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Chapter 1

Introduction

1.1 Background

Renewable energy sources have enormous potential and are capable of generating
energy levels much greater than the current world demand. The use of such sources can help
to reduce pollution, increase environmental sustainability, and lower the consumption of
fossil fuels. Increasing climate changes, coupled with the depletion of fossil fuels, are the
main driving forces for renewable energy legislation, incentives, and commercialization. The
principal types of renewable energy sources include solar, wind, and hydro. Solar power is
one of the most promising renewable sources, as it is more predictable than wind energy, and
less vulnerable to seasonal changes as hydro power. Power generation by hydro or wind is
restricted to the sites where resources are available. Solar energy can be harnessed at the
point of demand both in rural and urban areas, thus decreasing the cost of transmitting the
electricity (costs of transmission). Grid connected Photovoltaic (PV) systems that are
connected to the distribution level, particularly with MW capacity, are increasing at an
aggressive rate, in order to meet the energy demand. However, there is less experience in the
interconnection of utility-scale PV systems with the distribution network, where loads are
present. The Grid or also known as the utility is an interconnected network, which supplies
electricity to the consumers. This interconnected network consists of resources for

transmission and distribution of power or electricity from the generation station to a



distribution station, via high-voltage transmission lines. This voltage is then delivered to the
customers, from the distribution stations.
Utility-scale PV systems need special attention, unlike small scale PV systems, which are
limited to a few hundreds kW and are unlikely to show an impression on the distribution
system. Thus, there is a need to analyze the large scale, three-phase PV systems employed as
Photovoltaic Distributed Generation (PV-DGs), in terms of performance, dynamic
characteristics, and control. D.M Chapin, C.S Fuller, and G.S. Person of Bell laboratory
patented the solar cell, in 1954. The next year, Hoffman Electronics’ semiconductor division
announced the first commercial photo- voltaic product that was 2% efficient, priced at 25$
per cell, and generating power of 14 mW each. By 1980, photovoltaics began finding many
off-grid applications such as pocket calculators, highway lights, and small home applications.
By 2002, worldwide photovoltaic power production reached 600 MW per year, and was
increasing at a rate of over 40% per year. The continued discovery and development of
silicon and other photovoltaic materials have helped increase cell efficiency and decrease
cost. At present, solar PV power costs less than 2$ per watt [1]. The total global solar
photovoltaic capacity is fast approaching the 100 GW milestone, as per the International
Energy Agency. [4] About 37 GW was connected to the grid in 2013, and almost the same
amount in 2012. Europe currently represents 59% of the world PV market, but is facing
competition from the Asia-Pacific Region. In 2012, China was the second-largest PV market
for new installations [3], thus placing solar power generation in second position in terms of
the new sources of power generation.

Solar Photovoltaic Distributed Generation (PV-DG) systems represent one of the fastest-

growing types of renewable energy sources worldwide, currently being integrated into
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distribution systems [2]. The most crucial aspect of the system is that the technical
requirements of the utility power system need to be satisfied to ensure the safety of the
PV installer and the reliability of the utility grid [5]. It is very important to understand the
technical requirements when performing an interconnection between two systems. For
example, critical interconnection problems such as harmonic distortion, islanding
detection, and electromagnetic interference need to be identified and solved. The
interconnection of PV systems with the grid is accomplished with the help of a supply
electric power to electrical equipment. The inverter plays an important role in this
interconnection. There is a need for the PV arrays and inverter to be characterized based
on the geographical location of the PV system and the installation configuration, but also
based on the defects that occur during the operation of the system [6-10]. In a grid-
interconnected PV system, the inverter plays a key role, and its reliability and safety are
of the utmost importance to the system. As part of the PV-DG plant interconnection
impact studies, which include the typical power flow analysis, an in-depth research is
required into the potentially dynamic impacts of PV-DG units on the feeder voltages
under various load conditions. The investigation into the dynamic impacts of the system
lead to the development of various control strategies/techniques needed for the stability

and smooth operation of the PV-DG systems.

1.2. Motivation

Nowadays, renewable energy has been more and more attractive due to the severe
environmental protection regulations and the shortage of conventional energy sources.
Photovoltaic (PV) generation is the technique which uses photovoltaic cell to convert solar

energy to electric energy.



Photovoltaic energy is assuming increasingly important as a renewable energy source
because of its distinctive advantages, such as simple configuration, easy allocation, free of
pollution, low maintenance cost, etc. However, the disadvantage is that photovoltaic
generation is intermittent, depending upon weather conditions. Thus, energy storage
element is necessary to help get stable and reliable power from PV system for loads or

utility grid, and thus improve both steady and

dynamic behaviors of the whole generation system. Because of its mature technology,
low cost and high efficiency, battery energy storage system (BESS) is used widely in
distribution generation technology. BESS can be integrated into PV generation system to
form a hybrid PV/Battery generation system, which can be more stable and reliable. An

integral grid-connected PV+BESS generation system is composed of PV array, battery,

power electronic converters, filters, controllers, and utility grid.

Figure 1.1
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1.3 Proposed Method

~ controf PV array to generate the maximum power

PVSystem
=& DCBus Three-phase PMW Inverter
]| R4l
Amay — YA AR
Boost Vv o g .
a R i W e S S o S
- v, + =
=T oy, | N o
V =] | = =
_ T3 b Grid
—35i— 1 ¥
Battey — -
Control the active power and reactive power at ac bus
to be constant
Boost-Buck
Battery Energy Storage maintain the dc bus voltage constant

Figure 1.3. Configuration of the grid-connected PV /Battery generation system

PV array and battery are connected to the common dc bus via a DC-DC converter
respectively, and then interconnected to the ac grid viaa common DC/AC inverter. Battery



energy storage can charge and discharge to help balance the power between PV generation
and loads demand. When the generation exceeds the demand, PV array will charge the
battery to store the extra power, meanwhile, when the generation is less than the demand,
the battery will discharge the stored power to supply loads. Each of PV system, battery
energy storage system and the inverter has its independent control objective, and by
controlling each part, the entire system is operating safely.

Here , Battery is incorporated with Bi-directional converter which works as BUCK &
BOOST mode according to demand.

The output, we get from boost converter is DC. In order to synchronize this output with
household use and local grid , DC-AC conversion is required. Three-phase VSI is needed
with L filter in this purpose. Due to fluctuation of weather (Solar irradiance & temperature)

, Pl controller is used for componsetation.

1.4 PV Technology

Solar Cell Structure

A solar cell is an electronic device which directly converts sunlight into electricity. The
mechanism in which solar light is directly converted into voltage or current is called the

photovoltaic effect.
Basic steps in the operation of a solar cell are:

a. The generation of light generated carriers (electrons and holes): due to the absorption
of incident photons by the material (semiconductor, typically silicon: Si) to create
electron-hole pairs provided that the incident photon has an energy greater than that of
the band gap.

b. . The collection of the light-generated carriers by the p-n junction to generate a
current: due to the existing electric field at the p-n junction, the p-n junction spatially
separates the electron (to the n-type zone) and the hole (to the p-type zone) to prevent
its recombination. Modelling, Control and Simulation of a microgrid

c. The collection of the light-generated carriers by the p-n junction to generate a current:

due to the existing electric field at the p-n junction, the p-n junction spatially separates

ISLAMIC UNIVERSITY OF TECHNOLOGY (IUT) OIC



the electron (to the n-type zone) and the hole (to the p-type zone) to prevent its
recombination. Modelling, Control and Simulation of a microgrid .

d. The collection of the charge carriers at the contacts and the generation of a large
voltage across the solar cell.

e. The dissipation of power in the load and in parasitic resistances.

Solar cell operation

-~ front contact

‘f — n-type
f silicon

back contact —

Figure 1.4. A representation scheme of the solar cell operation

1.5 PV Array Modelling

Photovoltaic cell is the most basic generation part in PV system. Single-diode
mathematic model is applicable to simulate silicon photovoltaic cells, which consists of a
photocurrent source I,,, a nonlinear diode, internal resistance es R, and R, as shown in

figure



AMW——o
I ph I d RP RS __I_
®

Figure 1.5.

Single-diode mathematic model of a PV cell

The mathematic relationship for the current and voltage in the single-diode
equivalent circuit can be described as:

qV+IRs) V+IRg

1=1,,,,—15(e kT —1)— ................... (1)

Rsh

where, I, is photocurrent; 1, is diode saturation current; ¢ is coulomb constant
(1.602e-19C) ; k is Boltzman's constant (1.381e-23 J/K) ; T is cell temperature (K)

; A'is P-N junction ideality factor; R; and R, are intrinsic series resistances.

Photocurrent is the function of solar radiation and cell temperature, described as :

Iph = (Sj_ef> [Iph,ref + CT(T - Tref)] ................. (2)

where, S is the real solar radiation (W/m”2); S,..f, Tref, Ipnrer 1S the solar radiation, cell

absolute temperature, photocurrent in standard test conditions respectively; C is the
temperature co-efficient (A/K).
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Diode saturation current varies with the cell temperature.

v )
Is = Is,ref (ref) e ANTrer T)L (3)

where. I ,..¢ is the diode saturation current in standard test conditions; Eg is the band-gap
energy of the cell semiconductor (eV), depending on the cell material. When PV cells are
arranged together in series and parallel to form arrays, these cells are usually considered to
have the same characteristics. The equivalent circuit of PV array can be described as figure

[8].

Ne /
£ = 3 —— +
E Ns
Ne
N,
(. l &
E ! L
Figure 1.6

The relationship of the voltage and current in PV array is:

(s Ny (V| IR
I = Nplph - NpIs (eAkT(Ns Np) — 1> — R_sl:z(N_s + N_p) (4)

where, Ng and N,, are cell numbers of the series and parallel cells respectively.



PARAMETERS FOR PV MODEL

Parameters Values
Referenced solar irradiance S, 1000W/m”
Referenced cell temperature 7. 298 K
Cell numbers of a PV module m 36
Parallel numbers of the PV modules Np 9
Series numbers of the PV modules N 20
Photocurrent at standard condition /,, e 3354
Band-gap energy £, (el) 1.237 eV
Cell internal resistance R,
P-N junction ideality factor A - lsig
Temperature coefficient Cr 0.065%

1.6 MATLAB Code of PV Characteristics Curve

clc;

clear all;

g=1.6e-19; Tr=25+273;
Iscr=8.449; Voc=37.191;
Ns=60; Np=1l; A=1.3; k=1.38e-23;
Rs=0.05; Rp=100;
S=1200;

Eg=1.12;

T=25+273;

Vt=Ns*k*T/qg;

Ki=0.0;

Ipv0=2;

Iph=(Iscr+Ki* (T-Tr))*S/1000;

Irs=Iscr/ (exp(g*Voc/ (Ns*k*Tr))-1);
Is=Irs* (T/Tr)"3*exp (g*Eg/ (A*k) *(1/Tr-1/T)) ;
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Vpv=0:0.1:37;

for i=1:length (Vpv)

Ipv(i)=fsolve (@ (Ipv) -Ipv+Iph-Is*exp ((Vpv(i)+Ipv*Rs)/Vt)-
(Vpv (1) +Ipv*Rs) /Rp, IpvO,
optimoptions ('fsolve', 'Display','off'"));

end

subplot(1,2,1)
plot (Vpv, Ipv)
subplot(1,2,2)
plot (Vpv, Vpv.*Ipv)

1.7 Simulation Results

When T=250k

10
Q0

Ipv(A)

<400 *

-10}
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20 ! . - - o
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Figure 1.7
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When T=400k

10

401

10

15

Vpv(V)

500
i3
-500
g
] 2
o
-1000
-1500
-2000
40
Figure 1.12

Vpv(V)

ISLAMIC UNIVERSITY OF TECHNOLOGY (IUT) OIC




CHAPTER 2

DC-DC Converter

2.1. Classification

A DC-DC Converter is an electronic circuit or electromechanical device that converts
a source of direct current (DC) from one voltage level to another. It is a type of electric
power converter. Power levels range from very low (small batteries) to very high (high-

voltage power transmission).

With the voltage and current relationship, influencing factors for the equilibrium of the
converter such as the capacitor’s voltage ripple and inductor voltage-second balance
condition have been derived. Similar analysis can also be done for the other types of
converters. Basic circuit diagram of all the fundamental converters are shown in Figure 1.
They consist of the same basic elements. The building blocks of these converters are DC

supply Vs, load, diode D, power electronics switch S, inductor L, and capacitor C.
Types of DC-DC converter :

I. Buck Converter or Step-down converter
il Boost Converter or Step-up Converter
iii.  Buck-Boost Converter

iv. Cuk Converter



i s L - >
£1 hk 1. T o ] .
_| | .
VS D C T~ LRAD Vo Vs H c = LoAD Vo
Buck Converter Boost Converter
Ig S }D‘ lg L / I'YLYOY\
ET \|, . A l | .
Vs | L s LoAD [V Vg Jﬂs Yo G LOAD | v/,
+
[ . 1
Buck-Boost Converter Cuk Converter

Figure 2.1. Different types of DC-DC Converter

It is worth noticing that any converters work in two distinct modes with respect to the
inductor current: the continuous conduction mode (CCM) and discontinuous conduction
mode (DCM). When the inductor current is always greater than zero, it is in CCM. When
the average inductor current is too low due to the high-load resistance or low-switching
frequency, then the converter is in DCM. The CCM is preferable for high efficiency and
efficient use of semiconductor switches and passive components. The DCM requires a
special control since the dynamic order of the converter is reduced.

Thus, it is required to find out the minimum value of the inductor to maintain the CCM.

Assume that the inductor and capacitor are pure (i.e. no resistive component). However,
there is still what we call a small-ripple approximation. In an efficient converter, the output

voltage ripple is small.

ISLAMIC UNIVERSITY OF TECHNOLOGY (IUT) OIC



It is assumed that the load is resistive and the DC component of the output voltage has no
ripples, or simply the DC output has a fixed value as shown in Fig.2 for making the analysis

easier. So,

AV, =0 and V, =V,

Vo(t) A

v k_/ ‘

Figure 2.2.

Under certain duty cycles, voltage production is medium in Cuk converter, lower in Buck

and Buck-Boost converter and higher in Boost converter [19].

Besides, the voltage we need to have at the end of a DC-DC converter has to be more higher
than the initial voltage we get from solar PV panel to provide sufficient DC voltage to the

bus so that the inverter can render higher value AC voltage to the grid.

These are the reason we choose Boost converter over other DC-DC converters.

2.2  State-space averaging technigue

This technique derives the generalized equation for the continuous mode of the basic power

converters. The continuous mode operation is simpler as there are only two states. The analysis



starts from the state-space equations during the transistor’s on and off states and uses an
averaging method to linearize them. When the switching device is turned on, it conducts

for a ratio D of a period. The state space equation can be written as:
XZAonX + Bon Y (1)

When the switching device is turned off, the diode conducts for a ratio of (1-D) of a period.

The state space equation can be written as:

where X is the state space variable such as capacitor voltage and inductor current,
i.e.[i, v.]T. Aon, Bon and Aot and Bosr are the state-space matrices of the converter during

the on- and off-states respectively. Y is the input variable such as input voltage Vin .

Because on- and off-states are presented for D and 1-D duration, they can be averaged by

the conduction ratio®:
X: [ DAon +(1-D)Aoff] X+ [ DBon +(1-D)Boff] Y oo, (3)

Now, consider there is a small signal variation d to the duty ratio D that will cause a small
variation x of the state variable X. Therefore assume the variation of the small signal can

be written as:

i.e. x is a small-signal variation in the DC or steady-state component X and d is a small

signal variation in the steady-state or DC component duty-ratio D. Equation (3) becomes:
X+ % = [(D+d)Aor+(L- D-d)Act |

ISLAMIC UNIVERSITY OF TECHNOLOGY (IUT) OIC



+[X+x]+[(D+d)Bon+(1- D-d)Bott ]Y .......... (6)
which can be expanded to:
X+ % = [(DAon+(1- D)Aott ]X+ [DBon+(1- D)Bott ]Y
+ [ d Aon- d Aot ]X+ [ d Bon- d Bt JY

+ [(DAon+(1- D)Aott X + [ d Bon- d Boft ]t v cvevee ... (7)

Equation (3) can be re-written as follows if the small signal is zero:
X = [(DAon+(L- D)Aott IX + [DBon+(L- D)Boft ¥ e e e (8)

Eliminate equation (8) from (7) and neglect the high order small signal variation, and it

follows

that
where A=DAon+ (1- D) Aoft oo (10)
and F= [Aon' Aoﬁ] X+ [ Bon‘ Boﬁ]Y (11)

A is the average of Aon and Aofr and F is the difference of equations (1) and (2) which is
the difference between the on-state and off-state of X. Equation (9) is now a linearized

equation and the original digital feature is removed. The equation can be easily be solved

by conventional Laplace Transform.



§= [SI—A] Y Foiieiieiieeeeeen . (12)

where I the unit matrix. [sI — A]~1 is the inverse of [sI — A]. The next few sections apply

the above equations to obtain the small signal response of the boost converter [20].

2.3 Small signal modelling of Boost Converter

A Boost converter is a popular circuit especially for power factor correction. The
understanding of its frequency response is therefore important. The parameters for the
energy storage element, i. and vc, again are used for the state-space variable. Similar

methods based on transistor’s on- and off-states are used. Fig. 1 shows the Boost converter

[21].

Figure 2.3. Boost Converter Circuit Diagram

Two modes of Boost converters are [22]

l. Mode 1: When switch is closed and diode is reverse biased

. Mode 2: When switch is open and diode is forward biased

The following table describes the analysis of these modes.

Table 1. Equations for different modes of Boost Converter [22]
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Mode 1 Mode 2
di pv va dl o (va _Vdc)
dt L dt L
dVdc — Vdc % _ IDV _ Vdc
dt  R,C it C R.C

2.3.1 Mode 1 Circuit Calculations

KVL at loop 1,

Figure 2.4. Equivalent Circuit for Mode 1

V4V, =0 [va :Vin:l

_)VL:va

. Ay _ Vpw

dt L

KVL at loop 2,

Vac +V =0

= Vae ==Ve [+ WVacl = |Vl]

dv.
~ Rael gy =

dVdc Vc
N —

dt Ry C




. dVdc — Vdc
Todt R4.C

Steady state equation for Model1[21] is given by Equ. (1)
X = [A4,][X] + [B4][U]

State space matrix for Mode 1of Boost Converterf!

Al . 0 0 1
dt :[’P"l:[ 1]’v”]+z[V]
. _ pv
dVy. Vie 0 R,.C Ve 0
dt
2.3.2 Mode 2 Circuit Calculations
L
o D
iL I Y
+
Vm T = o § v(
R

Figure 2.5. Equivalent Circuit for Mode 2
KVL at loop,
Vo +V, + Vg =0 [vpv =vin]
=V, = Vo +Vp

dlyy,
= L=E = Ve + [Vee =V]

Ly Vae Vo

T odt L L
KCL at node n,

Ip‘U = IC_I_IRdC
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= e = Ipy = Igy,

. dVdc Ip_v Vdc
Code

C  RyC

Steady state equation for Mode 2 is given by Equ. (2)

X = [4.][X] + [B][U]

State space matrix for Mode 2 of Boost Converter [19]

b e fe
e s

2.3.3 Forming overall state Space Matrix

Matrices [A] and [B] are obtained by using (3) and (4) respectively using state space averaging

technique

A :AlD +A2(1_

0
A=l -p)

D) (3

1
‘(1—0)

1

L
1

RucC

(1-D)
L
1

C

B =B,D+B,(1-D)

1

L
0

1
L
0

[B] = |7| D +

Steady state equation for boost converter is given by

X = [AllX] + [B][U]

" Ry C

(4)

(1-D)



State space matrix for Boost Converter

-0 D)

[Vdcl [(1 D) Rdc J[Vdc

Chapter 3

Battery Energy Storage System Integrated
With Bidirectional Converter For Grid
Connected PV
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3.1. Grid Scale Energy Storage
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Figure 3.1

3.2 Application Of BESS For Grid Integration
Battery storage in the power sector can be employedin a variety of ways over multiple time periods,

ranging

from seconds to hours. EPRI and DOE (2013) describel4 services under five umbrella groups that
can generallybe provided by energy storage. These include bulkenergy, ancillary services,
transmission infrastructure,distribution infrastructure and customer managementservices. Battery
storage can, in principle, provide allthese services. Figure 6 below outlines the categoriesand
subcategories of these services. This report focuseson those highlighted in red through the
applicationareas presented below. The application areas discussed here were determined by
examining the applications of battery storage most directly related to wind and solar PV power
integration. The emphasis was on those that have been demonstrated and/or deployed in the market.
These applications compensate for the variable nature of wind and solar power. They match supply
of renewable resources with demand, and optimise variable renewable energy feedin to the grid.
They also provide or take away power when supply and demand become out of balance. It is

important to note that a single battery installation can serve multiple uses. A combination of value



streams may benefit the economics of an installation. In the following section, the use of battery
storage is discussed for the several applications. These are islands and off-grid scenarios (which can
encompass all the services highlighted in red in figure 6), and households with solar PV (power
reliability and retail electric energy time shift). Additionally, variable renewable energy smoothing
and supply shift (electric energy time shift are discussed). Finally, regulation (ancillary services) in
grids with high variable renewable energy shares is explored, with emphasis on short-term regulation

at the grid level.

800

700 | 680

600 SSO 550 550 535
ES

500
= 400
Q 400
3

300

200 |

100 |

O
2014 2017 2020
Flow Batterles ® Advanced lead-acid = Lithium-ion = Sodlum sulphur ® Sodium metal halide
Figure 3.2

3.3. Electrical Equivalent Circuit Model Of Battery
In this experiment, zeroeth order, first order, and second order Randle equivalent circuit models

were considered. Each of these models had advantages and disadvantages that needed to be considered.
The lower the model order, the less parameters that needed to be identified. However, as model order
decreased, the model*s voltage response became less and less representative of a real battery. These
characteristics need to be balanced, and here the pros and cons of the three orders of models that were
considered are described in detail.

3.3.1 Zeroth Order

The zeroeth order equivalent circuit model was the simplest model and consisted of only two
elements, an ideal voltage source and a resistor as seen in Figure 9. The resistor in this model represented
the internal resistance of the battery, Ro, and the voltage source represented the open circuit voltage Eo.
Although equivalent circuit models appear trivial, they are actually much more complicated due to the
complexity of the parameters they contain. This simple model contained only two parameters to identify,
however, the parameters in equivalent circuit models are not constant values. In this case, Eoand Roare
both functions are SoC, temperature, current direction (charge or discharge), and age. We can simplify
these parameters in this project because all experiments occurred at constant temperature. Further
simplifications were made for Eo and Ro as well. Open circuit voltage was assumed to depend only on
SoC, and only current direction was considered for internal resistance because the small depth of
discharge seen in this experiment was not believed to contribute significant variations in resistance due to
state of charge.
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Although this model was simple to identify, it would have provided an extremely poor representation
of actual battery voltage response. From equation 1 we can see this model failed to capture the
dynamics that are present in battery response. The response of this zeroeth order model would appear
as a square wave pattern centered around Eo, with amplitude equal to IRo. For these reasons, the
zeroeth order model was not chosen to simulate battery behavior.

R1
Ity
—»

Ro

Eo O C1 Vbatt

Figure 3.3: An example of different subcarrier mapping schemes for N =4, Q =3 and M = 12.

V=E,— RV,

dv,
C1 i 1 VCl 1
dt R, C, <

E,= f(SoC.T)

Ry, Ry, Cy = f(SoC.T,sign(7))

3.3.2 First Order

The first order battery model was a much closer approximation than the zeroeth order model to
true battery voltage response. As we can see from Figure 10, the first order model contained one resistor /



capacitor pair in addition to the elements contained in the zeroeth order model. This resistor capacitor
pair added two extra parameters to the system, a resistance and a capacitance, and resulted in a much
better representation of true battery voltage response. The added resistance and capacitance were both

dependent on current direction, SoC, and temperature, but the same assumptions made for internal
resistance before were applied to both parameters.

The added resistor /capacitor pair was responsible for adding first order dynamics to the system,
described by equations 4 and 5. This first order system was a much closer approximation of true battery
behavior, but required more computational power than a simple zeroeth order model. Instead of
identifying 3 parameters as in a zeroeth order system (Eo,Roc, and Rod), we are now required to identify
seven; Eo, Roc, Rod, Ric, Rid, Cic, C1d, where ¢ and d represent charge and discharge respectively..

Eo O

R1
' ( ti ‘."‘. A Vv A v
Ro {
) C1 Vbatt
Figure 3.3.
dVe | 1

E, = f(SoC.T)

R,.R,.C, = f(SoC.T.sign(1))
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3.3.3 Second Order

The second order model was very similar to the first order in appearance, the only difference
was an additional resistor / capacitor pair as seen in Figure 11. These additional components added
four extra parameters to the battery model, a charge and discharge value for the second resistor and
capacitor, bringing the total number of parameters that needed to be identified up to eleven. At this
point, model identification required significant computing time and power, making this model of
little use in a real time application like that of vehicle diagnostics. However, these added parameters
did increase the accuracy of the second order model, as seen in Figure 12. The addition of the second
resistor capacitor pair stacked a second, first order dynamic system, on top of the one obtained in the
first order model. To clarify, the second order model did not introduce second order dynamics, it
merely summed the effects of two sets of first order dynamics as seen in equations 9, 10, and 11,
allowing the model to represent a wider range of battery responses. It was because of this increased
versatility that a second order model was chosen for use in simulating battery voltage and identifying
battery parameters.

V:EO_ROI_VCI—ch

Ve 5 1
dt RC, &
Ve, | 1 V., = 5 &



E,= f(SoC.T)

R,.R.R,.C,.C, = f(SoC.T.sign(I))

in the coming sections.

1
a, =
RC,
1
(12 =
&G,
R4 R2
Ro | | I
C1 G
Figure 3.4.

3.4 System Architecture Of BESS+BDC
In this project, the PV+BESS system includes four major parts: AC grid side and AC load,

AC/DC active rectifier, DC/DC converter, and PV generation and batteries. AC/DC rectifier is

Vbatt

connected through Lac which represents the combined inductance of the transformer and line on the
grid side. The DC/DC converter is directly connected to the battery. The AC/DC rectifier is connected
to the DC/DC converter through a DC-link capacitor Cdc. It is assumed that the grid side resistance and
the loss of the DC link are negligible. The DC-link capacitor also works as part of the bidirectional
DC/DC converter which can charge and discharge the battery. Detailed explanation will be presented
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Figure 3.5: System Schematic Diagram.

3.5 Power Management
For the system above, several operation modes can be assumed as shown in Figure.2. Some of these
modes are enumerated below:
(1) All power sources (grid, battery, PV) provide power to the load,;
(2) PV generation and the grid provide power to the load and charge the battery at the same time.

(3) PV generation solely supports the load and charges the battery. No power is needed from the grid.

(4) PV generation and batteries support the load together. No power is needed from the grid.

(5) PV generation and batteries support the load and their extra power flows back to the grid.

(6) The grid and the battery together support the load and the power generated from PV is negligible.
Instead of analyzing these operational modes individually, this project proposes a simpler method to
control and manage the flow of power, which will be discussed in the coming chapters.

: *.

.................. >

1| 1}

DC/DC Bidirectional @@
Converter Converter

PV array Batteries Utility



Figure 3.6
Power Flow Equation  P,, + Pggss = Pyria
Mode of Operation
Mode 1: PV supplying load and charging battery P,, = Pyyiq + Pgess
Mode 2: PV supplying load only P,, = Pgiq
Mode 3: Battery supplying load Pggss = Pyria
Mode 4: PV-battery both supplying the load By, + Pggss = Pyria

> |oc

Battery Bus

—I Load I
<> —

Figure 3.7.

3.6 State-Space Model of PV+BESS

In order to achieve the discharging and charging modes of the battery, the DC/DC converter must
be bidirectional. The bidirectional DC/DC converter consists of an inductance Lac, a capacitance Cdc ,
two diodes D1 and D2 with two switches S1and Sz, as shown in the DC/DC converter part in Figure 4.

+ 1 T+
Dy /N S 0i /N S
o ] Vi I Ll i | Vie
Viat D, N S}: | Voat D; —1[— S
O<t<dT d.T<t<T
Vbat = (1_d)vdc
Figure 3.8.

As show in Figure 5, St is kept open in the discharging mode of the battery, and Sz switch opens and
closes by the duty ratio d (0<d<1). T is the time period that Sz switches. When 0 <t < d.T, Szis closed,
and we have:

ISLAMIC UNIVERSITY OF TECHNOLOGY (IUT) OIC




dlbat

_Vbat = de T (1)
When dT <t < T, S2is opened, and we have:
dl,,
V, —V,, = Ly d‘;t ....... (2)

We notice that after the system reaches steady state, the average of current through inductance Lac
should be constant. Therefore, we have:

d

( (Ve —Vy ) dit = ] (Voo )t ... (3)

0

Integrating both sides of (3), and rewriting the equation in terms of Vbat, we get:

(1-d)T
=) _(1-d)V, .. (4)
bat T-Vdc ( ) dc
= T +
D,/ S i D: /N S —,
+ Vs + "
Vb.zl Dz . » S‘I Y Vba'. D:—“’— S: \
O<t<d'.T d'.T<t<T
!/
Vbat = d 'Vdc
Figure 3.9.

As shown in Figure 6, in battery charging mode, S2 keeps open and S1 switches. Assuming the duty
ratio in charging mode is d’, when 0 < ¢t < d’.T, St is closed, then we have:

di
L, dlj[at =V, -V, (5
When d’T <t < T, St is open, and we have:
dl,,
dc dbtt = _Vbat """ (6)

Same as discharging mode, we can have:

T

d'.T
[ Vi dt = [ (Vi =i )t ....(7)
0

da".T
Integrating both sides of (7), and writing the equation in terms of VVbat, we can get:

V,, =d'V,, ...(8)



Comparing equations (4) and (8), for having the same duty ratio in the charging and discharging modes
of the DC/DC converter, we set:

d=1-d"....(9)
Then we can write both equations (4) and (8) as:
Vi = (1— d )Vdc ..... 20)

Assuming the DC/DC converter to be lossless, we can express the relation between Idc and Ibat in
steady-state as:

Iy = (1—d) Lo -oe-(1D)
AC/DC Rectifier
On the grid and AC/DC converter side, through KVVL we get:

abc ac

dl
-V, +L —ie =0 ..(12
dt abc ( )

Assuming the AC/DC converter to be lossless, and equalizing the power on the two sides, we can get:

av, V. 2
—Vala—VbIb—VCIc:Cdc.\/dc.TdC+ F§° +V, 1y e (13)

dc

Assuming the DC/DC converter to be lossless, power will be the same on its both sides. As a result:
Idc =Vbat' Ibat /Vdc """ (14)

Transforming the abc stationary reference frame in the above equations to the dq reference frame
rotating at synchronous speed we get:

cosd 005(0—1200) cos(0+1200)
quo=(§] -sin@ —sin(0-120°) —sin(0+120°) | X, ....(15)

1 1 1
2 2 2
Where 0 = ot + 6,
Equation (12) can be written in the dq reference frame as:
e+ L (v, —e,)....(16)
dt ac
di 1
o +—=—(V, &) .(17)

ac

Neglecting the harmonics and assuming a sinusoidal pulse width modulation of the AC/DC converter,
Vd and V(g can be written as:

V, =0.5kV, cos(6, +a) ......(18)
V, =0.5kV, sin (6, + ) ......(19)

where k and alpha are modulation amplitude and angle, respectively
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By substituting (18) and (19) into (16) and (17), we get:

%ﬂ — ol +Li(o.5k.\/dc c08(6, + &)~V €056, ) .....(20)

ac

di
d—tq =-ol, +i(o.5k.\/dcsin(90 +a)-V,sing, ) .....(21)

ac
We can also rewrite equation (13) by transforming the stationary abc reference frame to the rotating dq
frame, and as a result:

%:—Cidc{ﬁkcos(efﬁa)ld +%ksin(00+a)lq +\é‘:i +1g [ (22)

State Space Modeling Function

In this project, by using the Thevenin battery model, we find five state variables for the battery energy
storage system, including Id ,Ig ,Vdc , and Ibat the voltage of the capacitor inside the Thevenin battery
model Vt, which is related to the battery’s current through the following differential equation:

dl 1
ﬁ ZL—dc((]-_d)Vdc _Vt - RO'Ibat - EO) """" (23)

where Eo is the voltage of the voltage source inside the Thevenin battery model. The differential

equation for Vt is written as:
.1 V,
Vt:C—(Ibat——tj ...... (24)
t R

In summary, we can express equations (20) to (24) in state-space form as follows:

X=F(X)+G(X)U ... (25)

where:

__Vt_RO'Ibat_EO
de
Vdc
Rdc'Cdc
€y
F(X)=| Tol L (27)
e
—ol -4
’ Lac
1 V,
C_ Ibat__
L G RJ ]



Vae 0 0
de
b 31 310
Cdc 2 Cdc 2 Cdc
G(X)={ V. | . 28
N IR (28)
0 0 \%
0 0 0

U=[(1-d) U, U] ..(29)
U, =0.5kcos(6, +a) ....... (30)

U, =0.5ksin (6, +a) ......(31)

Chapter 4
Three-Phase Grid Connected VSI

4.1 Inverter Topology

PV inverter, which is the heart of a PV system, is used to convert dc power obtained from
PV modules into ac power to be fed into the grid. PV arrays are connected to the inverter through
a dc-dc boost converter. Improving the output waveform of the inverter reduces its respective
harmonic content and, hence, the size of the filter used and the level of electromagnetic
interference (EMI) generated by switching operation of the inverter . In recent years, multilevel
inverters have become more attractive for researchers and manufacturers due to their advantages
over conventional three-level pulsewidth-modulated (PWM) inverters. They offer improved
output waveforms, smaller filter size, lower EMI, lower total harmonic distortion (THD) [16]. The
three common topologies for multilevel inverters are as follows:
1) diode clamped (neutral clamped)
2) capacitor clamped (flying capacitors)
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3) cascaded H-bridge inverter

4.2. Selection Of Inverter

The cascaded H-Bridge multilevel inverter are the most advanced and important method of
power electronic converters
that analyses output voltage with number of dc sources as inputs. As compared to neutral point
clamped multilevel inverter and flying capacitor multilevel inverter, the cascaded H-Bridge
multilevel inverters requires less number of components and it reaches high quality output voltage
which is close to sinewave. By increasing the number of output levels the total harmonic distortion
in output voltage can be reduced. Multilevel inverter
offers less total harmonic distortion compared to the conventional H-Bridge inverters. Increasing
level leads to less harmonic distortion,but increasing levels also increase switching loss which
reduces efficiency.
Voltage source inverter(\VSI) is used in case of constant DC voltage input. Current source
inverter(CSI) is used where input current remains constant. In our case, we are dealing with
constant dc voltage, which is maintained by dc-dc boost converter. Also, in case of high
frequency switching VSI is used. Semiconductor switching devices of inverter are controlled by
PWM signals to obtain three phase near sinusoidal ac voltages of desired magnitude and

frequency at the inverter output.[17]

4.3. Operation

The three-phase dc/ac voltage source inverters are extensively being used in motor drives,
active filters and unified power flow controllers in power systems and uninterrupted power
supplies to generate controllable frequency and ac voltage magnitudes using various pulse width
modulation (PWM) strategies. The standard three-phase inverter shown in Figure 4.1 has six
switches the switching of which depends on the modulation scheme. The input dc is usually
obtained from the dc-dc boost converter.



. a ? —
£ — + V.
pe—T— b A ————+n
+ V¥,
c———_—}——
S

o)

O

Fig 4.1: Three-phase Full —Bridge Inverter

The inverter has eight switch states given in Table 4.1. As explained earlier in order that the
circuit satisfies the KVL and the KCL, both of the switches in the same leg cannot be turned ON

at the same time, as it would short the input voltage violating the KVVL. Thus the nature of the

two switches in the same leg is complementary. In accordance to Figure 4.1,

Sy+S, =l (4.3.)
S, +S,, =L (4.3.2)
Sy +Ss, =l (4.3.3)
Su Siz Sa Vab Vbc Vea
0 0 0 0 9 0
0 0 1 0 V. Vo,
0 1 0 VDC VDC 0
0 1 1 VDC 0 VDC
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1 0 0 0
VDC VDC
1 1
0 VDC Voc °
1 1 0 0
VDC VDC
1 1 1 0 0 0

Table 4.1: The switching states in a three-phase inverter

Of the eight switching states as shown in Table 4.1 two of them produce zero ac line voltage at the

output. In this case, the ac line currents freewheel through either the upper or lower components. The

remaining states produce no zero ac output line voltages. In order to generate a given voltage

waveform, the inverter switches from one state to another. Thus the resulting ac output line

voltages consist of discrete values of voltages, which are -V, 0, and V.

The selection of the states in order to generate the given waveform is done by the modulating

technique that ensures the use of only the valid states.

\%(sn 0 VA VA (4.3.4)
\%(sﬂ =8,,) =V, Vo e (4.3.5)
Vv

0 (853 = 852) =Vap +Vi v (4.3.6)

Expressing the Equations from 4.3.4 to 4.3.6 in terms of modulation signals and making use of

conditions from 4.3.1 to 4.3.3 gives

\L;:(Mn) Y (4.3.7)
\%(Mﬂ) SV AV e (4.3.8)
\%(Mﬂ) SV, AV, e (4.3.9)

Adding the Equations from 4.3.4 to 4.3.6 together gives Equation 4.3.10 as



\%(SM +S,,+S,,-5,-S5,,-5,,) =V, +V,, +V,, 3V, e (4.3.10)

As we are dealing with balanced voltages V,, +V,, +V,, =0 and making use of the conditions from

Equations 4.1 to 4.3, Equation 4.3.10 becomes

no "rrrrrrererrssaaaaaae

\%(2511 +2S, +2S,, -3) =V

Substituting for Vin Equations 4.3.4 to 4.3.6, gives

\%(2311 30 VAR (4.3.12)
v

2 (25,1 =85 853) =Vig (4.3.13)
\%(2331 0 VAR (4.3.14)

4.4. State-space representation

Lac

»
Ui sl
+ N 5/+\ 53+\ ~S.€+
la—> ’\/I\\,/\, L .
R ip—> /VI\"/\, - Grid
¢ Voltage
- \51-\3:.\5_:.

DC Link Inverter
Fig 4.2: Three-phase grid-connected inverter
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a state-space representation is a mathematical model of a physical system as a set of input, output
and state variables related by first-order differential equations or difference equations.In state-
space form, the system in Fig. 1 can be represented

by the following equations

. R . 1 v
la=—Tla—7€+5 (2K, — Kp — K.)

. R . 1 v
lp = —Ilb—zeb +%(_Ka+2Kb_KC)
R

R e ik, K, 42K 4.4.1
le = Llc LeC+3L( a b+ c) ()

Where K,, K, and K, are the input switching signals. Now, by
applying KCL at the node where the dc link is connected, we get-
Vho = = (ipy = iac) (4.4.2)
However, the input current of the inverter i;. can be written
as
lge = oK, + Ky + 1K, (4.4.3)
which yields

. 1
1%

. 1, . .
pv = Zlpy — 7 (i.K, +i,K, +i.K.) (44.4)

The complete model of a three-phase grid-connected PV can
be presented by (4.4.1) and (4.4.4) which are nonlinear and time varying.This time-varying

model can be converted into time-invariant model by applying dq transformation.[2]

4.5. Park transformation

Park transformation is needed to reduce complexity of the system with dc values instead of
ac values.DQ frame allows system to be controlled by one controller for only d axis. The Park
transform converts vectors in the XYZ reference frame to the DQ reference frame. The primary
value of the Park transform is to rotate the reference frame of a vector at an arbitrary frequency.

The Park transform shifts the frequency spectrum of the signal such that the



arbitrary frequency now appears as ""dc" and the old dc appears as the negative of the arbitrary

frequency. The Park transformation matrix is

g-axis

b-axis

w

d-axis

a-axis

c-axis
Fig 4.3:abc to dq frame
6 g 2n =als o 2m\
oS coS 3 COS 3
2 . 2m ) 2
[T 440 ()] =3|"siné —sm(f)—?) —sin (9 +?>
1 1 1
2 2 2

Abc to dq transformation equation

[quo] = [quo(e)] [iabc]

This time-varying model can be converted into time-invariant model by applying dg
transformation [15] using the angular frequency « of the grid, rotating reference frame
synchronized with grid where the ¢ component of the grid voltage £d is zero [ref15], [ref19]. By

using dg transformation, (4.4.1) and (4.4.4) can be written as

. R Eq vy
Idz_zld+wlq_T+TKd
. R Eq vy
Iq:_wld_zlq_T-I_TKq
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) 1. 1 1
Vpy = Elpv - EIde - EIqKq
These three equations represents the complete mathematical model of the three-phase grid-
connected PV system, which is nonlinear due to the switching functions and diode current. K; and
K,are the control inputs, and the output variables are I, .

and vy,
4.6. Filter

Normally, VSIs are connected to the grid using L or LC filter, but at low frequencies the L
(Inductor) and LC (Inductor Capacitor) filters becomes bulky and expensive. So, to reduce

the cost and the size parameters, the LCL filter was introduced[ref ].Grid-connected inverter
requires an output low-pass filter to interface with the grid for harmonics attenuations, better output
response. LCL filter is popular now-a-days for grid connected VSI. Due to simplicity in state-
space representation we used L-filter.As LCL requires more steps which will lead to complex

calculation.[18]

Chapter 5

Stability Analysis Of Grid Connected
PV+BESS

5.1 Definition

Over the years, several definitions of power systems stability have been formulated aiming at
clarifying technical and physical aspects of the problem from the system theory perspective. The
stability concert more consistent with the emphasis placed in this research work is the one relating

to the system’s ability to ride-through disturbances arising the system itself and its capacity to



settle down to a new stable operating state after the effects of such disturbance disappears. A
formal definition of power system stability is provided by [96-98].

“Power system stability is the ability of an electric power system, for a given initial operating
condition, to regain a state of operating equilibrium after being subjected to a physical
disturbance, with most system variables bounded so that practically the entire system remains

intact.”

The power system is a highly nonlinear system that operates in a constantly changing
environment;loads, generator outputs and key operating parameters change continually. When
subjected to a disturbance, the stability of the system depends on the initial operating condition
as well as the nature of the disturbance.

5.2 General Categories Of Stability

The classification of power system stability proposed here is based on the following
considerations [98]:
e The physical nature of the resulting mode of instability as indicated by the main system

variable in which instability can be observed.

The size of the disturbance considered, which influences the method of calculation and

prediction of stability.

e The devices, processes, and the time span that must be taken into consideration in order to

assess stability.

Figure (1) gives the overall picture of the power system stability problem, identifying its categories
and subcategories. The following are descriptions of the corresponding forms of stability

phenomena.
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Power System Stability
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Small
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voltage Stability
Transient _Large
=S disturbance
Stability voltage Stability
Fig 5.1

Transient stability

Transient stability is concerned with the system’s ability to maintain synchronism following a
large or severe disturbance. Unlike small-signal stability, transient stability is analyzed by studying
and simulating how the system responds in the time domain. The transient stability of the system
depends on both the initial operating conditions of the system and the severity of the disturbance,
in general the transient stability is defined as, the capability of a power system to return to a stable

operating point after the occurrence of a disturbance that changes its topology.

Small signal stability
Small signal stability is defined as the capability of the power system to return to a stable operating
point after the occurrence of a disturbance that leads to an incremental change in one or more of
the state variables of the power system.
Whereas the definition of small signal stability refers to the system’s response to a small change
in one or more of its state variables. The disturbances are considered to be sufficiently small that
linearization of system equations is permissible for purposes of analysis [97-98, 2, 111].
Examples of state variables of a power system are:

e synchronous and asynchronous machine rotor speeds

e synchronous machine load angles

e magnetic flux linkages

e controller state variables



If a disturbance causes a change in the value of one or more of these state variables, the

system is driven from the equilibrium. If thereafter the system returns to its steady state, it is
stable, whereas if the initial deviation from the steady state becomes ever larger, it is unstable.

A further difference between transient stability and small signal stability is that if a steady

state is reached after a disturbance leading to a transient phenomenon, i.e. a change in the
system’s topology, the new steady state can be different from the initial one. In contrast, if a
system returns to a steady state after an incremental change in a state variable, this steady state is

identical to the initial steady state, because no change in the network’s topology has occurred.

5.3 Linearizartion Using Taylor’s Series
The dynamic response of a power system subject to small disturbances can be

studied by using the method introduced in Chap. 7 to determine system stability.However, when we
use the method for power system small-signal stability analysis, in addition to slow computational
speed, the weakness is that after a conclusion of instability is drawn, we cannot carry out any deeper
investigation into the phenomenon and cause of system instability. The Lyapunov linearized method
has provided a very useful tool for power system small-signal stability analysis. Based on the fruitful
results of eigensolution analysis of linear systems, the Lyapunov linearized

method has been widely used in power system small-signal stability analysis. In the following, we
shall first introduce the basic mathematics of power system small-signal stability analysis.The
Lyapunov linearized method is closely related to the local stability of nonlinear systems. Intuitively
speaking, movement of a nonlinear system over a small range should have similar properties to its
linearized approximation.

Assume the nonlinear system described by

dx |
— X/
rram )
Its Taylor expansion at the origin is
dAx
= AAx + h(Ax)
dr
Where
of (xe + AXx)| Of (x) |
A = , ' == |
JAX | Ax=0 Ix X=X,
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If in the neighborhood of Dx = 0, h(Dx) is a high-order function of Dx, we can use the stability of the following
linear system

dr
To study the stability of the nonlinear system at point xe

(1) If the linearized system is asymptotically stable, i.e., all eigenvalues of A have negative real
parts, the actual nonlinear system is asymptotically stable at the equilibrium point.

(2) If the linearized system is unstable, i.e., at least one of eigenvalues of A has a positive real part,
the actual nonlinear system is unstable at the equilibrium point.

(3) If the linearized system is critically stable, i.e., real parts of all eigenvalues of A are nonpositive
but the real part of at least one of them is zero, no conclusion can be drawn about the stability of the
nonlinear system from its linearized approximation. The basic principle of the Lyapunov linearized
method is to draw conclusions about

the local stability of the nonlinear system around the equilibrium point from the stability of its linear
approximation.

When carrying out small-signal stability analysis of a power system, we always assume that the
system at normal operation at equilibrium point x ¥ xe or Dx ¥ 0 is disturbed instantly at the
moment t ¥4 t0 when system state moves from 0 to Dx(t0). Dx(t0) is the initial state of system free
movement after disappearance of the disturbance. Because the disturbance is sufficiently small,
Dx(t0) is within a sufficiently small neighborhood of Dx % 0. Thus in the neighborhood of Dx ¥4 0,
h(Dx) is a high-order indefinitely small variable. Hence according to the Lyapunov linearized
method, we can study the stability of the linearized system to investigate that of the actual nonlinear

power system.

Fig 5.3 subcarrier mapping schemes of Non Binary Octal SC_FDMA
5.4 Characteristics Of Small Signal Stability
Small signal stability problems may be either local or global in nature. Local problems involve a
small part of the power system, and are usually associated with rotor angle oscillations of a single

power plant against the rest of the power system. Such oscillations are called local plant mode



oscillations. Stability (damping) of these oscillations depends on the strength of the transmission
system as seen by the power plant, generator excitation control systems and plant output [97-98,

112].

Global problems are caused by interactions among large groups of generators and have widespread

effects. They involve oscillations of a group of generators in one area swinging against a group of

generators in another area. Such oscillations are called inter-area mode oscillations. Their

characteristics are very complex and significantly differ from those of local plant mode

oscillations. Load characteristics, in particular, have a major effect on the stability of inter-area

modes [97- 98].

The time frame of interest in small-disturbance stability studies is on the order of 10 to 20 seconds
following a disturbance.

5.5 Initial Value Calculation

dlpv Vdc pv
= —(1-D)—
dt ( ) L L
dVdc — ( _ )lp_v _ Vdc
dt Ci, RC
dlg €a  Vqgc
_— I, — —K
dc QT Tt
qu eq Vic
—_ —wly ———+—K
d O e Lo
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Iy = (1 =D).1L,,

5.6 MATLAB Code for Initial Value Calculation

clear all;
clcy;

$PV Parameters
Vpv=0.1;
Ipv=10.1327;

Rs=0.05;
Rsh=100;

Ns=60;

Np=1;

A=1.3;
k=1.38e-23;
T=298;
Is=2.8393e-10;
g=1l.6e-19;
alpha=q/ (A*k*T) ;

% Parameters for Linearization of Ipv

M= (Vpv/Ns) + (Ipv*Rs) /Np;

Zl=Is*alpha*Rs*exp (alpha*M)+Rs/Rsh;

Z2=- (Np/Ns) *alpha*Is*exp (alpha*M)-Np/ (Rsh*Ns) ;

% Dc-Dc Boost
R1=20;
Cl=10*10"(-0);
L=1*10"(-3);

$BDC
Lac=.1098*10"(=-3);
Cdec=.05*10"(-06) ;
Ldc=.755*10" (-3) ;
C2=80;

R2=0.07;
R0=0.0207;

d=0.5;

0=300;

%Grid
ed=230;
Pgrid=10000;
theta=pi/6;



eg=0;
£f=60;
w=2*3.14*f;

$Equations under Steady State operations
Vdc=sqgrt (Vpv*Ipv*R1l) ;

D=1-Vdc/ (Ipv*R1) ;

Id=Pgrid/ (1.5%ed);

Idc=(1-D) *Ipv;

Kg= (w*Lac*Id) /Vdc;

Ibat=Idc/ (1-d);

Vt=Ibat*R2;

EO = Vvdc* (1 - d)-Vt-(Ibat*RO);
Qgrid=(Pgrid*tan (theta)) ;
Ig=-(2*Qgrid) / (3*ed) ;
Kd=(((ed/Lac)-w*Ig*Lac) /Vdc) ;

e | S s

0.1V 80 F 376.8
Ipv 10.13A R2 0.07ohm  Vdc 45V
lg -16.73 A Ro 0.02ohm p 0.9
Kd 4.6e5 d 0.5 Id 28.98 A
R1 20 ohm Q 300 ldc 0.22A
C1 10e-5F ed 230 Kq 0.26
L 10e-3H Pgrid 10e3 Ibat 0.45A
Lac 10e-4 H 0 Pi/6 Vi 0.03V
Cdc 10e-6 F eq 0 Eo 221
Ldc 10e-3H f 60 Hz Qgrid 5.7e3

5.7 Eigenvalues and Small Signal Stability

The main goal of this section is to figure out the correspondence between the eigenvalues of an

electrical power system and its dynamic characteristics. First the linearization of the state equations
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of the power system will be discussed. After that, the correspondence between the eigenvalues of
the state matrix which is the crucial part of the linearized description, and the time domain will be
pointed out.

Eigenvalue is a scalar associated with a given linear transformation of a vector space and having the
property that there is some nonzero vector which when multiplied by the scalar is equal to the vector
obtained by letting the transformation operate on the vector; especially it is the root of the
characteristic equation of a matrix.

Modal Analysis

In this thesis the focus will be on modeling of wind turbine connected to DFIG, which can be

described by a set of n First-order non-linear, ordinary algebraic-differential equations (DEA) of
the following form [98, 112-113]:

dx,

i :fl(xl,a\j,...,xn T SO s, . (O - O
dt

O_gl(xl x')’ ":A’"'Zlvzz ----- :nl;lll"[lz""'ﬁll )

The mathematical model of a power system can be written as a set of DAE

x=f(x:2.u)

y=g(x,z,u)

With
X = i, N &
A %, u, 75 g

=
~

]
"\
o
0Q
M

“m




Where
f is a vector containing n first-order non-linear differential equations

X is a vector containing n state variables

U is a vector containing r input variables

g is a vector containing n non-linear algebraic equations

Z is a vector containing m algebraic variables

Y is a vector containing m output variables

By assuming that the system in equation 2.3 is time invariant, i.e. the time derivatives of the state
variables are not explicit functions of the time, t can be excluded from equation 2.3. In smallsignal
analysis, equations 2.3and 2.4 can be linearized by a Taylor series expansion around an

operating point (xo,zo,uo0) and the resulting linearized description of the system can be used to

investigate its response to small variations in the input or state variables, starting at an equilibrium

point [98, 114-115].Neglecting the terms of order two and above and eliminating the algebraic
variables z just taking into account first-order terms ,the system state matrix is obtained from
derivations given below. A procedure for small perturbations is established for ith component of

vector X .

X =Xy A= 1 [(_xo + Axy ), (24 + Auy )]

_ ; of. 15 5 2)
= f,(x .1/0)+TﬁAri+...+ 2, Ax, +—L % Au, +...+—L % Au,
' cu, cu, Oty cu,
From equation (2.3) it follows that
X0 = f; (%0-240)
And therefore (2.7) can be written as
: c 0 %)
Ax, = 2 =L Ax, +...+ =L Ax, + =L f’ Ay +...+— i —Au,
ox, ox cu ou
i n 1 r
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Withi=12,..,n
The same can be done for the jth component of y , with reference to (2.4),

- o

3 agj agJ CZ¢ J;
Ay. = AX vt AX, +—=AW, +..ot Au
Toox, X éu, ou,
Withj=1,2,...,n
The prefix A denotes a small deviation, thus
Ax =x —%, Ay =y -y, Au =u —u

Doing this for all components of the vectors x and y gives the following linearized set of state
and output equations

Ax = AAX+BAu

Ay =CAx+DAu

With
ot of, of, of,
&%, &%, EN ou,
A= W=l ¢
of, of_ of, of
OX X, au, ou,
og, og, og, og,
ox, U oox, ou, ou,
C= : D=
08w 08 08 02

Thus, the matrices A, B, C and D contain the partial derivatives of the functions in f and g to the
state variables x and the input variables u. Matrix A is the state matrix of the system. Equations
((2.11) and (2.12)) can be Laplace transformed to obtain the state equations in the frequency domain.
Take the Laplace transform assuming zero initial conditions [2, 113]

s Ax(s) — Ax(0) = A Ax(s) + B Au(s)

Ay(s)=CAx(s)+DAu(s)

A solution to the state equations can be obtained by rearranging the upper equation of (2.14) &
(2.15) as follows



(sl — A)Ax(0) +BAu(s)

I is the identity matrix and the values of S which satisfy

det (sl —A)=0

Are known as the eigenvalues of matrix A and equation (6.10) is defined as the characteristic
equation of matrix A.

5.8 Stability Analysis without Controller

Small signal representation of the entire system

dAiy, 1+7, AV,
= Ai,, —(1—D
a - L M (=D
dAVdC _ Alpv AVdC

a - AP T

— 2% = wAI, — K
dt T Lye Lge ©
dAl
_q = —w Id — _q + dc Kq
dt ac Lac

dAV, Alye AV,
dt C, R,C,

dAlyge  AVge — AVy — Ao Ry — E, AV,
dt Lgc La.

d

dASOC Al
dt  Cpy

5.8.1 MATLAB Code For Stability Analysis without Controller

clear all;

clc;
5PV Parameters
Vpv=.1;

Ipv=10.1327;
Rs=0.05;

Rsh=100;
Ns=60;
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p=1;
.3
.38e-23;

'—]WC;T‘Z

NI—‘HII

98;
I5=2.8393e-10;
g=1l.6e-19;
alpha=q/ (A*k*T) ;

)

% Parameters for Linearization of Ipv

= (Vpv/Ns) + (Ipv*Rs) /Np;
Z1l=Is*alpha*Rs*exp (alpha*M)+Rs/Rsh;
Z2=- (Np/Ns) *alpha*Is*exp (alpha*M)-Np/ (Rsh*Ns) ;

% Dc-Dc Boost
R1=20;
Cl=10*10"(-0);
L=1*10"(-3);

$BDC
Lac=.1098*10"(-3) ;
Cdc=.05*%10"(-06) ;
Ldc=.755*10" (=3) ;
C2=80;

R2=0.07;
R0=0.0207;

d=0.5;

0=300;

%Grid
ed=230;
Pgrid=10000;
theta=pi/6;
eqg=0;

£=60;
w=2*3.14*f;

$Equations under Steady State operations
Vdc=sqgrt (Vpv*Ipv*R1l) ;

D=1-Vdc/ (Ipv*R1) ;

Id=Pgrid/ (1.5%*ed) ;

Idc=(1-D) *Ipv;

Kg= (w*Lac*Id) /Vdc;

Tbat=Idc/ (1-d);

Vt=Ibat*R2;

EO = Vdc* (1 - d)-Vt-(Ibat*RO0O);
Qgrid=(Pgrid*tan (theta)) ;



Ig=-(2*Qgrid) / (3*ed) ;
Kd=(((ed/Lac)-w*Ig*Lac) /Vdc) ;

ex1=Ipv; x2=Vdc; x3=Id; x4=Iqg; x5=Vt; x6=Ibat; x7=SoC;

syms x1 x2 x3 x4 x5 x6 x7;

((1+Z21)/(z2*L)) *x1-((1-D) /L) *x2;
x1,x2 ((1-D)/Cl)*x1-x2/ (R1*C1) ;
x2,x4)=w*x4- (ed/Lac) + (Kd*x2) /Lac;

f1(x1l,x2

£2(

£3(

f4 (x3,x2)=-w*x3-(eq/Lac)+ (Kg*x2) /Lac;
£5(

£6(

£7(

~_~ — ~— ~—

x5,x6)=(x5/C2)-x6/ (R2*C2) ;
x2,%x5,x6)=((x2-x6-x5*R0-E0Q0) /Ldc) - (x2*d) /Ldc;
x5)=x5/Q;

a(xl,x2,x3,x4,x5,x6,x7) =
jacobian ([fl(x1,x2);f2(x1,x2);f3(x2,x4);f4(x3,x2);f5(x5,x6);f6
(x2,x5,x0);£7(x5)]1, [x1,x2,x3,x4,x5,x6,x7]);
A=vpa (a)
B=eig (A)
plot (real (B),imag(B), 'r*")
5 J=vpa (B, 4)

5.8.2 Stability Mode Analysis using Eigenvalue

Eigenvalue Effect on system when disturbed
Positive real number Driven away from steady-state value
Negative real number Driven back to steady-state value
0 Remains at position to which it was disturbed
Identical to another eigenvalue Effects can not be determined
Complex, positive real number Oscillates around steady-state value with
increasing amplitude
Complex. negative real number Oscillates around steady-state value with
decreasing amplitude
Imaginary Oscillates around steady-state value with
constant amplitude
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“ Eigen Value State Condition

Aq 0.0162 Unstable
A, 5.471e-51 Unstable
A -3.67e-40+376.8i Stable
Ay -3.67e-40-376.8i Stable
i -1325 Stable
Ag -4004+3368i Stable
Ay -4004-3368i Stable

5.8.3 Eigen Root-locus without Controller

# Figure 1 - O x
File Edit View Insert Tools Desktop Window Help >

DNDEddS | RIRNAKNWODELEL- S| 0E

4000 v v T

Imaginary Part

e . & 8§
»
-

%

3000 | 4
>

4000 N N " " A A A "
4500 -4000 -3500 -3000 -2500 -2000 -1500 -1000 -500 0 500

Real Part

Without Controller

5.9 Stability Analysis with Controller

5.9.1 Proposed PI Controller
Proportional Integral (PI) Controller
At present, the PI controller is most widely adopted in industrial application due to its simple structure, easy to design
and low cost. Despite these advantages, the PI controller fails when the controlled object is highly nonlinear and
uncertain. PI controller will eliminate forced oscillations and steady state error resulting in operation of on-off controller

and P controller respectively. However, introducing integral mode has a negative effect on speed of the response and



overall stability of the system. Thus, PI controller will not increase the speed of response. It can be expected since PI

controller does not have means to predict what will happen with the error in near future. This problem can be solved by

introducing derivative mode which has ability to predict what will happen with the error in near
future and thus to decrease a reaction time of the controller. PI controllers are very often used in
industry, especially when speed of the response is not an issue. A control without D mode is used
when

1. Fast response of the system is not required

2. Large disturbances and noise are present during operation of the process

3. There is only one energy storage in process (capacitive or inductive)

4. There are large transport delays in the system.

Therefore, we would like to keep the advantages of the PI controller. This leads to propose a Pl
controller shown in Fig. 6. This controller uses of the proportional term while the integral term is

kept, unchanged.

Set point *;"l? il . : System }
. |
Output

Fig.5.9. Block diagram of PI controller.

The controller output in this case is

u()=Kp.e@® +Kile(t)dt

Fig. 6.block diagram PI controller an integral error compensation scheme, the output response
depends in some manner upon the integral of the actuating signal. This type of compensation is
introduced by a using a controller which produces an output signal consisting of two terms, one
proportional to the actuating signal and the other proportional to its integral. Such a controller is
called proportional plus integral controller or PI controller.

AD = (Kpl + %) (Vd% - Vdc)

K;
AK,; = <Kp2 + ?2> (Pgridref - Pgrid)
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Ak, = (K, +s
q — p3 + T (Qgridref - Qgrid)

K.
Ad = (Km + %) (Ibatref - Ibat)

Small signal representation of the entire system

dAL, 1+ 27, Vye
= AL, — (1 —AD
dt Z,L P ( ) L
dAV,, AL, AV
= (1—AD
dAl, 4
= wAl, — AK
ar PMa e T AR
dAl,

dAIbat _ AVdC - AVt - AlbatRo - EO AVdC

Ad
dt La. Lye
dASOC Al
dt  Cpg
dAD 1 — ADAIL, AVdC)
— = — + K, AV
dt P1 ( C, R.C, = hde
dAK, 3 e, AK;AV,.\ 3
e A (e e R L
dAK, 3 e, AKAVi\ 3
dt = _Eedes <_(1)A1d - Lac + Lac ) - EedKléAIq

dAd (AVdC — AV, — Al R, — AdAV,, — E,
at ~Ps Ly,

) + K, Alyqr



5.9.2 MATLAB Code For Stability Analysis with Controller

clear all;
clc;

%PV Parameters
Vpv=0.1;
ITpv=10.1327;

Rs=0.05;
Rsh=100;

Ns=60;

Np=1;

A=1.3;
k=1.38e-23;
T=298;
Is=2.8393e-10;
g=1.6e-19;
alpha=q/ (A*k*T) ;

% Parameters for Linearization of Ipv

M= (Vpv/Ns) + (Ipv*Rs) /Np;

Zl=Is*alpha*Rs*exp (alpha*M)+Rs/Rsh;
Z2=- (Np/Ns) *alpha*Is*exp (alpha*M)-Np/ (Rsh*Ns) ;

% Dc-Dc Boost
R1=20;
Cl=10*10"(-6);
L=1*10"(-3);

$BDC

Lac=.1098*10"(-3) ;

Cdc=.05*%10"(-0) ;
Ldc=.755*10"(=3) ;
C2=80;

R2=0.07;
R0=0.0207;

d=0.5;

0=300;

%Grid
ed=230;
Pgrid=10000;
theta=pi/6;
eg=0;

f=60;
w=2*3.14*f;
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$Equations under Steady State operations
Vdc=sqrt (Vpv*Ipv*R1l) ;

D=1-Vdc/ (Ipv*R1) ;

Id=Pgrid/ (1.5*ed) ;

Idc=(1-D) *Ipv;

Kg= (w*Lac*Id) /Vdc;

Ibat=Idc/ (1-d);

Vt=Ibat*R2;

EO = Vdc* (1 - d)-Vt-(Ibat*RO0O);
Qgrid=(Pgrid*tan (theta)) ;
Ig=-(2*Qgrid) / (3*ed) ;

Kd=( ((ed/Lac)-w*Ig*Lac) /Vdc) ;

%PI controller Gain Parameters
Kpl=1.67;

Kil=4.007;

Kp2=-1.43;

Kiz2=-4.003;

Kp3=3.98;

Ki3=7.08;

Kp4=4.06;

Ki4=1.01;

sx1=Ipv; x2=Vdc; x3=Id; x4=Iqg; x5=Vt; x6=Ibat;
3x7=S0C; x8=D; x9=kd; x10=kqg;x11=d;

syms x1 x2 x3 x4 x5 x6 x7 x8 x9 x10 x11;

f1(x1,x2,x8)

((1+21)/(Z22*L)) *x1+ ((D-1) /L) *x2+ (Vdc/L) *x8;

f2(x1,x2,x8)=((1-D)/Cl)*x1-(Ipv/Cl)*x8-x2/(R1*C1l);
3(x2,x4,x9)=w*x4- (ed/Lac)+ (Kd*x2) /Lac+ (Vdc/Lac) *x9;
4 (x3,x2,%x10)=-w*x3-(eqg/Lac) + (Kg*x2) /Lac+ (Vdc/Lac) *x10;
5(x5,x6)=(x5/C2)-x6/ (R2*C2) ;
6(x2,x5,x6,x11)=((x2-x6-x5*R0-E0-Vdc*x11) /Ldc) - (x2*d) /Ldc;
7 (x5)=x5/0Q;

f8(Xl,x2,x8)=Kp1*X1*(l—D)/Cl—(Kpl*Ipv*X8)/Cl—

(Kpl*x2) /(R1*C1l)+Kil*x2;

fO9(x3,x2,x4,x9)=1.5%ed*Kp2* (w*x4-

ed/Lac+ (Kd/Lac) *x2+ (Vdc/Lac) *x9)+1.5*ed*Ki2*x3;

f10(x3,x2,x4,x10)=-1.5%ed*Kp3* (-w*x3-

eq/Lac+ (Kg/Lac) *x2+ (Vdc/Lac) *x10) -1.5%*ed*Ki3*x4;

f11 (x2,x5,%x6,x11)=Kp4d* ((1-d) *x2-x6-x5*RO-E0-

Vdc*x11) /Ldc+ (Kid4*x5) ;



a(xl,x2,x3,x4,x5,x6,x7,x8,x9,x10,x11) =

jacobian ([fl(x1,x2,x8);f2(x1,x2,x8);f3(x2,x4,x9);f4(x3,x2,x10)
;£5(x5,x0);f60(x2,x5,x6,x11);£f7(x5);£f8(x1,x2,x8);f9(x3,x2,x4,x9
), £10(x3,x2,x4,x10);£f11 (x2,x5,%x6,x11) 1],
[x1,x2,x3,x4,x5,x06,x7,x8,x9,x10,x11]);

A=vpa (a, 3)

B=eig (A)
C=vpa (B, 3)

5.9.3 Stability Mode Analysis with PI Controller using Eigenvalue

m Eigen Value | State Condition m

8.9e8 Unstable
,12 2.33 Unstable
i 1.78 Unstable Kil =
s 0.21 Unstable Ky, =2
i -9.46e-47 Stable K i 6.50
26 -0.20 Stable
a0 -2.8 Stable Kvs >
g -553.5 Stable K, 389
5 -3.84e5 Stable
A -1.70e6 Stable i -
Ayi -3.19e8 Stable = e

5.9.4 Participation Factor

Today it is known two different approaches to the participation factor of state variable in
mode: the approach of scientists Perez-Arriaga and Verghese, and approach of group of scientists led
by E.H. Abed. Before we consider these approaches let’s briefly overview of the history of
participation factor problematics.
The power system under study consists of a number of N synchronous machines connected by a large
number of connections. In the linear approximation, the description of this power system can be
presented with the system of differential equations:
x = Ax, (1)
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where X — column vector of state variables, A — characteristic matrix of differential equations system
by which power system is described in the linear approximation. In the case of power system
description matrix A is real, that is,
A* = A. In general, the matrix A has N different eigenvalues, some of which are a complex
conjugate:
i = oi + jowi, (2) where ai — real part of eigenvalue which characterizes state stability margin of
power system, wi — imaginary part of eigenvalue which determines fluctuation frequency of power
system mode. By stability margin we shall basically mean real part module of eigenvalue. Left and
right eigenvectors that correspond to eigenvalue i are defined by expressions:

Ar; = Ax;

LA =12,
How does one generally proceed in a small-signal analysis study?
1. Compute eigenvalues and eigenvectors for a certain operating condition.

3. Identify right pk and left gk eigenvectors for mode k.
a. Identify “groups” of generators based on mode shape using

pk (use the angles of the elements of pk corresponding to the speed deviation states).

b. For each group, identify the speed deviation states (and thus the generators) most heavily
participating (influencing) the mode.

5.9.5 MATLAB Code For Stability Analysis with Controller using Participation Factor
clc;

clear all;

a=|[
-1.36e60, -22.2, 0, 0, 0, o, 0,
4500.0, 0, 0, 0;
2222.0, -=-5000.0, 0, 0, 0, o, 0, -

1.01eo0, 0, 0, 0;

0, 4.24e9, 0, 377.0, 0, 0, 0,
0, 4.le4, 0, 0;

0, 2433.0, -377.0, 0, 0, o, O,
0, 0, 4.le4, 0;

0, 0, 0, 0, 0.0125, -0.179, 0,

0, 0, 0, 0;



0, 062.0, 0 0, -27.4, -1322.0, O,

0, 0, 0, -5966.0;

0, 0, 0, 0, 0.00333, 0, O,
0, 0, 0, 0;

3711.0, -8355.0, 0, 0, 0, 0o, 0, -

1.69e6, 0, 0, 0;

0, -2.09%e12, -1388.0, -1.86e5, 0, 0, O,
0, -2.02e7, 0, 0;

0, -3.33e6, 5.17e5, -2444.0, 0, 0, O,
0, 0, -5.63e7, 0;

0, 2699.0, 0, 0, -110.0, -5388.0, O,
0, 0, 0, —-2.42e4];

[P,H]l=eig(a);
QT=inv (P) ;
Q=QT"';
=1;
J 1s index on columns (modes)
i is index on rows (states)
while 3<12,
i=1;
while i<12,
pf(l,j):(Q(l,j)*P(l,j)),’
i=1i+1;
end
j=3+1;
end
pf

oo -

o\°

5.9.6 Stability Mode Analysis with PI Controller using Participation Factor
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e e

0.213 Unstable
jlz -1.16e-50 Stable p]
A3 -0.2 Stable Ki, 4.007
Ag -1.78 Stable K, -1.43
As -2.39 Stable K, _4.003
Ag -2.8 Stable
Ay -3.1ed4 Stable K P3 3.98
Ag -6.0e5 Stable K;, 7.08
Ag -2.54e6 Stable K, 4.06
A10 -2.48¢e7 Stable
A1y -6.89e7 Stable Ki, 1.01
pf =
0 0.0000 -0.0000 0.0001 0.988% 0.0000
0 -0.0000 -0.0000 0.002%9 0.0000 0.0000
0 -0.0000 -0.0000 0.0000 -0.0000 0.0000
0 -0.0000 0.0000 0.0000 0.0000 0.0000
0 0.0000 0.0000 0.0000 -0.0000 0.0000
0 0.0000 0.0000 -0.0000 0.0000 0.0520

1.0000 0 0 0 0 0
0 0.0000 0.0000 0.99689 0.0001 0.0000
-0.0000 1.0000 0.0000 0.0000 -0.0000

.00000 -0.0000 -0.0000 0.0000 0.0000
0.0000 0.0000 0.0000 -0.0000 0.9480

O O O
[

5.9.7 Eigen Root-locus With Controller
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Chapter 6

Conclusion

This research work basically focuses on the mathematical modelling of grid connected
PV+BESS system & stability analysis with the help of small signal stability introducing
eigenvalue analysis. Now it is clear that alternative source of energy based electric energy
generation may ben explored to continue generation of electrical power to meet the
demand.

Although, among the renewable energy sources, the solar energy is considered one of the
most

popular because of the availability of free light energy from sun. .Due to fluctuation of
weather (solar irradiance & temperature ) how the system’s stability will be is discussed
in this research work. Solar irradiance & temperature variation is considered as small
signal disturbances in case of PV generation..The challenge of using PV is that it can be
easily used in stand-alone way

but difficulties arise if it is connected to grid. Therefore, in this thesis, VVoltage Source
Inverter (VSI) generator has been studied with its dynamic model first. After that,
modeling is done with

the connection to grid. The complete grid connected PV with BESS has been designed for
open loop and closed loop PI controller. Finally the stability of the system has been
analysed using Eigenvalue. Special attention has been given to the control strategies of
PV+BESS feed to grid.

It should be mentioned that the impact of PV power on power system small signal
stability is studied elaborately. Furthermore, the mathematical treatment of the

linearization of the non-linear equations describing a power system and of the relation



between the eigenvalues and the time domain was given. This work also includes
participation factor for identification of state mode. The simulation results is carried out
using Matlab software. A critical assessment of small signal stability analysis is carried
out for different scenarios such as variation of parameters of PV pannel, implementation
of closed loop PI controller without optimization. More specifically, it was found that
stability of the PV+BESS system connected to grid using conventional Pl controller
without optimization depends to a large extent on thetuning of the proportional-integral
controllers and on having good knowledge of the systemparameters. It should be noticed
the tuning of PI controller gains manually are tedious work. Achange in operating
scenarios or system topology may require a re-tuning of the PI controllers gains.
controller. The obtained result is compared with the PI controller performance without
optimization.

Implementation of the genetic algorithm optimization of closed loop Pl

Controller for far better performance may be studied as future work. The transient
behavior of the grid connected PV+BESS under proposed controller may be studied under

large disturbance

In the last, it can be expected that this work may be helpful in feeding the grid

with wind generated power for a stable operation.
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