, the perturb and observe algorithm for maximum
power point tracking are described in this section.

Chapter 3 explains the system set up for wind energy conversion. The structure of wind

turbine, the modeling of wind turbine and optimum torque based control strategy are



outlined in this chapter.

Chapter 4 narrates hybrid energy storage system and its control strategy. The chapter
also explains the power management algorithm for power balancing between distributed
sources and load. The droop controller for reduced power mode for sharing the load be-
tween solar and wind is also described.

Chapter 5 shows the performance of the integrated system by simulating using MATLAB-
Simulink platform. The system is tested for different cases and the results are discussed
in this chapter.

Chapter 6 concludes the work along with a discussion for future scope.



CHAPTER 2

SYSTEM ARCHITECTURE AND PHOTOVOLTAIC
SYSTEM

Microgrids can be of AC or DC type to deliver power, but DC microgrid is favoured due
to the reduction in complexity of control, absence of grid synchronization issues, har-
monics, reactive power and reduction in conversion losses due to inverter [8]. In many
of the countries, the household, domestic, data and telecom centres, mobile towers are
electrified by DC grids. The autonomous or isolated DC microgrid also find applica-
tions in electric vehicles, naval ships, spacecraft and submarines. Storage devices are
also used along with renewables to provide efficient, good quality, reliable and optimum
power. A hybrid combination of renewables with hybrid storage devices can provide a

good power management between source and load.

2.1 Architecture of DC Microgrid

The DC microgrid considered in this work is illustrated in Fig. 2.1| The system con-
sists of the PV array, Permanent Magnet Synchronous Generator (PMSG) based wind
turbine system, battery, supercapacitor and power electronic converters. The DC loads
connected to the DC bus are of resistive type. Battery and supercapacitor are connected
to the DC grid using two bidirectional DC-DC converters. The circuit schematic of
the architecture is given in Fig. 2.2 Here the hybrid energy storage system regulates
the DC bus voltage and also manages the power flow between distributed energy re-
sources and load. The capacitor, Cy. is the DC link. When the PV and wind power
generation are less than the load demand, the DC bus voltage decreases. To address
the power deficiency, the energy storage systems (ESS) provides the surplus power de-
mand. Analogously, when the PV and wind generation are more than the load demand,
the energy storage systems will absorb the surplus power generation. When the battery
discharges to the lower limit, load is cut out to maintain power balance. When battery

reaches upper limit, the PV and wind system operates at oft-MPPT mode. In the whole
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process, the supercapacitor provides the oscillating and the transient power, based on

its SoC condition.

2.2 Photovoltaic System

A solar or a photovoltaic cell converts solar energy to electrical energy by photovoltaic
effect. A solar cell produces current when sunlight is irradiated on it. The electron-hole
pairs are generated when PV cell materials absorb photons having energy exceeding
the band-gap of the material. These generated carriers are swept apart by the internal
electric fields of this cell and they contribute to current when the cell is connected to
the external circuit. A number of PV modules are arranged in series and parallel to
meet the energy requirements. The output power of a PV system depends upon solar
irradiation, atmospheric temperature, area and efficiency of the PV array. A PV array

consists of several photovoltaic modules in series and parallel as shown in Fig. [2.3]

Figure 2.3: PV cell, module and array [9]]

Series connection of modules increases the voltage and parallel connection increases

the current in the array.

2.3 Equivalent Circuit of a PV Cell

An ideal solar cell is represented by a current source in parallel with a diode. The

single diode model of a PV cell is shown in Fig. When the cell is exposed to light,



Practical PV device

0

-

_/
)
=
Es

Figure 2.4: Single diode PV cell model

direct current is generated that varies linearly with solar radiation. The model can be
represented by including a series resistance (17;) and a shunt resistance (12,). Here, R
is introduced for considering the voltage drops and internal losses (contact resistance,
resistance of p and n bodies) due to flow of current and [?,, takes into account the leakage

current of pn junction and depends on the fabrication method of PV cell.

The fundamental equations for a PV cell can be modelled from the theory of Shock-
ley diode equation and semiconductor theory. An ideal PV cell can be mathematically
represented as

Ipv = Iph — Id (21)

where I, is the output PV current, [, is the current generated by the incident light,

14 is the Shockley diode equation. The diode current /; is given by Shockley diode

equation,
Iy = Io(e” — 1) (2.2)
where
Vg
= P 2.
Y AkT (2:3)

A is ideality factor, its value is 1.6, V,, is the output voltage of PV module, k is the
Boltzmann constant (1.3806 * 10~2% J/K), q is the electron charge (1.6 x 10~ C).

The practical PV modules are composed of several connected PV cells. The single



diode model of a practical PV device can be represented as

Iy = Iy — 1g — Iy, (2.4)
The diode current /; is given by
Iy = Ih(e" —1) (2.5)
where
- (fmji;Z ;]\‘ffw)q 2.6)

Ny is the number of cells connected in series, [, is the photovoltaic current of the PV
module. The term k7' N,/q can be defined as voltage equivalent of temperature of the
module as V. The cells connected in series provide greater output voltage. The term

I,,Rs + Vp, 1s the voltage across the diode.

The photo current, current generated by the incident light (1,5,) depends linearly on
the solar irradiation and is also influenced by the temperature according to the following
equation:

Girra iance
In = S [k (T = Treg) + Lucrey] @7
irradianceSTC

T,y 1s the reference temperature, 7" is the module operating temperature, [...r 1s the
cell’s short circuit current at standard conditions (298 K and 1000 W/m?), k; is the short
circuit current temperature coefficient, G, qdgiancesTc 18 the reference solar irradiance

(1000 W/m?), Girradiance 15 the irradiation on the solar surface.

The reverse saturation or leakage current of diode [ is given by

T 3 4Bgo 11
IO = ‘[7"8 (T f) e xn (7 T’r'ef) (28)

where
]gcref

qVoc
<€kTANS — 1)

Ey, 1s the material band gap energy (1.12 eV for polycrystalline Silicon), V,,. is open

I, — (2.9)

circuit voltage.

If the PV array is composed of /V, number of modules connected in parallel, output



current of PV array (I,,) is given by

‘/pfu + IpvRs

Iy = Ny [Iph — Io(e" = 1)] - R
P

(2.10)

va +Ipv Rs

R, can also be neglected.

In (2.10) R, is usually very high, so the term

The designed photovoltaic system consists of 7 series modules and 4 parallel mod-
ules. Its output is connected to DC bus through a DC-DC boost converter. The P-V

characteristics and I-V characteristics of the PV array is shown in Fig. [2.5] The Maxi-
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Figure 2.5: P-V and I-V characteristics of PV array

mum Power Point Tracking (MPPT) method used is Perturb and Observe algorithm. It
is also known as Hill climbing algorithm. In this algorithm when the operating voltage
of the PV panel is perturbed by a small increment, if the resulting change in power P
is positive, then we are going in the direction of maximum power point (MPP) and we
keep on perturbing in the same direction. If P is negative, we are going away from the

direction of MPP and the sign of perturbation supplied has to be changed. The summary

10



of P and O algorithm is shown in Table [2.1

Table 2.1: Summary of P & O Algorithm

Perturbation | Change in power Next Perturbation
Positive Positive Positive
Positive Negative Negative
Negative Positive Negative
Negative Negative Positive

The process is repeated until MPP is reached. There the operating point oscillates

around the MPP. The flowchart of MPPT is shown in Fig. 2.6] The duty ratio gener-

| itialise k=1, 4D, P(0), V(0), D(0) |

. | Read V{k) and I{k) from PV panel
o Calculate P(k)=V(k)*I(k)

v

Delay P{k) and V(k) by 1 instant
to get P(k-1) and V(k-1)

AP=P(k)-P(k-1)
AV=V(k)-V(k-1)

D(k)=D(k-1)+AD D{k)=D{k-1}+AD D{k)=D(k-1)-AD

D(k)=D(k-1)-AD
{ i I '

Y

Figure 2.6: Perturb and observe algorithm for PV

ated by the MPPT control block is given to the boost converter. The perturbation size
and time interval between iterations should be considered to achieve faster tracking of

maximum power point. The variation of PV power with solar irradiance during MPPT

11



operation is plotted in Fig. The PV output power obtained for irradiances (600,
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Figure 2.7: (a) Solar irradiance (W/m?) (b) PV output current (A) (c) temperature in
°C (d) PV output power (watts)

700, 800, 900, 1000) W/ m? are (2553, 2977, 3395, 3808, 4218) watts respectively.
The main advantage of P & O method is that it is easy to implement, it is very generic,
it has low computational demand and it does not require any information about PV ar-
ray, but needed only the measured voltage and current. The main disadvantages of P &
O are the oscillations around the MPP in steady state conditions, and poor tracking un-
der rapidly changing irradiations. Variable step size and variable perturbation frequency

based improved P & O algorithms are available for better dynamic performance.

12



2.4 Boost Converter

The boost topology is used for stepping up the low voltage input from the PV. The boost
converter consists of a dc input voltage V;,,, inductor L,,, controlled switch S1, diode
D1 and filter capacitor C,,. When S1 is ON, current in the inductor increases linearly
and the diode D1 will be in OFF state. When the switch S1 is turned off, the energy
stored in the inductor is released through D1 to output load through C),. The circuit

diagram of boost converter is shown in Fig. 2.8 The boost converter can operate in

LP D1
—— OO0 —D

-\ S; Cp;; Vour

Figure 2.8: Boost converter

continuous conduction mode or in discontinuous conduction mode. The output voltage

Vi,ut 18 given by
‘/out o 1

V. "1-D (2.11)
where V;,, is the input voltage, V. is the output voltage and D is the duty cycle.
Vour =400 V; V;,, =242.2 V;
the value of D = 0.3948;
Using small signal analysis
AIiL - 2)297; (2.12)

Assuming 1 % ripple in inductor current,

13



(1 — 0.3948)2  0.3948 * 20

0.01 =
L, 15 %103

(2.13)

L,=19.28 mH
Filter capacitor is used at output to limit the output voltage ripple. The filter capacitor
provides current to the load when the diode D1 is off. The minimum value of filter

capacitance required at output for having voltage ripple less than 1% is given by

AUout D
- 2.14
Vo  JRC 1
D * ‘/out
= o 2.1
Cy Avyys x R* f (2.15)
0.01 = 0.3948 (2.16)

15% 103 %20 = C),
C, =131 yF

2.5 Summary

The architecture of the DC microgrid and the photovoltaic system are described in this
chapter. The modeling of PV cell, the perturb and observe algorithm for maximum
power extraction are also explained. The MPPT algorithm for different solar irradia-

tions are verified with the PV output power.

14



CHAPTER 3

WIND ENERGY CONVERSION SYSTEM

Wind is commercially and operationally the most viable renewable energy resource and
accordingly, emerging as one of the largest source in the renewable energy sector. The
wind power generation posses advantages over conventional power project such as fuel
cost is zero, construction time is less, operation and maintenance cost is low, capacity
addition can be in modular form and no adverse effect on global environment. Wind
Energy Conversion Systems (WECS) are cheaper than photovoltaic energy conversion

systems of the same power rating.

3.1 Structure of Wind Turbine

A wind energy conversion system consists of a turbine tower which carries the nacelle,
and a wind turbine rotor which consists of rotor blades and hub. Most modern wind
turbines are horizontal-axis wind turbines (HAWTSs) with three rotor blades usually
placed upwind of the tower and the nacelle, as illustrated in Fig. On the outside,
the nacelle is usually equipped with anemometers and a wind vane to measure the wind
speed and direction, as well as with aviation lights. The nacelle contains the major
components of wind turbine, i.e. the gearbox, mechanical brake, electrical generator,
control systems, yaw drive, etc. The major parts are described below.

1) Tower

The wind turbines are mounted on the tower. The wind turbines mounting on the
highest possible tower results in increased power production due to the stronger winds
present at higher altitudes. But there are some limitations as how much height of a
tower is appropriate for a given application. One such consideration is the structural
requirement necessary to support the turbine being considered, including how much the
turbine weighs as well as what types of environmental forces (high winds, snow, rain)

it will have to sustain over time.



Wind
\jjreclion

Generator \ High speed

shaft

Swivel
beading Nacelle

Figure 3.1: Major components of a typical horizontal axis, three-bladed, upwind wind

turbine [[10]]

2) Rotor

The rotor is the heart of a wind turbine and consists of multiple rotor blades attached
to a hub. It is the turbine component responsible for collecting the energy present in the
wind and transforming this energy into mechanical motion. Turbines are often designed
around a certain diameter rotor. The predominant aerodynamic principles that rotor is
designed are based upon are Drag Design and Lift Design. Drag design rotors operate
on the idea of the wind pushing the blades out of the way, thereby setting the rotor into
motion. With lift design rotors, the blades are designed to function like the wing of
an airplane. Each blade is designed as an air foil, creating lift as the wind moves past
the blades. The air foil operates on the basis of Bernoulli’s principle where the shape
of the blade causes a pressure differential between its upper and lower surfaces. This
difference in pressure causes an upward force that lifts the air foil. In this case, this
lift causes the rotor to rotate for transforming the energy in the wind into mechanical
motion.

3) Hub

The hub is the centre of the rotor to which the rotor blades are attached. Cast iron
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or cast steel is most often used. The hub directs the energy from the rotor blades on to
the generator. If the wind turbines have a gearbox, the hub is connected to the slowly
rotating gearbox shaft, converting the energy from the wind into rotation energy. If the
turbine has a direct drive, the hub passes the energy directly on to the generator.

4) Power control of wind turbine

Wind turbines are generally designed to yield maximum power (nominal capacity)
at rated (or nominal) wind speed. In case of stronger winds it is necessary to waste
part of the excess energy of the wind to avoid damages to the wind turbine. Pitch angle
control was developed by turning the rotor blades into or out of the wind according
to the control laws. An anemometer mounted atop the nacelle constantly checks the
wind speed and sends signals to the pitch actuator, adjusting the angle of the blades to
capture the energy from the wind most efficiently. Standard modern turbines usually
pitch the blades at high winds in order to prevent the rotational speed from rising to
an unacceptably dangerous level. A slewing drive precisely angles the blade for pitch
control.

5) Nacelle

The nacelle contains all the machinery of the wind turbine, i.e. the drive train includ-
ing the mechanical transmission (rotor shaft, bearings and the gearbox), the electrical
generator, and other equipments such as the power electronic interface, the yaw drive,
the mechanical brake and the control system. Because it requires rotating in order to
track the wind direction, it is connected to the tower via bearings. The generator con-
verts the mechanical motion of the rotor into electrical energy. The power electronic
converters are used by wind turbines as an interface between the load/generator and the
grid. The power electronic converter enables wind turbines to operate at variable speed,
and thus allows to provide more effective power capture than the fixed-speed type. The
wind turbine contains two types of brakes, blade tip brake and mechanical brake. The
mechanical drum brake or disk brake is used only as an emergency brake, if the blade
tip brake fails.

6) Yaw drive

The yaw drive is an important component of modern horizontal axis wind turbines.
To ensure the wind turbine is producing the maximum amount of electric energy at all

times, the yaw drive is actively controlled to keep the rotor facing into the wind as the
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wind direction changes. This is accomplished by measuring the wind direction by a

wind vane situated on the back of the nacelle.

3.2 System Setup

The Wind Energy Conversion System consists of a variable speed wind turbine, Perma-
nent Magnet Synchronous Generator (PMSG), three phase diode bridge rectifier and a
boost converter. The wind turbine converts the kinetic energy into mechanical energy.
The wind turbine system can be fixed speed wind turbine (FSWT) or variable speed
wind turbine (VSWT). The main advantage of FSWT is the reduction in the power
electronic converters that is expensive. But since the rotor speed is constant, the tur-
bines cannot operate at peak efficiency. In VSWT, the turbine speed varies with wind
speed so that maximum power can be extracted. The kinetic energy of the wind is con-
verted to electrical energy through an electric generator connected to the wind turbine.
The generators used can be PMSG or induction generators. Three types of induction
generators are often used namely cage rotor, wound rotor with slip control and doubly
fed induction generator. Compared with induction generator, PMSG has the advantage,
it does not require external excitation system, there is no copper loss in the rotor circuit,
low maintenance cost, high air gap flux density, better reliability, high torque to inertia
ratio and high performance. The output of direct driven PMSG is rectified and it is

boosted by a DC DC converter.

The output power from wind turbine can be controlled within a specific range of
wind speeds bounded by cut-in (vyti,) and cut out (Veysour) Speeds. At very low wind
speeds, there is insufficient torque exerted by the wind on the turbine blades to make
them rotate. However, as the speed increases, the wind turbine will begin to rotate
and generate electrical power. The speed at which the turbine first starts to rotate and
generate power is called the cut-in speed. As the speed increases above the rated output
wind speed, the forces on the turbine structure continue to rise and at some point, there
is a risk of damage to the rotor. As a result, a braking system is employed to bring the
rotor to a standstill. This is called the cut-out speed. The rated power F,; is obtained
from the wind turbine at rated wind speed. There are four main operating regions as

shown in Fig. [3.2]
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Figure 3.2: Typical power speed curve relationships in variable speed wind turbines

The first region is below v, and the fourth region is above vy, Where turbine
is stopped and disconnected from grid. The second region is in between v, and rated
wind speed where the turbine can be operated to extract maximum energy. At higher
wind speeds, i.e. in the third region, the turbine is designed to limit the power to this

maximum level so that there is no further rise in the output power.

3.3 MPPT Algorithms

Maximum power point tracking algorithms are used to extract maximum power from
the available wind energy and they can be categorised into tip speed ratio (TSR) control,
power signal feedback (PSF) control and Hill Climb Search (HCS) control. In TSR
control method, the rotational speed of generator is adjusted to maintain the optimum
TSR. Optimum speed of generator is calculated by using wind velocity, turbine rotating
speed and optimal TSR. The algorithm requires the knowledge of TSR optimum, the
measurement of wind speed and turbine speed and is system dependent. Anemometers
are mounted at different heights to register the wind speeds and the wind direction is
indicated by wind vanes. In PSF control method, wind turbine operates at optimal
operating point by using the prior knowledge of turbine’s maximum power curve. The
drawback is that there is no accurate way to determine K, since blade aerodynamic

can change significantly overtime. In HCS method, an arbitrary small perturbation is
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given to the one of the independent variables of the system and the next perturbation
is based on the changes in the output power due to preceding perturbation. The HCS
method has the advantage of no need of the measurement of wind speed or generator
speed and independent of system characteristics. The drawback of this is slow tracking

response, especially for high inertia systems.

3.4 Wind Turbine Modeling

The power of the wind is calculated in the following way.

1
P = vai (3.1

where,

Py.= power contained in wind (J/s or W)
m = pAuv,, is mass flow rate

p = air density (kg/m?)

A = area swept by rotor blades (m?)

v = wind speed (m/s)

Air is not a solid mass but a fluid, so m can be substituted by pAwv,, then (3.1I)) becomes
1 o _ L 3
P, = 5(,0Avw)vw = 5/”4% (3.2)

The density of air varies with the height above sea level and temperature. The standard
value of density used is 1.25 kg/m3.
Coefficient of power (C),) of a wind turbine is the measure of its efficiency in the con-

version of wind energy into useful mechanical energy and is given by

o Mechanical output power of turbine
=

Power contained in the wind 3-3)

C, is a function of tip speed ratio (\) and pitch angle (3) . The maximum value of C),

is 0.59 which is known as Betz limit.
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Tip speed ratio () is given by

_ Tangential speed at the tip of the blade

A
Speed of the wind
)\ wmBR
Vw

where w,, is the speed of the turbine, R is the radius of the turbine.

C, is modeled by aerodynamic principles for turbine blade design [L1].

Cg =Cs5
Cp()\,ﬁ) = Cl )\— — Cgﬁ — 04 e M —+ 06)\

where
1 1 0.035

N AN+00083 B4l
and the constants are C; = 0.5176; C,=116;C3=0.4;C, =5;
Cs =21; C4 =0.0068,;

The turbine output power F,,. is determined by

1
P,.= 3 pAva?U
Pme
Tme =
W,

T’ 1s mechanical output torque.

(3.4)

(3.5)

(3.6)

3.7

(3.8)

(3.9)

The graph between C,, and tip speed ratio is plotted in Fig. [3.3] The value of Cppa

0.5

m
045 + X:8.105
Y:0.48
04 f
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03
5025
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0.15
0.1
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0 1 1 L 1 L
0 2 4 6 8 10 12

Tip speed ratio

Figure 3.3: C), versus tip speed ratio
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1s 0.48 and the tip speed ratio is 8.1. The graph between mechanical output power and

turbine speed at various wind speeds are plotted in Fig. [3.4] From Fig. 3.4] it can be

—_ 4000 wind speed 12m/s [’ ' ' ' ! '
& wind speed 11m/s X: 49.41 D
; wind speed 10m/s v 2850 X.54.34
~ 3000 wind speed 9m/s Y: 3700 4
5 wind speed 8m/s X-44.79 ,-'- 1
z Y: 2141 ]
= J
|

5 2000 - 8
2. ]
: / T |
- X:40.48 1
S 1000 " se1 )
= X:36.1 ’ |
= ‘/ Y: 1096 \ ]
L i
2 0 1 I L L 1 1 I

0 10 20 30 40 50 60 70 80 20

Turbine speed (rad/s)

Figure 3.4: Mechanical output power versus turbine speed

found that the turbine speed and the power captured by the turbine changes with the
wind velocity. For a particular wind speed, there is a certain turbine speed at which
power is maximum. For achieving maximum power, the rotor speed should be at that
optimum speed using MPPT technique. To extract maximum power from the wind,

optimum torque control strategy is employed. The control strategy is illustrated in[3.5]

+ l'w T
Vg Boost converter Vde
winp PMSG -
TURBINE DIODE A
BRIDGE d..
RECTIFIER W
. &
M 1y
m e I
Torque Current
' control controller
Vg r 1, r

Figure 3.5: Optimum torque control of wind turbine system
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3.5 Optimum Torque Control Strategy

The optimum torque control strategy is based on

M (3.10)

/\opt =
w

where wy, ¢ 18 the optimal speed of turbine under MPPT condition, A, is the optimum

tip speed ratio, R is the radius of rotor and v,, is the wind speed.

From (3.8), (3.9) and (3.10)

Topt = pWRSQC;g: wwgpt (3.1D)
Topt = Koptty (3.12)
Pyt = Toptwopt (3.13)

bny = Popt/Va (3.14)

The current corresponding to optimum torque, ¢;, is compared with the output current of
rectifier 7,, through a hysteresis current controller. The duty to the boost converter d,, is
varied to get the maximum power. The torque developed by PMSG and the rotor speed
is proportional to the output voltage and current. Thus perturbing or varying the output
voltage will cause change in rotor speed. The variation of rotor speed at different wind
speeds during MPPT operation are plotted in Fig. [3.6] From the Fig. [3.6]the rotor speed
for wind speeds (8, 9, 10, 11, 12) m/s obtained are (36, 40, 44, 49, 54) rad/s respectively.
The C), is maximum and its value is 0.48 at various wind speeds indicating maximum

power extraction.
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3.6 Permanent Magnet Synchronous Generator Model-
ing

In the PMSG, the rotor magnetic flux is generated by permanent magnets, and therefore
these generators are brush less type. Because of the absence of the rotor windings, a
high power density can be achieved, reducing the size and weight of the generator. In
addition, there are no rotor winding losses, reducing the thermal stress on the rotor.
The drawbacks of these generators are that permanent magnets are more expensive and
prone to demagnetization. Depending on how the permanent magnets are mounted on
the rotor, the PMSG can be classified into surface-mounted and inset PM generators. In
surface-mounted PMSG, the permanent magnets are placed on the rotor surface. In the

inset PMSG, the permanent magnets are inset into the rotor surface.

Consider the simplified equivalent circuit [[12]] of PMSG based on d-q synchronous

reference frame as shown in Fig. The voltage equations of PMSG are given by

ids RS (D,-Lq iqs is RS {DlLd jds {;}r)LT

e e

Vs Ly Vas Lq
(a) (b)

Figure 3.7: (a) d-axis circuit (b) g-axis circuit

Vds — —Rsids + Wquiqs - Ldpids (315)

Vgs = —Rsigs — WrLgigs +wp Ay — Lgplys (3.16)

The electromagnetic torque equation is given by

T, = 1.5p[Aigs — (La — Ly) iasiqs) (3.17)

where L, is g-axis inductance, L4 is d-axis inductance, 2 is the resistance of stator

windings, 7, 1S g-axis stator current, iqs is d-axis stator current, vgs is d-axis stator
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voltage, v, is g-axis stator voltage, w, is angular velocity of the rotor, A, is the amplitude

of flux induced, p is the number of pole pairs.

Assuming d-axis and g-axis inductances are equal Ly = L, = L as in the case of

non-salient synchronous generator, the electromagnetic torque is given by

T, = 1.5pAigs (3.18)

The drive train for turbine-generator is considered as one lump mass model and is given

as
dw
" =T,—T.— Fuw, 3.19
Jdt w (3.19)
dé
L=, 3.20
7 Y (3.20)

where J is inertia of rotor, F = frictional coefficient of rotor, 6, = rotor angle.

3.7 Summary

This chapter deals with the structure of wind turbine, modeling of wind turbine and
optimum torque based mppt strategy. The variation of rotor speed and wind power
with wind speed is analysed using optimum torque control based mppt technique. The

coefficient of power C), is Cpq, for various wind speeds during mppt operation.
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CHAPTER 4

HYBRID ENERGY STORAGE CONTROL AND
POWER MANAGEMENT STRATEGY

In hybrid microgrid systems, the RES power is highly fluctuating as well as the common
domestic load also varies severely. Therefore the microgrid load demand has to be
supplied by both steady average component of power as well as peak power surges over
a period of time. Hence microgrid requires energy storage devices with high energy
density to supply average demand for a longer time and high power density devices to
supply power spikes. Certain loads like motor loads, air conditioner need high starting
current for few seconds only. Sizing a battery for this high current demand proves costly.

The Ragone plot as shown in Fig. 1] is a chart used for performance comparison
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001" :iiiiip Pl
10 100 1000 10,000

Power density (W/kg)
Figure 4.1: The Ragone plot [[13]]

of various energy storing devices where the values of energy density (in Wh/kg) are
plotted versus power density (in W/kg). The BES systems have high energy density,
low power density, low self discharge, low cycle life, long charge times, relatively lower
cost per kWh. The supercapacitor systems have low energy density, high power density,

high cycle life, very high self discharge, short charge times, high cost per Wh. So a



combination of battery with high energy density and a supercapacitor with high power

density can be used to meet the load demand.

4.1 Hybrid Energy Storage and Control

The control scheme for hybrid energy storage system for effective dc link voltage sta-

bilisation is shown in Fig. #.2] The DC link voltage is maintained with respect to its

I

Vref PI i[ Low I low PI
= pass — R —= PWM |—»
controller controller To switches
filter of battery
Ve bidirectional
converter

PI
= @-’ = PWM —».
It high controller To switches of

supercapacitor
bidirectional
converter

lsc

Figure 4.2: Control system for hybrid energy storage

reference value by means of a closed loop controller. The difference between reference
voltage and DC bus voltage is given to the proportional integral (PI) controller. The i7
obtained is the total current required to stabilise the DC link volage. The i is filtered

into low frequency component with a low pass filter of cut-off frequency 5 Hz (%)

AUdc = VUref — Udc (41)
iT = KpA’UdC + Kl / Avdcdt (42)
o = fuprlin) = =i @3)
lelow = ir) = i )
l LPF\!'T 1+ STC T
Z.ehigh =7 — lelow (44)

where AVge, Uref, Vde, telow, Lenigh, Kp, I; are the instantaneous variables representing
the transient change, reference and actual values of dc link voltage, low frequency and

high frequency components of error current, dc link PI controller gains respectively.
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The low frequency component is given as reference to the battery current loop and the
high frequency component is the reference to the supercapacitor current loop. In this
a bidirectional buck-boost converter is used. The controller is designed by considering
the boost mode of operation [14]. The gating pulses to the switches of converter is
the pulse width modulated output from PI controller of inner current loop. The battery
current controller is designed for 1/10th of switching frequency (1.5 kHz). The voltage
controller bandwidth (50 Hz) is taken lesser than the right half plane zero frequency of
supercapacitor converter. The system is designed with sufficient phase margin to reduce
the amount of overshoot and ringing and also considering stability requirements [[15]].
The transient response time of the system can be shortened by increasing the feedback
loop cross over frequency. The amount of overshoot and ringing allowed in the transient

response can be limited by having a large phase margin.

4.2 Bidirectional DC DC Converters

The bidirectional DC-DC converter allows current to flow in both directions. Fig

Lsc D4
Supercapacitor S
Ve T D; S T T
Csc Cdc

TN

Battery |
Vi

Figure 4.3: Bidirectional converter with battery and supercapacitor

shows the circuit diagram of DC-DC bidirectional converter connected to battery and

29



supercapacitor. It is a combination of boost stage together with a buck stage connected
antiparallel to each other. When switch S1/S3 and diode D2/D4 are operated, the bidi-
rectional converter operates in boost mode and power flows from storage unit to DC
bus (discharging). When S2/S4 and diode D1/D3 are operated, the bidirectional con-
verter needs to be operated in buck mode and power flows from DC bus to storage
unit (charging). In boost mode battery/supercapacitor voltage is stepped up and the DC
bus voltage is controlled at required level of 400 V. The buck stage allows charging of

battery/supercapacitor with required current and voltage level from DC bus.

4.3 Design of PI Controller for HESS

According to [16]], the discharging and charging of bidirectional converter share the
same converter transfer function, therefore a unified controller can be used. A unified
controller means both the switches are controlled in a complementary fashion using a
single controller. Here boost mode of operation is used for designing the controller. The
voltage control loop is made slower than the current control loop. The design of current
controller for supercapacitor and battery converter and voltage controller are explained

in subsequent subsections.

4.3.1 Supercapacitor Current Controller

The block diagram representation of supercapacitor controller is shown in Fig. [{4.4]

Current control loop

Vref E i:cref d 1 E 7
P SC Igc & Vo
' <+-> " Gpiv ; Ghis ™ Gigs = Gy >
} s s
H\'C §
Leeeeeoemmemmecsensssssessmmeemmesesesesnsnssssssemmenmaseen—es i
H,

Figure 4.4: Block diagram of supercapacitor controller
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Vo =400V;

1
T 1-D,,

Vo
_° 4.
v, 4.5)

D,.=0.84;
From (2.14)) and assuming 1 % ripple in the output voltage

0.84

0.01 = X
15 %103 % 20 % Oy’

(4.6)

C,. =280 uF

From (2.12)) and assuming 10 % ripple in the inductor current

(1— 0.84)% % 0.84 % 20
L, *15% 103

0.1= “4.7)

Lg.=0.286 mH;

The transfer function for current controller is given as

VoCies + 22
- TR (4.8)

Gias = i
ids = =
dee  LscCses® + —L};Cs + (1 — Dy.)?

where ., and Jsc are small perturbations in the inductor current and duty ratio of super-

capacitor converter.

0.112s + 40

Gi s —
957 8008 % 10~852 + 1.43 * 1055 + 0.0256

4.9

The current controller bandwidth of supercapacitor is taken as 1/6th of switching fre-

quency,

o 154 10°
S B0 o 15707.96 rad)s (4.10)

f"6 6

At 15.7 krad/s the uncompensated loop gain has a magnitude of 39 dB and phase is
-90.7°
To obtain a phase margin of 77° ; Z¢,¢q = —103°

Zqbreq = ZGids + Zqbpl (411)

—103 = —=90.7 + Loy, (4.12)
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Ly =-12.3;

L¢p = —90 + tan™" % (4.13)
—12.3 = —90 + tan~* % (4.14)

wr, = 3424.88 rad/s

| Gidsc |:| Gids | * | Gpi | (415)

/ £2 2
| Gpi |: Kpis fL i fc (416)

fe
| Gigse |= 1
20 log | Gias |=39dB
| Gigs |= 89.125

kyis = 0.01096

The compensator for supercapacitor converter obtained is

S+ wr,

Gpis = Kpis( s ) (417)
Kys
Gis = Kpis + — (4.18)
5
Kpis =0.01096 and K45 = 37.54
37.54
Gpis = 0.01096 + (4.19)
5
The open loop transfer function of the compensated current loop is given by
Gidsc = GpisGidsHsc (420)

where H. is the gain of current sensor and is taken as unity. The bode plot of current
control loop of supercapacitor with and without compensator are shown in Fig. (4.5

The phase margin obtained is 77.1° for a bandwidth of 2.5 kHz.
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Bode Diagram
Gm =Inf, Pm =77.1 deg (at 2.5e+03 Hz)
100 —————————— ———— ———r :

— Gids | ]

o0
=]

[=a)
=]

Magnitude. (dB)
S
[—] <

(=]

Y
=)

P
(9]

=]

A
n

©
S

n w3 % m o W W

+ .
L 5 Y e 4
[ ) e ]
» .t
-135 . - ]
[ . .t ]
% -
L > -t ]
L Camam ™ 4
gy 0 U SO SO T N IO B P oo S TEUUUUUUUUNU NS N I e

-180
10" 10! 10° 10° 10*
Frequency (Hz)

Phase (deg)

Figure 4.5: Bode plot of compensated (Gidsc) and uncompensated (Gids) supercapaci-
tor current control loop.

4.3.2 Battery Current Controller

The block diagram for current controller of battery is shown in Fig. {.7]

Ipref dh ib
Gpib > Gid >
Hj

Figure 4.6: Block diagram of battery current controller

V, =V, =192 V;
V, =400 V;

= 421
D, 4.21)

SN
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D, =0.52;
From (2.14)) assuming 1 % ripple in output voltage

0.52

0.01 = ;
15 % 103 % 20 * Cy,’

(4.22)

Cy =173 uF

From (2.12)) assuming 10% ripple in the inductor current

(1= 0.52) % 0.52 % 20

0.1=
Ly x 15 % 103

(4.23)

Ly =1.59 mH;
The transfer function of inductor current to duty control for current controller is shown

as
V,Cys + 2%

db B Lb0b82 + %S + (1 — Db)2

(4.24)

where 7, and d,, are small perturbations in the inductor current and duty ratio of battery

converter respectively.

0.0692s + 40

Gz’ -
47 9751 % 10-7s2 + 7.95 1055 + 0.2304

(4.25)

The current controller bandwidth of battery is taken as 1/10th of switching fre-

quency .

15 % 10°
S I o 0490 rad)s (4.26)

fc2 6 10

At 9420 rad/s the gain is 28.6 dB and phase is —91.7°

To get a phase margin of 77° ;

[Greg = —103°
-103 =-91.7 + Lo,
Ly =-11.3;
[¢p; = —90 + tan™* ;02 4.27)
L2
—11.3 = —90 + tan~! J]:TZ (4.28)
2
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fre =299 Hz
wro = 1882.30 rad/s

| Gige |=] Gia | * | G |

| Gidc ‘: 1
20 log | Gia |= 28.6 dB
| Gya |= 26.91

o VTR
| Gy = K

K, = 0.03644

The transfer function of the PI compensator is given by

S+ wy,
Gy = Kpin(—)
s
Ky,
Gpib = Kpib + —

where K, and K, are the gains of the PI controller.

Kpi, =0.03644 and K;;, = 68.59

68.59

Gpip = 0.03644 +
S

The open loop transfer function of the compensated current loop is given by

Gidc - GpibGide

where H, is the gain of current sensor and its value is taken as unity.

(4.29)

(4.30)

4.31)

(4.32)

(4.33)

(4.34)

The frequency response analysis of compensated and uncompensated battery current

control loop is plotted in Fig. The phase margin obtained is 77° for a bandwidth of

1.5 kHz.
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Bode Diagram
Gm=Inf, Pm =77 deg (at 1.5e+03 Hz)
80 ———r —————r —— -

=)
=

o
=

Magnitude (dB)
(")
=

=

|
b
th o

=

|
L
th

|
b=
=

Phase (deg)

-
W
th

-

o

=]
I

103 104
Frequency (Hz)

[
=)
[—]
= |
=
Ll
[
=)
o

Figure 4.7: Bode plot of compensated (Gidc) and uncompensated (Gid) battery current
control loop.

4.3.3 Voltage Controller

The transfer function of output voltage to inductor current for voltage control loop is

given as

Q. — Uy :R(l_Dsc)(l_mS) (4.35)
b 2+ RC,.s '

where 4, and i, are the small perturbations in the output voltage and input current of

supercapacitor converter.

~ —0.001787s + 3.2

Gy = 4.36
0.0056s + 2 (4.36)
The transfer function of voltage control loop compensator is given by
Kiv
Gpiv = Kpy + (4.37)
s
where K, and K, are gains of the PI controller.
203.31
Gpiv = 0.505 + (4.38)

S
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The open loop transfer function of the voltage control loop is given as

Gvidc - GpichlschiHv (439)

where
Gpis Gids

Gc sc —
: 1 + GpisGidsHsc

(4.40)

and H, is the gain of the voltage sensor and its value is unity.

The open loop transfer function without compensator is given as

Gvid = GclschiHv (44’1)

The right half plane zero frequency of supercapacitor converter is given by

(1 - Dy.)*R
= LT Hee) 4.42
fruprz oL (4.42)
1—0.84)%2 %20
Frrtpy = 20 oes (4.43)

21 x 0.286 * 103

The voltage control loop is designed for f“’% which is approximately 50 Hz.
The frequency response for compensated and uncompensated voltage control loop for

a phase margin of 76.5° at a bandwidth of 50 Hz is shown in Fig. 4.8]
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Figure 4.8: Bode plot for compensated (Gvidc) and uncompensated (Gvid) DC link
voltage control loop.
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4.4 State of Charge Estimation of Energy Storage Sys-

tem

The energy storage system undergoes frequent charging and discharging process during
its usage. So the storage system has to be operated within their healthy state of charge
limits. The SoC is estimated using coulomb’s counting principle by considering initial

SoC condition and current flowing through the storage device.

1 .
SOOESS = SOOZ — m / ZESSdt (444)

where SoCggs, SoC;, Chom, trss corresponds to SoC, initial value of SoC, nominal

capacity, charging or disharging current of the energy storage units respectively.

4.5 Power Management Strategy

The power balancing between generation and load is achieved by a power manage-
ment algorithm. This algorithm helps in preventing blackout, better supervision, effec-
tive utilization and better control between various microgrid elements. The overcharg-
ing/discharging of battery and supercapacitor is avoided by checking the SoC limits.
The various inputs to the power management algorithm are Prgg, P, SoCp, SoCs.,
Lelow» Lehigh» Lbrats Iserqr indicating the total photovoltaic and wind power, dc load power,
state of charge of battery, state of charge of supercapacitor, low frequency (average)
current component, high frequency current component, rated current of battery, rated
current of supercapacitor. The charging, discharging and load shedding for power man-
agement is done by giving appropriate current references to battery and supercapacitor
control loops. The power management algorithm assign g, to supercapacitor and
lelow 1O battery depending on the net power, SoC of battery and supercapacitor. The

algorithm is based on the power balance equation

Ppo(t) + Pw(t) £ Do) £ Dse(t) — Ploss(t)y = PL(1) (4.45)

where ppo(r), Pw(t)s Po(t)> Psc(t)s PL(t), Ploss(t) are the instantaneous photovoltaic, wind,

battery, supercapacitor, DC load power and total power loss in the microgrid respec-
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tively. The =+ sign indicates bidirectional powerflow. The P, is the difference between
total renewable energy source power and load power. If the total renewable power is
less than the load power, the mode of operation is deficit mode otherwise it is excess
power mode. The supercapacitor is allowed to charge and discharge between a lower
limit of 0.1 and a upper limit of 0.9 respectively. In deficit mode, the battery and super-
capacitor bidirectional converter operates in discharging condition (buck) and will give
necessary power to load. If battery state of charge is at lower limit (0.3), load shed-
ding is required. In excess power mode, the bidirectional converter operates in charging
(boost) mode and the ESS will get charged. If battery SoC has reached upper limit (0.9),
the distributed source power is limited. The algorithm is implemented using MATLAB
and the flowchart is shown in Fig. .

Read PRES: P, SoCg, SoCsc, ]-efhigha 1e710w7 Lscrats Ibrat

A
Pnet: PRI:‘S' PL

EXCESS MODE y DEFICIT MODE

Reduced
power
mode

Re(c)i\t:’(;?d N Y| Load || Discharging Load Discharging
l:n ode shedding mode shedding mode

@ Charging
mode

Charging
mode

Figure 4.9: Flowchart for power management

4.6 Reduced Power Mode

The DC microgrid control can be centralised or decentralised. In centralised control the
microgrid terminals are regulated by energy management using a centralised controller,

which requires real time feedback and depends heavily on communication line. The
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decentralised control approach, requires local measurements for power sharing with
minimum communication requirements and is independent of a centralised controller.
Droop control scheme is a classical decentralised control method which can be used on
dc microgrids. The droop controller is a loop outside the current and voltage loop. The
equation governing the conventional droop control is given by

V*ef = V;ef - Z-oRdn (446)

r

where Ry, is the virtual droop resistance for n'" converter. V,.; is the output voltage

reference at no load and i, is the output current.

Ran = av 4.47)

Zmamn

AV is the maximum allowed voltage deviation, ,,,,, 1S the maximum output current
of n'* converter which depends on the maximum power of converter.

The droop control strategy is employed for load sharing among the renewable sources
when the battery charges to its upperlimit (0.9). The distibuted sources are working
in off-MPPT mode and voltage at the DC bus is constant. When the battery reaches
the upper limit (0.9), the reduction of power is done by changing the control of duty
reference from MPPT mode to droop controller mode. This is done by the power man-
agement algorithm. The droop coefficients are designed [[17] depending on the rating
of PV and wind system. The droop coefficient for a voltage deviation of 1 V for PV
of power rating 4.218 kW and for wind system of power rating 3.7 kW is obtained as

follows.

4218
imazm = ——— = 10.545 A 4.48
Umazp 100 0.545 ( )
Rp = = 0.0948 Q2 4.49
" 10.545 (449)
3700

.maacwin =——=025A4 4.
1 d 100 9.25 (4.50)
Ry = L =0.1081 Q2 4.51)

® 79925 '



The K, K; values for voltage controller obtained by trial and error method are 0.75,

6.44 and for current controller are 0.44, 2205 respectively. The control strategy is shown

in Fig. {10}

Droop 1, Ve
controller

Voltage
loop

Current PWM DC-DC }—e
loop converter

Figure 4.10: Droop control scheme in reduced power mode

4.7 Summary

The use of supercapacitor along with battery improves the performance and enhances
the life of battery. The PI controller for hybrid energy storage systems are designed by
frequency response analysis. The power between renewable generation and dc load is
balanced by a power management algorithm by considering the SoC limits of battery
and supercapacitor. During excess power condition and when battery reaches its upper

SoC limit, the PV and wind power is reduced by droop control method.
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CHAPTER 5

SIMULATION RESULTS

The proposed control strategy is tested for the microgrid system shown in Fig. [2.2]
for four different cases in MATLAB-Simulink platform. In the results, the discharging
and charging action of storage devices are indicated by positive and negative values

respectively. The parameters used for simulation are shown in Table [5.1].

5.1 Case (i): When both Solar Irradiation and Wind

Speed Varies

The solar irradiance (1000, 850, 1000, 950, 1000, 0, 700, 900, 900) W/m? and wind
speed (12, 10, 11, 9, 12, 12, 10, 9, 0) m/s are changed at intervals of 1 s as shown in
Fig. Fig. [5.2] and Fig. [5.3] During time t = 0 s to t = 4 s, under excess power
condition the battery is in charging state. From t =0 s to t = 1 s the irradiation is 1000
W/m? and wind speed is 12 m/s, the corresponding solar power is 4218 W and wind
power is 3700 W respectively. The load is 5000 W and the excess power is used to
charge ESS. At t =4 s the load is suddenly changed from 5000 W to 10000 W. At this
time, the solar power is 4218 W, wind power is 3700 W and the shortage of power
to meet the load of 10000 W is supplied by ESS. From t = 4 s to 9 s the system is
operating in deficit mode. The DC bus voltage is within limit at t = 6 s when irradiation
increases from zero, with wind power already in the dc grid. The SoC of battery and
supercapacitor increases during time t = 0 s upto t = 4 s and decreases from time t =4 s
to 9 s. The tip speed ratio is 8.1 and C,, is Cp,4, Which is 0.48 for various wind speeds
indicating MPPT operation. The PV and wind system is delivering maximum power
corresponding to each solar irradiation and wind speed. The PV system uses perturb
and observe algorithm and wind system uses optimum torque based control strategy for
maximum power extraction. The DC bus voltage is maintained at 400 V for different

solar irradiations and wind speeds.



Table 5.1: System Parameters

System | Parameter Values
Maximum power point voltage and current 34.63V,435 A
PV array maximum power 4.2 kW (78S, 4P)
Short circuit current 485 A
PV Open circuit voltage 43.6 V
system | Reference solar irradiation 1000 W/m?
Reference temperature 298 K
Boost converter:
L, 19.28 mH
G, 131 uF
Rated output power 3.7kW
Armature inductance 0.8 mH
Wind | Stator phase resistance 12.25 mQ2
system | Number of pole pairs 4
Rotor radius 1.8 m
Optimum tip speed ratio 8.1
Kopt 32.82¢~3 Nm/rad?
Flux linkage 0.6
Lead Acid battery:
Type VRLA
Energy | Voltage 192V
storage | Capacity 200 Ah
system | Bidirectional converter:
L, 1.59 mH
Cb 173 /LF
Supercapacitor:
Rated capacitance 58 F
Rated voltage 128 V
Bidirectional converter:
| 0.286 mH
Cse 280 uF
Switching frequency 15 kHz
DC bus | DC link voltage 400 V
DC link capacitor 5000 uF
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5.2 Case (ii): When SoC of Battery Varies

The SoC of battery is varied to test various cases in power management algorithm as

shown in Fig. and Fig. The irradiance considered is 1 kW/m? and wind speed

==
o e SN 00—

SoC of battery

440 |

420 |
= 400 |
£ 380
2 360

link voltage (V) g of supercapacitor
<o
>
(%
=
n
=~

1(d)

Load current (A)
o
)

Time (s)
Load shedding Discharging Charging  Reduced power mode

Dischargin
gme and charging

<+— Deficit mode ———— » 4———— Excess mode ———— p

Figure 5.4: Performance under case (ii), variation of SoC of battery: (a) SoC of battery
(b) SoC of supercapacitor (c) DC link voltage (V) (d) load current (A)

i1s 12 m/s. The system is operating in deficit mode from t =1 s to t = 3 s and in excess
power mode from t =3 s to t = 6 s. The PV and wind system is operating in MPPT
mode and is giving a power of 4218 W and 3700 W respectively. The battery and su-

percapacitor discharges to meet the load requirement (10000 W) upto 1 s. Att=1 s the
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SoC of battery is at lower limit (0.3), further discharging of battery is not recommended
and load shedding is implemented. The load current is reduced to 12.5 A and the load
power is 5000 W. Att=2s, SoC is changed to 0.7 and discharging of battery happens.
The resistive load is changed to 32 {2 at t = 3 s to enter into excess power condition. The
PV power is 4218 W, wind power is 3700 W and load is 5000 W. The surplus power
obtained is used to charge the battery and supercapacitor. Att =4 s the SoC of battery
is changed to upper limit (0.9), so reduced power mode is enabled. In this mode, the
system is operating in droop control mode and the DC bus voltage is within limits. The
SoC of supercapacitor is at 0.7 and it is charged with rated current. The load power and
the power required to charge supercapacitor is provided by PV and wind source. When
the SoC of supercapacitor is changed to 0.9 at t = 5 s, load of 5000 W and losses are
shared by PV (2673 W) and wind (2337 W) respectively.

5.3 Case (iii): Pitch Angle Variation

In pitch controlled wind system, when the wind speed reaches very high (high P,,), the
power is reduced by controlling the pitch angle [18]. The purpose of pitch angle control
is to prevent the mechanical input power to exceed the design limits and to minimize
the fatigue loads of the turbine mechanical component. During normal operation the
value of pitch angle is kept at 0° to extract maximum power from wind. From t =0 s
to t = 1 s the wind speed is 12 m/s, pitch angle /3 is 0° and wind power output is 3700
W. At t = 1 s, the wind speed reaches 14.2 m/s, the pitch angle is varied from 5° to
20° at intervals of 1 s . The PV system is operating in mppt mode. The wind power
got reduced by varying pitch angle. The load power is 5000 W. The dc link voltage is
maintained at 400 V. The variation of pitch angle resulting in reduction of wind power

is shown in Fig. [5.6

5.4 Case (iv): Change in Load Resistance

The performance of the integrated system, when there is sudden change in load during

excess power mode and deficit power mode is shown in Fig. and Fig. re-
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spectively. The 60 €2 (2666 W) resistive load is changed to 30 2 (5333 W) att = 1.25
sand to 18.7 2 (8533 W) att=2.5s. Att=3.75 s the load is again changed to 15.7
2 (10191 W). The dc grid voltage is maintained at 400 V for these sudden changes in
load. The irradiance considered is 1 kW/m? and wind speed is 12 m/s. The battery and
supercapacitor charges during excess mode from t = 0 s to t = 2.5 s and discharges in
deficit mode from 2.5 s to 5 s. The SoC of supercapacitor is increasing upto t = 2.5 s
indicating charging during excess power condition and SoC is decreasing from t = 2.5

s indicates discharging action during deficit mode.

5.5 Summary

The solar and wind energy integrated with battery and supercapacitor is tested for var-
ious cases in MATLAB-Simulink platform. The integrated system is tested for sudden
change in load, simultaneous variation in solar irradiance and wind speed, variation of
SoC of battery and variation of pitch angle. The power management algorithm controls
and regulates the flow of power and thereby keeps the DC grid voltage constant. The
overshoot and ringing effect in the DC bus voltage is lessened by the controller action.
When there is excess power in the DC bus, the ESS absorbs the surplus power and when
there is deficit of power, the ESS provides the deficit power. The transient component
of power are provided by supercapacitor. When the battery discharges to its lower limit,
load shedding is implemented. When battery charges to its upper SoC limit, the PV and

wind system is operated in off-MPPT condition by using droop control.
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CHAPTER 6

CONCLUSION AND FUTURE SCOPE

6.1 Conclusion

The thesis proposes the control strategies in detail for a PV and a PMSG based wind
system with hybrid energy storage in a standalone DC microgrid.
e A power management control algorithm is developed and the system performance

is tested under various conditions such as sudden change in load, change in solar
irradiance and wind speed, reduced power mode and load shedding.

e The controllers for battery and supercapacitor, designed by frequency domain
analysis are also discussed.

o The efficacy of the algorithm is verified with the simulation results.

e The variation of pitch angle during high wind speed to limit the power has also
been analysed.

e The results show that the DC link voltage remains constant, under different oper-
ating conditions indicating the effectiveness of the proposed strategy.

6.2 Future Scope

The experimental validation of the simulation could be done so that the results obtained
can be confirmed. The MPPT algorithms for PV and wind system can be modified for
better accuracy and fast tracking. The power management algorithm can be extended
to grid connected mode so that extra power can be injected into the grid. The stability
analysis of the control scheme can be done for determining the operating ranges of load.
The control scheme can be extended to multiple PV and wind sources and a robust
control algorithm can be formulated by considering different operating conditions. The
work can be extended by considering multiple standalone systems interconnected to

there neighbouring systems to operate in a unified manner.
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