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ABSTRACT OF THESIS

ANALYSIS AND SIMULATION OF PHOTOVOLTAIC SYSTEMS

INCORPORATING BATTERY ENERGY STORAGE

Solar energy is an abundant renewable source, which is expected to play an increas-

ing role in the grid’s future infrastructure for distributed generation. The research

described in the thesis focuses on the analysis of integrating multi-megawatt photo-

voltaics systems with battery energy storage into the existing grid and on the theory

supporting the electrical operation of components and systems. The PV system is di-

vided into several sections, each having its own DC-DC converter for maximum power

point tracking and a two-level grid connected inverter with different control strategies.

The functions of the battery are explored by connecting it to the system in order to

prevent possible voltage fluctuations and as a buffer storage in order to eliminate the

power mismatch between PV array generation and load demand. Computer models

of the system are developed and implemented using the PSCADTM/EMTDCTM

software.

KEYWORDS: photovoltaics, battery, energy storage, inverter, solar pump, IEEE 14

bus.
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Chapter 1

Introduction

Many have called solar radiation the fuel of photovoltaics (PV), since its attributes

form the basis for PV system designs, from the construction of the system array to

electric reliability of PV stand-alone systems. The understanding of solar radiation

can be dated back to 1839 through the study of photoelectric effect by Edmund

Becquerel [8], before the first solar cell was made by Daryl Chapin, Calvin Fuller and

Gerald Pearson in 1954 [9]. Today, which is almost 70 years after this discovery, the

same solar cell design is responsible for over 226GW global installation of PV, where

China leads with about 43.5GW cumulative capacity [10].

Batteries in PV systems are arguably the most vulnerable component of the entire

system. Design and operation faults such as array under sizing and charge controller

breakdown can lead to battery failure making the system unable to deliver the an-

ticipated power. The capacity of a battery is not fixed but instead depends on the
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temperature, discharge current, state of life and other factors, which makes the com-

plex electrochemical devices depend on a large number of material properties meeting

a defined standard to function correctly. These batteries are mainly used to perform

three main functions in PV systems: (1) as a buffer store to eliminate the mismatch

between the power available from the PV array and the power demand from the load,

(2) as an energy reserve device and (3) to prevent large and possibly damaging voltage

fluctuations [11]

The power electronics converters provide a technology interface that enables ef-

ficient and flexible interconnection of different players such as renewables, energy

storage devices, flexible transmission and controllable loads to the electric power grid

[12]. Grid converters, sometimes called “synchronous converters” when compared to

the synchronous generator in centralized power systems has a crucial role to play in fu-

ture power systems based on smart grid technologies, since the distributed generation

system will create more voltage levels needed to be managed.

1.1 Research Background

PV cell efficiency has been the focus of a significant amount of research in recent

years with the emergence of more materials and technology for higher efficiency. Some

research have focused on the type of materials recommended for PV cell designs [13],

some authors have suggested that multi-junction solar cells will define our future cell

2



manufacturing process because of their promising high efficiency over the traditional

crystalline silicon cells [14–18]. For large PV array plants, partial or uneven shading

will lead to large row current difference. Researchers have proposed methods of min-

imizing PV row current by altering electrical properties of the PV array rather than

the physical PV characteristics to achieve maximum power during partial shading

[19–22].

Photovoltaic systems have been incorporated with different energy storage devices

to increase the overall system performance where battery storage systems seems to

be paramount. Some research works focus on the battery sizing [23–26] while others

studied the types of converter suitable for different battery applications [27–30].

With the discovery of semi-conductor devices such as silicon carbide (SiC), capable

of switching at high frequency, operating at high temperatures and capable of blocking

high voltage researcher are focusing on new topologies and control strategies for PV

system power electronics converters [31]. Research has also proposed a method of

connecting multiple SiC IGBT-MOSFET devices in series to increase their voltage

blocking potential and methods of suppressing the ground leakage current for PV

inverter applications [32, 33]. A tri-port topology to interface with PV, battery, and

three-phase grid with soft switching transformer is proposed in [34]

3



1.2 Thesis Outline

Chapter 1 introduces the research background for PV systems and the parameters

to be considered for design. To refine the main goals of this research, literature reviews

of solar PVs and control methods are also covered in this chapter.

Chapter 2 focuses on the theoretical fundamentals and gives an overview of the

latest technologies and developments in PV systems, from the material models used

for PV cell designs, to the control methods for the power electronics converters used

by PV systems with battery support.

Chapter 3 discusses the configuration and associated control strategies of a multi-

MW grid connected PV system. In which, grid integration is established by connec-

tion with a stardard IEEE 14 bus test system in order to observe its steady state and

transient effect with changes in electrical and environment parameters.

Chapter 4 presents an approach for expanding the capacity of an existing irrigation

farm with additional pumps powered by PV. A novel control method for pumping

system modulation is also introduced.

Chapter 5 concludes the thesis with a summary of work and original contributions.

Suggestions for future work that can be extended based on the current research are

also discussed.
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Chapter 2

Conceptual Developments

2.1 Introduction

In early 2017, solar energy was described as the fastest growing source of renewable

energy [35]. While other renewable sources of energy require large-scale implementa-

tions for maximum benefits and are typically recommended for power plant utility-

level applications only, PV may be suitable for residential, commercial, industrial and

power utility level deployments.

Power electronic converters are used to interface PVs and the power grid, since the

legacy power grid is an AC system, while the PV output is DC. The characteristics of

a PV system vary with environmental conditions such as irradiance and temperature.

Power electronic devices can be used to ensure that PV systems are regulated for

maximum output with changes in both environmental and electrical parameters.

Photovoltaic systems can exist as stand alone system without grid connection or

grid connected without energy storage. However, power swings are likely to occur
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due to variation in array irradiance. In order to ensure that the PV is capable of

producing constant power even during shading, energy storage devices in the form of

batteries may be integrated into the PV system.

This chapter introduces the PV cells and array including the output character-

istics of the cells and the need for maximum power point tracking(MPPT). Power

electronic devices and controls needed for both DC-DC and DC-AC conversion are

also discussed.

2.2 Photovoltaic Cells and Arrays

A PV cell is a specially designed PN junction or Schottky barrier device used for

converting photons usually from sunlight directly into electricity. A typical photo-

voltaic cell is only capable of producing about 3 watts of electrical energy at approxi-

mately 0.5 DC voltage [36]. The efficiency of this cells depends on the technology used

for the its fabrication. Noncrystalline, multi-crystalline and thin film technologies are

the three dominating cell technologies with the noncrystalline cells having the highest

efficiency and being the most expensive. There is a substantial amount of ongoing

research to improve the arguably poor efficiency of PV cells. In June 2016, the U.S.

Department of Energy’s National Renewable Energy Laboratory (NREL) validated

the SunPower R© X-Series silicon based solar panel to have reached an efficiency of

24.1% which was the highest at that time.
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(a)

(b)

Figure 2.1: Irradiance variation for a full day, with example data sampled every 5min
collected from the roof of RGAN building at University of Kentucky on a (a) clear
and, (b) cloudy day [1].
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Figure 2.2: Equivalent circuit diagram of PV cell (a) ideal and, (b) real.

A PV cell is made of two slices of semi-conductor materials, usually silicon sand-

wich together to form a PN junction that absorbs photons mainly from sunlight,

and allows incident photons to produce electron-hole pair with the atoms of the cell.

The electric field at the PN junction then causes the photon-generated-electron-hole

pairs to separate with the holes being attracted to the p-region and electrons drifting

towards the n-region.

In order to study the electronic behavior of a PV cell, it is important to have an

electrical equivalent model circuit made up of basic electrical components. A PV cell

can ideally be represented as a current source connected in parallel to a diode, while

a practical model includes a series and shunt resistance connected to the source (Fig.

2.2).
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2.2.1 PV cell output characteristics

The amount of current and voltage available from a PV cell mainly depends on

the amount of irradiance (illumination) on the surface of the cell and the ambient

temperature. An increase in the level of irradiance leads to increase in the output

current of the PV while higer temperature leads to a decrease in the output voltage.

Equation (2.1) and (2.2) formalize the relationship between the PV cell current and

voltage for an ideal and practical PV respectively.

I=Ig − Io[e(
qV
KT ) − 1], (2.1)

I = Ig − Io[e(
V +IRsr
nKTc/q

) − 1]−
(
V + IRsr

Rsh

)
, (2.2)

where, Ig represents the component of cell current due to photons; Io, the saturation

current; K, the Boltzmann constant (K = 1.38 1023j/K); q, the electron charge (q =

1.6x1019C); V, the output voltage; Tc, the cell temperature; Rsh, the shunt resistance

and Rsr, the series resistance.

In (2.2), the photo-current Ig depends on the amount of solar irradiance falling on

the PV cell and cell temperature. The photo-current relationship with solar irradiance

(G) and cell temperature (Tc) can be given as:

Ig = IscR
G

GR

[1 + αT (Tc − TcR)], (2.3)
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where, IscR is the short circuit current at the reference solar radiation GR and the

reference cell temperature TcR. αT represents the temperature coefficient of the photo-

current which is usually 0.0017A/K for silicon solar cells. At standard test conditions

(STC) the reference irradiance is given as 1000W/m2 at 25oC temperature. Another

standard test condition is the photovoltaic for utility scale application test condition

(PTC) where the reference irradiance is given as 1000W/m2 at 20oC temperature.

The saturation current, Io in equation 2.2 also known as the “dark-current” is a

function of the cell temperature and the relationship is given by:

Io = IoR

(
T 3
c

T 3
cR

)
exp

[(
1

TcR
− 1

Tc

)
qeg
nk

]
, (2.4)

where, IoR is the saturation current at the reference temperature, eg is the band gap

energy of the solar cell material and n is the diode ideal factor which is typically 1.3

for silicon solar cells.

A simple PV circuit is designed in PSCAD/EMTDC environment and its param-

eters are described in Fig. 2.3. The PV module, which consists of a single PV cell is

observed under different atmospheric conditions and operating load. An ideal variable

DC source is connected to the PV through a diode, D in order to vary the output

voltage of the PV cell, and the PV module input G (irradiance) and T (temperature)

are independently varied. The output characteristics of the PV are largely depen-

dent on the level of the irradiance and temperature as illustrated in Fig. 2.4. It can
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(a) (b)

Figure 2.3: (a) Setup in PSCAD environment for a simple PV circuit with variable
output voltage, and (b) PV cell properties dialog box in PSCAD.

therefore be observed that increase in level of irradiance leads to increase in current

and a slight increase in output voltage, while increase in the cell temperature leads

to a reduction in the output voltage of the PV. It can be concluded that a PV cells

generates the highest amount of power at the coldest location with the highest level

of solar irradiance.

Due to the low efficiency of the PV cell being typically about 20%, only a small

percentage of the incident light energy is absorbed and converted to electricity leav-

ing the remaining to be converted to heat, which leads to increase in the PV cell

temperature. The PV cell temperature is a function of amount of solar irradiance G,

the ambient temperature TA and the nominal operating cell temperature (NOCT),

which is the temperature the PV cell will reach without any load connected to it
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(a) (b)

(c) (d)

Figure 2.4: The cell output voltage and maximum power increases with decrease in
cell temperature at constant 1000W/m2 solar irradiance (a) I-V curve, (b) P-V curve.
Cell output voltage increases with increase in solar irradiance at constant 25oC cell
temperature (c) I-V curve, (d) P-V curve.
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(open-circuit), with air mass (AM) of 1.5 at 20oC, G = 800W/m2 and wind speed

less than 1m/s. The PV cell temperature, TC (oC) can therefore be calculated as:

TC = TA +

(
NOCT − 20

0.8

)
G. (2.5)

2.2.2 PV module and array setup

A PV cell which is a fragile electrical component and typically about 156mm x

156mm in dimension [37] can be connected in series and parallel to form a PV module

for voltage and power requirements. Common PV modules are made up of 54 to 72

cells and sometimes, more cells are needed to meet certain terminal requirements.

Photovoltaic cells within a module may be shaded due to an external object or partial

cloud cover, when PV cells within a PV module are shaded:

(a) The shaded cells may become reverse-biased and consume power instead of

producing it, which therefore lead to loss in the total power output

(b) Potential failure of the entire PV module is possible when the heat generated

as a result of individual shaded cell causes thermal stress on the surrounding cells

which creates hot spots and local defects in the module

(c) Extreme shading within the PV module can generate reverse bias voltage

that exceeds the solar cell breakdown voltage causing complete damage of the cell.

Therefore, PV cells are connected in parallel to bypass diodes, which provide an
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(a) (b)

Figure 2.5: (a) Solar PV cell configuration from solar cell to solar array [2], (b) IV
curve of solar PVs with different configurations [3].

alternate path for the current trapped in the cells. During random shading across

the cells in a PV module, the output power reduction can be up to 91.9% without

bypass diode installation [38]. A PV module could have each cell installed with a

bypass diode, which could be non-overlapping or overlapping across cells.

A PV module consists of multiple cells connected in series and parallel, a string

consists of modules connected in series while an array consists of modules connected

in series and parallel as illustrated in Fig. 2.5a. When PV modules are connected in

series, their individual voltages add up and the individual current of the PV modules

sum up when they are connected in series as illustrated in Fig. 2.5b.

The photovoltaic PV array is a stationary object mounted at a particular location

to absorb sunlight and convert it to electricity. Maximum amount of irradiance is

received when the solar panel is perpendicular to the sun. However, the sun is not

stationary, it is constantly changing its relative position to earth from morning to

night and season to season making it impossible to have an orientation where the

14



solar panel will always receive maximum irradiance. The position of the sun in the

sky is represented by the solar altitude and solar azimuth, solar altitude refers to

the angle of the sun relative to the earth’s horizon while the azimuth is the angle

along the horizon, where the north corresponds to zero degrees, and increasing in a

clockwise fashion. The solar azimuth and altitude at a particular location changes

with respect to the time of the day and the day of the year. Solar constant is the

average rate of radiant energy received from the sun on earth and varies with the

day of the year. The solar constant for a particular day can be calculated using (2.6)

where Isolar represents the solar constant and n represents the day of the year with

January first being 1.

Isolar = Io

[
1 + 0.034

(
360n

365.25

)]
. (2.6)

Solar panels will receive the maximum level of insolation when oriented at a tilt

angle that corresponds to the latitude of the location, the azimuth however depends on

the location of the panel with respect to the equator. PV panels located in the north-

ern hemisphere receive maximum insolation when facing south (180o) while southern

hemisphere is better oriented facing north. The maximum amount of sunlight is ab-

sorbed when solar panels are perpendicular to the sun which will only happen once a

day if the PV panels are stationary. Solar trackers are devices used to automatically
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trail the movement of the sun in the sky with either single-axis or dual-axis move-

ment to ensure that the maximum amount of irradiance is received by the array at

all times.

2.2.3 Maximum power point tracking

The maximum available power from a PV array depends on its electrical properties

and atmospheric conditions at the point of installation while the operating point

depends on the load connected to it. PV panels produce the maximum power when

operated at the knee of the I-V curve as illustrated in Fig. 2.4. The technique for

operating PV panels at the knee of the IV curve irrespective of the load connected

to it is called maximum power point tracking (MPPT), which can be performed on

individual PV panels instead of the entire array in the form of distributed maximum

power point tracking (DMPPT). Typically, power electronic devices are used to vary

the magnitude of the impedance seen by the PV array such that the output voltage

of the PV array corresponds to the maximum power point (MPP) voltage of the

PV array calculated by the MPPT algorithm. Perturb & observe and incremental

conductance methods are the most commonly used algorithms for calculating the

maximum power point of a PV array.

Perturb & observe is a widely used techniques for MPPT due to its simplicity

and straightforward implementation process. This algorithm works by adjusting (i.e.
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perturb) the output voltage of the PV array and observing the corresponding output

power. When the output voltage of the PV is perturbed in a particular direction,

an increase in output power signifies that the operating point is moving towards the

MPP and the voltage is further perturbed in that direction. However, if perturbing

the voltage in a particular direction leads to a decrease in the PV output power, the

point of operation is moving away from the MPP, the algorithm therefore, perturbs

the voltage in the reverse direction. This perturbation and observation continues and

the system never reaches a steady state but instead oscillates around the MPP. The

perturb and observe method has been modified by some authors to be able to quickly

determine the correct MPP of the PV in rapidly changing atmospheric conditions.

For example a modification where the irradiance changing factor is considered in every

perturbation in order to determine the power change due to atmospheric conditions

is proposed in [39].

Incremental conductance(InC) method requires more computation in the con-

troller and keeps better track of changing conditions more rapidly compared to per-

turb and observe algorithm [40]. With incremental conductance technique, the MPP

tracker can stop perturbing the output voltage of the PV when the MPP is reached.

The MPP is determined by locating the point where dV/dI = -I/V. At the knee of

the IV curve dP/dV is zero, dP/dV is negative when the MPPT is to the right of

the MPP and positive when it is to the left of the MPP. The basic equations for this
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technique are as follows [41]:

dI

dV
= − I

V
, at MPP, (2.7)

dI

dV
>− I

V
, left of MPP, (2.8)

dI

dV
<− I

V
, right of MPP. (2.9)

2.3 Power Electronics Converters and Electric Ma-

chines

Power electronic converters are electronic circuits used for controlling the flow of

electrical energy. This typically involves the use of solid state electronics to control

and convert electrical power from one form to another to achieve the specified require-

ments. Diodes, thyristors and transistors are examples of semi-conductors switching

devices used in power electronic converters. Power electronic converters can be used

to connect electrical sources to loads whose electrical requirement is different from the

source output. In some cases, the power electronics are used for power transformation

between AC and DC. These converters are also used for efficient control of electric

machines and provide high reliability due to lack of moving parts.
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Electric machines are electromechanical energy converters used to transforming

electrical energy to mechanical energy and vice versa. Electric motors convert elec-

trical energy to mechanical energy while generators are used to convert mechanical

energy to electrical energy mainly through electromagnetic induction.

2.3.1 DC/DC converters

DC/DC converters are linear and switching converters used for transforming DC

source voltage from one level to another. Linear converters maintain continuous

current flow from input to the load while switching converters regulates same current

flow by chopping the input voltage and controlling the average current flow through

varying the duty cycle of the system. Another classification of DC/DC converters is

the hard-switching pulse width modulated (PWM) converter which is more dominant

as compared to the resonant and soft switching converters since it has high efficiency,

constant frequency operations, relatively simple control, commercial availability of

integrated controllers as well as ability to achieve high conversion ratios for both

step-down and step-up application [42]. The four basic DC/DC topologies are buck,

boost, buck-boost and C̀uk converters. A simple implementation of the converter

topologies to show the variation of their output voltages with changes in their duty

cycle was carried out in PSCAD environment (Fig. 2.6 and 2.7).
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Table 2.1: Relationship between duty cycle and DC/DC converter voltages

Converter Topology Output voltage

Buck converter DVin

Boost converter Vin/(1-D)
Buck-boost converter -DVin/(1-D)

C̀uk converter -DVin/(1-D)

(a) (b)

(c) (d)

Figure 2.6: Schematic diagram in PSCAD/EMTDC for DC/DC converter (a) buck,
(b) boost , (c) buck-boost and (d) C̀uk
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(a) (b)

(c) (d)

Figure 2.7: Input and output voltage result in PSCAD/EMTDC with duty cycle
changing from 0.3 to 0.8 at 0.5secs simulation time for DC/DC converter (a) boost,
(b) buck , (c) buck-boost and (d) C̀uk
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2.3.2 AC/DC converters

A rectifier or AC-DC converter is an electrical device made up of power electronics

devices used to convert AC to DC , while DC-AC converters also known as inverters

convert DC to AC. AC-DC converters are primarily used in power supply systems to

provide DC power to electronic equipments, computers, battery charge controllers,

DC and inverter fed drives etc. Rectifiers can be grouped into uncontrolled rectifiers

whose output solely depends on the input power and controlled rectifiers whose output

waveform also depends on an external control system. Uncontrolled rectifiers are

typically made of diode and can be categorized into full bridge and half bridge diode

rectifiers for both single phase and three phase systems.

Diode bridge rectifiers with output capacitive filter draw non-sinusoidal currents,

which cause low input power factor [43]. Half wave rectifiers which only produce an

output for half electrical cycle has an advantage of using less power electronic devices

as compared to the full bridge rectifier. A single phase full wave rectifier can also be

implemented using 2 diodes if a transformer with center tap secondary side is included

in the configuration, without a center tap transformer, the system will require 4 diodes

as shown in figure 2.8. Full wave rectifiers have better performance when compared

to half wave rectifiers, which have high ripple factor, low rectification efficiency, low

transformer utilization factor and leading to saturation of the transformer secondary

windings. For the described circuit diodes D1 and D2 conduct for the positive half

22



Vs

D1

D4

D3

D2

Vdc

Figure 2.8: Circuit diagram for a full bridge uncontrolled diode rectifier.

cycle and diodes D3 and D4 conducts for the negative half cycle. The supply voltage

Vs is given as Vm sinωt, the average load voltage Vl is represented as Vdc. The

relationship between the AC voltage and the DC voltage of both full-wave rectifier

and half wave rectifier is given as:

Vdc =
1

2π

∫ π

0

Vm sin ωt d(ωt) =
Vm
π

= 0.318Vm for half bridge, (2.10)

Vdc =
1

π

∫ π

0

Vm sin ωt d(ωt) =
2Vm
π

= 0.636Vm, for full bridge. (2.11)

The rectification ratio, which is a measure of the effectiveness of rectification for a

half bridge rectifier is only 40.5% while that of a full bridge rectifier is 81% [42].
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Replacing the diodes in uncontrolled diode bridge rectifiers with a thyristor (or

transistor) makes it a controllable rectifier. Controlled rectifiers are AC to DC power

converters used to convert fixed frequency and voltage AC supply into variable DC

power output. Thyristors use phase control to obtain variable DC voltage by con-

trolling the phase angle (trigger angle) at which the thyristors are triggered. The

controlled rectifier setup can be divided into three parts: the power circuit, control

circuit and triggering circuit. The power circuit consists of the voltage source, load

and power electronics devices. The control circuit is a logical circuit that controls

the way the switches are being operated and the triggering circuit consists of buffers,

pulse transformer opt coupler used for converting the digital responses of the control

circuit to analog signal used to driving the power circuit.

Just like the diode bride rectifier, the full bridge rectifier also has two thyristors

allowing flow of AC power for the positive half, and the remaining two allowing the

flow of electricity for the negative half cycle. Unlike diodes, which automatically

conducts when forward biased, Thyristors need a suitable gate trigger pulse to turn

on. If the supply AC voltage is given as Vm sinωt where input voltage is positive

from 0<ωt <π and negative for π <ωt <2π, if the rectifier is triggered at ωt =α the

α is called the firing angle of the rectifier. Equation 2.12 describes the relationship

between the AC supply voltage and the average load voltage for a single phase bridge

controlled rectifier. The average load voltage of the system can therefore be varied
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by regulating the firing angle of the thyristor, which can be applied in DC motor

controls as well as uninterpretable power supply systems (UPS).

Vdc =
1

π

∫ π+α

α

Vm sin ωt d(ωt) =
2Vm
π
cos α, (2.12)

DC to AC converters also known as inverter is a device that converts DC power

from a particular source to corresponding AC power at a specified voltage, phase

and frequency through the use of controlled semi-conductor devices. The output AC

waveform of an inverter can either be voltage controlled or current controlled. Voltage

controlled inverters also known as voltage-source inverter (VSI) are the most popular

and widely used inverter, which independently controls the AC output voltage while

current controlled inverters (current-source inverter) independently controls the AC

output current. Inverters are further classified into offline and online inverters. Offline

inverters are used when the inverter is the only source for the AC load, while online

inverters are used when the inverter is part of the common power supply lines to the

load and operated at same frequency and similar magnitude with the other sources

connected to the load.

The standard topology for a 2-level voltage source inverter with switches which

can be made of IGBT, transistors or any other power electronic device capable of

meeting the electrical demand of the load is illustrated in Fig. 2.9. An example PWM

technique is the sine-triangle PWM, wherein, a sinusoid of the desired frequency is
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Figure 2.9: Circuit diagram for a 3-phase voltage source inverter

compared with a high frequency ramp and its output is used to drive the switches.

Table 2.2 shows the valid states for the described 3-phase voltage source inverter. It

is important to note that adjacent switches (S1 and S4, S3 and S6 or S5 and S2) cannot

be turned on at the same time since this will primarily lead to the short circuit of the

DC link. The control for these switches are always inverted with a delay known as

dead time so that the turn off time of one switch will be elapsed before the adjacent

one will be turned on. States 7 and 8 in Table 2.2 have zero AC line voltages and are

therefore ignored, AC voltage waveform is produce by the manipulation of the other

6 states. The output of the inverter is AC, at the frequency of the modulating signal,

and its magnitude is proportional to the magnitude of the modulating signal.
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Table 2.2: Valid switch states for a 3-phase voltage source inverter
State no Switches ON Switches OFF Vab Vbc Vca

1 S1,S2 and S6 S4,S5 and S3 Vi 0 -Vi

2 S2,S3 and S1 S5,S6 and S4 0 Vi -Vi

3 S3,S4 and S2 S6,S1 and S5 -Vi Vi 0
4 S4,S5 and S3 S1,S2 and S6 -Vi 0 Vi

5 S5,S6 and S4 S2,S3 and S1 0 -Vi Vi

6 S6,S1 and S5 S3,S4 and S2 Vi -Vi 0
7 S1,S3 and S5 S4,S6 and S2 0 0 0
8 S4,S6 and S2 S1,S3 and S5 0 0 0

2.3.3 Electric machines for pump systems

A pump is a device used to compress, raise or transfer fluids from one point to

another. Pumps are generally classified into centrifugal pumps and positive displace-

ment pumps. In centrifugal pumps, Head and flow is produced by increasing the

velocity of the fluid flowing through the machine with a rotating vane impeller allow-

ing the fluid to be flung out, while the latter operates by allowing the fluid to flow

into an open cavity before displacing a certain volume of the fluid leading to delivery

of constant volume of liquid for each cycle against varying discharge pressure or head.

Centrifugal pumps are the most common type of pumps, which can be mechanically

rotated using an induction motor or a permanent magnet synchronous motor in AC

applications. A non-linear parabolic relationship exists between the load torque and

motor speed in motor driven pumps, which is given in (2.13), where TL is the load
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Figure 2.10: Steady state torque-speed curve for a typical induction motor (Te) and
a pump load (T1). The operating point is at the intersection of the two curves (A or
B) [4].

torque and ω is the load speed.

TL α ω2, (2.13)

Induction motor, also known as asynchronous motor is an electric motor, which

allows AC to be supplied to the stator winding in a manner that produces rotating

magnetic field. The rotating magnetic field in turns induces electric current in the

rotor conductor. Interaction between the magnetic flux and induced currents exert a

torque on the rotor that causes rotation. The steady state point of a motor driven
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pump is found when the pump torque is equal to the torque produced by the machine

as shown in the load torque/shaft-speed characteristic illustrated in Fig. 2.10. The

speed of an induction motor can be varied by controlling the applied voltage, rotor

resistance, stator frequency or in some cases, pole variation. In most application,

the classic voltage to frequency control (V/f) is used since it entails a simple drive

control. When the stator resistance of an induction motor is neglected the torque

curve is reduced to the Kloss equation, which is given as;

Tem ≈
2Tmax
s

smax
+ smax

s

, (2.14)

where Tem is the electromagnetic torque, Tmax the breakdown torque, s is the slip

and smax is the slip at the breakdown torque. Figure 2.11 shows the block diagram

of a simple V/f control. This control maintains the speed of the induction motor at

a reference speed ω∗
s irrespective of the stator resistance by determining the voltage

amplitude and phase angle required to drive the induction motor at the reference

speed [4].

A permanent magnet synchronous motor (PMSM) is an AC electrical motor that

has its field excitation provided by permanent magnet placed on the rotor and pro-

duces a sinusoidal back EMF waveform. Equation 2.15 describes the three-phase

model of the permanent magnet synchronous motor where id and iq represent the

q and d axis currents, Lq and Ld represents d and q axis inductances, Vq and Vd
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Figure 2.11: Block diagram of V/f control structure with stator frequency reference
input

represents d and q axis voltages, λ induced flux amplitude, R the stator windings

resistance, ωm is the angular velocity of the rotor, and p is the number of pole pairs.

d

dt
id =

1

Ld
vd −

R

Ld
id +

Lq
Ld
p ωmiq, (2.15)

d

dt
iq =

1

Lq
vq −

R

Lq
iq −

Ld
Lq
p ωmid −

λpωm
Lq

, (2.16)

Te =
3

2
p[λiq + (Ld − Lq)idiq]. (2.17)

Permanent magnet synchronous machines are primarily used in building high effi-

ciency and performance drive where a motor control with smooth rotation over the

entire speed range is desired. Permanent magnet synchronous machines are capable

of producing full torque control even at zero speed through the use of vector control
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Figure 2.12: Block diagram of vector control for PMSM [5]

techniques also known as field oriented control (FOC), which also allows fast acceler-

ation and deceleration of the motor. FOC algorithm decomposes the stator current

of PMSM into magnetic field and torque generating component, which allows either

of the component to be independently controlled. In order to perform vector control

on a PMSM as shown in figure 2.12, the motor phase current are measured and trans-

formed into the two phase (α, β) and (d, q) using Clarke and Park transformation,

which requires the knowledge of the rotor position angle of the motor obtained either

from an encoder or by sensor-less control techniques. This transformation produces

the stator current torque (iq) and the flux (id), which can be regulated for indepen-

dent speed and torque control. The stator voltage corresponding to the controlled

current in d-q domain is therefore transformed back to the abc domain before PWM

technique is used to generate the gating signals for the inverter.
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2.4 Battery Energy Storage Systems (BESS)

The world is trying to reduce its dependence on fossil fuels and concentrate more

on generating power using renewable sources of energy. But renewable sources of en-

ergy such as wind and solar, which have the lowest carbon emissions and water usage

have intermittent availability. For this reason, energy storage devices are essential

component of future energy system that make use of large amounts of renewable

energy. Energy storage system can be classified into mechanical, chemical, electro-

chemical, electrical and thermal. Among these storage devices, electrochemical energy

storage devices in the form of batteries are the most widely used due to their ability

to meet almost all types of power demand.

This BESS can be collocated with renewable energy resources to improve system

stability through frequency response. They are also used as ramp control to improve

the economics of renewable generators by leveling the output of solar generators [44].

In most BESS, the battery charges from the renewable energy source during excess

energy generation or when energy from the grid is cheap and then uses it to support

the renewable generator power output.

2.4.1 BESS management

Since BESS typically consists of more than one battery cell, its management sys-

tem ensures efficient and safe operation of these batteries. This features control such
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as effective cell balancing, cooling and ventilation, data acquisition, communications

and interfaces between subsystems. Parameters such as terminal voltages, current

and temperature of the batteries can be monitored and controlled in a centralized

fashion where data is collected from individual cells and sent to the main manage-

ment board for processing, modular topology, where data collected from each cell is

processed by a slave control board before being sent to the main management board

for process or distributed topology which allows each cell to have an electronic board

and main controller responsible for communication, fundamental computations as

well as calculating the state of charge (SOC), state of health (SOH) and state of life

(SOL) are possible.

State of charge refers to the percentage charge available in a battery as a fraction

of the nominal value (i.e capacity), which can be estimated based on the battery

current, temperature and number of lifetime cycles. The performance of battery

deteriorate after every cycle, and SOH is the remaining battery capacity for the

current cycle as compared to the original battery capacity at first cycle. The time

when the battery should be replaced is determined by the battery SOL, which also

refers to the remaining useful life before its decommissioned.
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(a) (b)

Figure 2.13: (a) Non- isolated half-bridge DC/DC converter, (b) voltage-fed isolated
DC/DC converter [6].

2.4.2 BESS interface

Batteries are typically interfaced to the grid via power electronic converters. These

converters exist as DC/AC converters, non isolated DC/DC converters and isolated

DC/DC converters. The traditional six-switch H-bridge voltage source converter,

which uses the most common PWM based closed-loop control technique to regulate

DC link voltage regulation at close to unity power factor can be regarded as a bidi-

rectional DC/AC boost-type converter.

Non-isolated DC/DC converters have simpler design, control and implementation

due to the reduced amount of components, and they also provide a relatively high

efficiency at lower cost. This system connects energy storage device to a DC bus

and controls the flow of current by varying the voltage seen by it. Isolated DC/DC

converters comprise of two high frequency inverter and rectifier connected back to

back through a high frequency transformer which is used to provide galvanic isolation

between the input and output sources (Fig. 2.13).
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2.5 Summary

This chapter introduces the major devices and control strategies needed in a PV

system. The PV cell output characteristics depends on the amount of irradiance

present and the ambient temperature. The operating point can be determined by

varying the equivalent impedance seen by the PV through the use of DC-DC con-

verters controlled by MPPT algorithm. Energy storage devices such as batteries can

be used to regulate the output power from renewable energy sources to ensure the

continuous flow of high quality electricity. DC-AC converters are used to interface

both the battery and PV array to the grid AC loads or other connected to it. For

example, electrical machine.
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Chapter 3

Integrating PV and Energy
Storage Connected to the IEEE 14
Bus Modified Test System

This chapter discusses layout of a multi-megawatt grid connected solar PV farm

integrated with battery energy storage system (BESS). The PV system is divided

into several sections, and each section has its own DC-DC converter and a two-level

inverter with grid oriented voltage control. The PV farm is connected to a modified

IEEE-14 bus, on which different operation modes are demonstrated.

3.1 Introduction

The future smart grid is expected to be integrated with a substantial proportion

of renewable energy. In 2016, the U.S department of energy reported that 24.42GW

PV was installed from 2010-2015 and 56% of the installations were utility-scaled

[45]. It is therefore important to study the effects of connecting multi-megawatt PV
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systems to the existing power grid. A substantial amount of literature exists on PV

systems connected to the grid, the focus of some of these literatures is on maximum

power point tracking (MPPT) techniques. Incremental conductance (InC), perturb

and observe method (P&O) and its derivatives are commonly used techniques for

MPPT [46]. Some authors discuss the THD of the current injected to the grid, as

well as other techniques such as short circuit current pulse method and fuzzy logic

based controllers [47–49]

Other areas of research include DC-DC converter topologies, solar inverter topolo-

gies, and single stage power converter topologies [50–54]. Since irradiance inequality

between panels connected in series may limit the power output, the focus of some of

the work is on array reconfiguration to equalize irradiation [55]. Other papers propose

module integrated converters, such that the maximum power point (MPP) of each

module can be tracked, yielding maximum energy extraction [56]. Module integrated

DC-DC converters connected to a central DC-AC converter is proposed in [57].

Each section of the system contains a PV array, transformer, DC-DC and DC-AC

converters connected in parallel and interfaced to the grid as illustrated in Fig.3.1.

With appropriate control the 2-level inverters may be cascaded in order to obtain a

multilevel output voltage waveform. In this approach, each inverter is interfaced to

the grid via a 2-winding transformer, which is not the only possible arrangement since

a 3-winding transformer can also be used to interface the inverters in multiples of two
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Figure 3.1: Schematic of a grid tied solar PV system consisting of several units in
parallel with individual transformer connected to the grid for generality since design
can also be implemented with a single transformer. The battery energy storage system
is connected to the grid through its own inverter and transformer as well.

or all the inverters connected to one transformer. A battery energy storage system

(BESS) is installed to supply power in case of partial or complete shading. When

battery state of charge (SOC) is lower than its minimum during shading, adjacent

synchronous generators supply the deficit power. This PV system with BESS is

connected to the IEEE 14 bus and the entire system is modeled and simulated using

PSCAD/EMTDC.
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3.2 PV System

For high power applications, it is common to divide the PV plant into several

sections (Fig. 3.1) to meet power conditioning electronics requirements [52, 58]. In

each section, the PV array is connected to a buck converter used to maintain the

PV array output voltage at its maximum power point(MPP). [57] recommends the

use of buck converters for maximum power point tracking when multiple strings are

connected within the PV array. The buck converter is connected to a two-level central

inverter through a DC link capacitor , which is typically a two level inverter. The

power circuit diagram of one unit modeled and simulated in PSCAD/EMTDC (Fig.

3.2).

3.2.1 PV array

A PV cell is an electrical device, which uses photovoltaic effect to convert light

energy directly into electricity. PSCAD/EMTDC and [59] use the Norton equivalent

circuit to represent its PV cells. The current and voltage relationship is given as:

Icell = Ig − Io[e
(

q(v+IcellRsr)

nKTc

)
− 1]−

(
v + IcellRsr

Rsh

)
, (3.1)

where, Ig, the photo current generated; Io, the saturation current; K, the Boltzmann

constant; q, the electron charge; V, the output voltage; Tc, the cell temperature; Rsh,

the shunt resistance and Rsr, the series resistance.
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Figure 3.3: I-V characteristic of PV array at 25o and 1000W/m2 solar irradiance.
For maximum output power, it is recommended to operate the PV at the knee of the
curve.

Open circuit voltage of a PV module depends on the type of material used for

the cell design and typically varies from 23.3 to 44.2V when tested under standard

conditions [60]. The PV module in this system consist of 2 parallel strings with 40

PV cells in series per string to yield an open circuit voltage of 43.7V and short circuit

current of 9.12A per module under standard test conditions (STC). The PV array used

in this study consists of 160 strings of PV modules with 24 modules connected in series

per string in other to restrict the DC bus voltage below 1kV. Figure 3.3 illustrates

the current-voltage relationship of the PV array for a single unit at 1000W/m2 solar

irradiance and 25o temperature.
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Table 3.1: PV cell and module specifications
Parameters Value

Cell open circuit voltage (V) 1.09
Cell short circuit current (A) 4.56

Module open circuit voltage (V) 43.7
Module short circuit current (A) 9.12

Maximum power (W) 260

3.2.2 MPPT

There exists a compound relationship between the operation of a PV cell and its

environmental condition. At any operating environmental condition, there exists a

point where the current and voltage values result in maximum output power, which

is typically at the knee of the PV current-voltage curve. MPPT is used to ensure

that PV provides the maximum output power at every atmospheric condition. In

the studied model, the output voltage (Vpv) and current (Ipv) of the PV array is

continuously measured and passed through a filter before being fed to the MPPT

block, which uses incremental conductance method to determine the reference volt-

age (Vmppt) corresponding to the MPP as illustrated in Fig.3.4. A PI controller is

employed in order to ensure Vpv is equal to Vmppt by varying the duty cycle of DC-DC

converter, which is compared with a high frequency triangular signal generator for

producing the IGBT gating pulses.
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Figure 3.4: Control diagram for DC-DC converter using blocks from the PSCAD
library.

3.3 Grid-Connected Inverter

The PV system is installed with a two-level inverter, which is a widely available

technology that is relatively inexpensive and has been proven to be reliable for rel-

atively small inverters below 1MW. The central 2-level inverter considered in this

study has some limitations, including large filter size in order to meet the required

THD standards and higher voltage rating for power electronic devices compared to

the multi-level inverter. As mentioned previously, the PV plant consists of sections

with their own DC-DC and DC-AC converters connected in parallel. The require-

ment of large filter size can be counteracted by the interconnection of inverter pairs

in adjacent sections in cascade as shown in Fig. 3.5. Three - level output is obtained
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Figure 3.5: Schematic diagram of proposed 3-level inverter formed by cascading two
2-level PV inverters. More levels may be obtained by cascading more inverters in the
system.

by maintaining the DC link voltages at the same value, and four level output can be

obtained by maintaining Vdc2 = Vdc1
2

, while two level output is obtained when either

one of the DC link voltages is zero [61]. The DC link voltages can be maintained at

the desired value by absorbing the required active power from the grid. Alternatively,

the inverters in three adjacent sections may be interconnected together to obtain a

4 level output, with the predominant harmonic frequency at 3 times the switching

frequency [62].

The control block diagram of the voltage oriented control inverter used in each

section is illustrated in Fig. 3.6. In this control, the phase locked loop (PPL) block

generates ω from the instantaneous measurement of the grid voltages (Vabc), ω is used

in reference frame transformation to decouple the 3-phase measured inverter current

(I∗abc) into quadrature and direct components, which can be independently tuned to
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Figure 3.6: Grid side inverter control diagram. The control maintains Id at zero so
that the inverter neither absorbs nor supply reactive power while Iq is used to regulate
the real power output by keeping the bus voltage constant at a reference value.

control active and reactive power flow into the grid respectively . In PSCAD, Vd

is configured to control the flow of reactive power while Vq controls the real power

output. Since all the simulations in this research were done on active power control

only, I∗d is kept at zero so that the PV system operates at unity power factor. I∗q is

proportional to the amount of real power the PV system needs to supply in order

to maintain the DC bus voltage at the reference value (V∗
dcbus). V∗

d and V∗
q are then

transformed with the grid phase angle to produce the reference voltage waveform

(V∗
abc) used to generate the PWM pulses.

3.4 BESS

The battery is connected to the grid through its own inverter as shown in Fig. 3.1,

since BESS units are usually deployed at a separate locations from the PV system.

Battery energy storage systems have been primarily used for frequency regulation and

45



load shedding applications as described in [63]. In this approach, the BESS is only

used for real power transfer. The battery discharges power to the grid to supply the

power deficit from the PV if its SOC is above minimum, and charges from the grid

when the PV array is producing excess power with battery SOC is below maximum

[64]. The modeled battery side inverter has a grid voltage oriented control similar to

that of the PV array. In this case, the active current reference (I∗qrefb) is controlled

such that the summation of the PV system (Ppv) and battery (Pb) real power output

is maintained at a specified reference value(P ∗
ref ) and the reactive current component

(I∗drefb) is used to ensure that the reactive power (Qb) output is maintained at its

reference value (Q∗
ref ),

I∗qrefb = [Pref − (Ppv + Pb)] ∗
(
Kp +

1

Ki

)
, (3.2)

I∗drefb = (Qref −Qb) ∗
(
Kp +

1

Ki

)
. (3.3)

The 3-phase current from the battery inverter is transformed to the d-q frame

where the q-axis and d-axis current components are used to control the active power

and reactive power flow respectively. The PI controller for battery discharge current

is used to ensure that the sum of the real power produced by the battery and PV is

maintained at a specified reference value as shown in Fig. 3.7, such that the battery

only supplies the amount of real power lost during shading of the PV panels as long
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Figure 3.7: Control diagram for BESS reference current components. Iqbref and Idbref
are fed to an inner controller to generate voltage reference, which is subsequently used
to produce inverter gating signals.

as the terminal voltage of the battery is above the battery voltage that represents the

minimum state of charge. While the PI controller for charging produces a negative

real power current reference corresponding to the amount of power required to increase

the battery terminal voltage to a value that represents the maximum state of charge.

The reactive power reference (I∗drefb) for this design was maintained at zero so that

the battery does not supply reactive power, this component can also be varied such

that the battery inverter compensates for the inductive loads in the system.

3.5 Modified IEEE 14 Bus Test System

The IEEE 14 bus system represents a portion of the American electric power

system in the Midwestern US, which is widely accepted by researchers to implement
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new ideas and concepts in power system engineering related to short circuit analysis,

load flow studies, and grid interconnection problems [65]. The system consists of 14

buses, 11 loads and 5 generators of which 3 are synchronous condensers and one slack

bus. The Manitoba HVDC research center model of the IEEE 14 bus system, which

has the parameters listed in Table 3.4 was adopted in the current study.

In the modified IEEE 14 bus system, the 3-phase voltage supply at bus no. 2

is replaced with the designed 10MW PV system connected in parallel to a 100MVA

synchronous generator as shown in Fig. 3.8 [7]. Since the PV power rating is only a

fraction of the generator ratings, the PV and generator will supply the total amount

of power needed by the connected load. In a case of complete shading of the PV array

the parallel synchronous generator steps up its output power to supply the connected

loads when the battery has a state of charge below minimum. This system can also be

integrated such that the PV supplies all the power required by the loads connected to

the bus, in such design the PV system will solely supply its rated power during the day,

At night when the PV system is not supplying power, automatic generator control

is used to divide the load among the connected generators for optimum economic

dispatch.
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Figure 3.8: Modified IEEE 14 bus system considered in the current study with the
PV source supplying part of the power at bus no. 2.

Table 3.2: Terminal conditions of IEEE 14-bus system with 100 MVA base [7].

Bus V [kV] δ [deg] P [pu] Q [pu]

1 146.28 0.0000 2.3239 -0.1655
2 144.21 -4.9826 0.4000 0.4356
3 139.38 -12.7250 0.0000 0.2508
6 147.66 -14.2209 0.0000 0.1273
8 150.42 -13.3596 0.0000 0.1762
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Table 3.3: Transmission line characteristics of IEEE 14-bus system [7].

Line
R [pu/m] X [pu/m] B [pu/m]

from bus to bus

1 2 1.94E-07 5.92E-07 5.28E-07
1 5 5.40E-07 2.23E-06 4.92E-07
2 3 4.70E-07 1.98E-06 4.38E-07
2 4 5.81E-07 1.76E-06 3.40E-07
2 5 5.70E-07 1.74E-06 3.46E-07
3 4 6.70E-07 1.71E-06 1.28E-07
4 5 1.34E-07 4.21E-07 1.00E-09
6 11 9.50E-07 1.99E-06 1.00E-09
6 12 1.23E-06 2.56E-06 1.00E-09
6 13 6.62E-07 1.30E-06 1.00E-09
7 8 1.00E-09 1.76E-06 1.00E-09
7 9 1.00E-09 1.10E-06 1.00E-09
9 10 3.18E-07 8.45E-07 1.00E-09
9 14 1.27E-06 2.70E-06 1.00E-09
10 11 8.21E-07 1.92E-06 1.00E-09
12 13 2.21E-06 2.00E-06 1.00E-09
13 14 1.71E-06 3.48E-06 1.00E-09

Table 3.4: Load characteristics of IEEE 14-bus system [7].

Bus P [pu] Q [pu]

2 0.217 0.127
3 0.942 0.190
4 0.478 -0.039
5 0.076 0.016
6 0.112 0.075
9 0.295 0.166
10 0.090 0.058
11 0.035 0.018
12 0.061 0.016
13 0.135 0.058
14 0.149 0.050
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3.6 Simulation Results and Discussion

A single unit of the PV system with BESS is modeled and simulated in PSCAD

environment as illustrated in Fig. 3.2 with a simulation time step of 5µs. In this

scenario, the PV inverter maintains the DC bus voltage at 0.6kV (Fig. 3.12) while

transferring the PV array power to the grid at unity power factor (Fig. 3.10). Battery

energy storage system is used to limit the output power of the system at 0.7MW,

making it charge when the PV array power is above reference and discharge when

below. At 12s simulation time the PV array is suddenly shaded and its irradiance

is reduced from 1000W/m2 to 500W/m2 for 10s to illustrate a passing cloud. The

change in PV array irradiance leads to a sudden decrease in the DC bus voltage

following which, the PV inverter reduces its real power reference current component

to compensate for the shading and vice versa for the increase in irradiance (Fig.

3.13). When the PV array is suddenly shaded, the array terminal voltage sharply

moves away from the MPP before the MPPT controller adjusts its duty ratio so that

the array is back at MPP (Fig. 3.9 and 3.11).

To simulate the relationship of the entire system with the grid, multiple units

connected in parallel were connected to the IEEE 14 bus no. 2 (Fig 3.8). At 15s

simulation time, the PV array irradiance is suddenly reduce from 1000W/m2 to 0

leading to a transient reduction in the bus frequency (Fig. 3.20) before the adjacent

synchronous generator steps up its real power output to supply the power deficit from
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Figure 3.9: PV DC Power. Reduction in irradiance leads to decrease in PV output
current making the PV DC power alternate with respect to changes in irradiance.

Figure 3.10: PV AC power output at unity power factor irrespective of changes in
array irradiance.

52



Figure 3.11: PV array MPPT reference and terminal voltage. With changes in irra-
diance, DC-DC converter ensures that the PV array still operates at MPPT.

Figure 3.12: The control loop maintains the DC link voltage at 0.6kV by regulating
the q-axis current component.
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Figure 3.13: Inverter actual and reference current components. I∗d is maintained at
0 so that reactive current component is zero and I∗q is regulated to maintain the PV
DC bus voltage at reference value

Figure 3.14: BESS real power output. At 1000W/m2 the PV system is supplying
excess power allowing the BESS to charge, when array is suddenly shaded, BESS
changes from charging to discharging mode to supply the power deficit.
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(a) (b)

Figure 3.15: (a) Inverter input current and, (b) zoomed representation. The inverter
input current is discontinuous due to high frequency switching of inverter switches
and its maximum current reduces with decrease in the amount of PV irradiance

(a) (b)

Figure 3.16: (a) PV system output current and, (b) zoomed representation . When
PV array irradiance reduces, I∗q reduces so that DC link voltage is maintained at
reference value.
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Figure 3.17: Grid voltage. Grid voltage is maintained constant with changes in PV
irradiance.

the PV and maintain the bus voltage at reference value of 60Hz (Fig. 3.21). In this

case, the adjacent synchronous generator can comfortably supply the power deficit

since its rated for 100MW while the PV system is rated for 10MW.

3.7 Summary

This chapter discusses the layout of a multi-megawatt grid connected battery inte-

grated PV system connected to the standard IEEE 14 bus with the entire model built

in PSCAD, which is a tool typically employed for power system transient analysis.

The system consists of several sections, each with their own PV array, DC-DC and

DC-AC converters. These sections are connected in parallel. The inverters of adja-

cent sections may be connected in cascade to obtain a multilevel voltage waveform,
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Figure 3.18: PV system and synchronous generator real power output (Sbase =
100MW). Adjacent synchronous generator increases its turbine mechanical power to
supply power lost from PV.

Figure 3.19: Generator output current increases when PV is being shaded to supply
the power deficit.
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Figure 3.20: Modified IEEE 14 bus no 2 frequency. The sudden loss of PV power
leads to a transient in the bus voltage frequency before the generator power increases
to supply the power deficit and maintain the frequency at 60Hz.

Figure 3.21: Bus no 2 RMS voltage. The bus voltage is maintained within acceptable
limit throughout the transient (Vbase = 138kV).
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thereby reducing the filter requirement. Grid voltage oriented control is used for the

grid side inverters, allowing independent control of active and reactive power. The

battery is connected to the grid via its own inverter. It is controlled to supply power

to the grid when the PV panel is shaded.
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Chapter 4

Solar PV Pumping System with
Capacity Modulation and Battery
Voltage Support

This chapter introduces a method of expanding the capacity of an existing irriga-

tion farm with additional pumps powered by photovoltaics and a method of achieving

capacity modulation with the multiple pumps connected to the PV system by ener-

gizing the minimum amount of pumps required to meet a particular load demand.

4.1 Introduction

Investment in renewable energy is increasing with the advent of global warming.

Solar energy seems to be the most attractive form of renewable energy since it can

meet most power requirements and is scalable from small residential to multi-MW

installations. Pumping systems are generally employed for fluid distribution in both
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large-scale and small-scale farm irrigation systems and companies including World-

Water & Solar Technologies Corp. have invested in the use of multi-megawatt PV

system to power large irrigation farm systems [66]. Since the amount of water re-

quired by agricultural crops varies depending on the season of the year where summer

sees the largest, irrigation pumping system are rarely operated at full capacity.

Some of the literature existing regarding PV and pumping systems have focused

on the method used for maximum power point tracking (MPPT) and the type of DC-

DC converter used for the tracking [67–71]. Authors of [72, 73] propose the use of DC

pumps connected to the PV array to eliminate the use of an inverter, some powered the

pumps using induction motors [74–78] and brushless DC motors (BLDC). Different

control strategies have been proposed for the control of the connected motors [79–86].

The DC link voltage of the connected BLDC motor was varied in order to regulate

the pump speed in [87] and, [75, 88] proposed a drive for a 2-phase induction motor.

The increased operation and maintenance cost due to the presence of commutator

and brush gears has been the major disadvantage of DC motors connected to PV

systems [89].

The proposed system consists of multiple permanent magnet synchronous motor

(PMSM) driven pumps connected in parallel to a common DC bus through speed

controlled voltages source inverter(VSI), these pumps are primarily energized by an

array of PV modules connected to the common DC bus through a DC-DC converter
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used for MPPT. A BESS is connected to the DC bus for voltage support and to

ensure system stability when the power required by the pump at a reference speed

is more than the power available from the PV array. The grid is connected to the

DC bus through a bidirectional AC-DC converter used to supply power to the pumps

when the battery state of charge is below the minimum and supplies excess power

to the grid when battery state of charge (SOC) is above the maximum. To achieve

capacity modulation similar to that of air conditioning system introduced in [90],

only the minimum amount of pumps required to meet a specified load demand are

energized instead of having all pumps operate at fractions of the rated power. This

chapter introduces a method of connecting multiple pumping system for capacity

modulation to a multi-megawatt PV system with battery voltage support and possible

grid interconnection.

4.2 System Configuration

The block diagram describing how an array of PMSM driven pumps connected

in parallel are interfaced via a DC-AC converter to a common DC bus energized by

a combination of PV array, BESS and the grid is shown in Fig. 4.1. This system

can be operated in different modes: (1) When the amount of power from the PV is

sufficient to energize all the pumps required for operation, the BESS and the grid

are isolated from the DC link, (2) When the PV power is insufficient to energize
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Figure 4.1: System overview showing how existing pumping system connected to the
grid can be expanded with multiple PMSM driven pumps for capacity modulation
powered by solar PV. The grid in this system is used to maintain DC bus when
battery is unavailable due to SOC constraints and V(mmpt) is the MPPT voltage at
1000W/m2 with 25oC cell temperature
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the required pumps, deficit power is absorbed from the BESS if its SOC is above

minimum otherwise the needed power is taken from the grid, (3) When PV power is

excess, the battery charges from the DC bus if its state of charge is below maximum

otherwise, the excess power is transferred to the grid.

4.2.1 PV array

The PV cell model provided in PSCADTM/EMTDCTM is based on the Norton

equivalent circuit which is one of many PV equivalent circuit models. The output

current (I) of the PV array is given in Equation 3.1.

In order to meet power electronics conditioning requirements, PV modules are

typically connected in series so their individual voltages add up. In this design, the

PV array is made up of 40 PV modules connected in series and 80 module strings in

parallel. Each PV module is designed to have an open circuit voltage of 46.75V and

short circuit current of 9.04A. At 1000W/m2 solar irradiance and 25oC cell temper-

ature, each module is capable of providing maximum DC power of 316.5W at 37.4V

terminal voltage. To increase the PV system capacity, multiple PV array can be

connected in parallel via individual DC-DC converter for MPPT to the DC bus [91].

4.2.2 BESS

When the amount of power required by the connected pumps is above the power

from PV array, the inverter control reaches an unstable condition if BESS is absent,
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since the q-axis reference current component (i∗q) keeps increasing till the DC link is

short-circuited. In this approach, the BESS whose terminal voltage is 0.5kV main-

tains the DC link voltage at reference value (1kV) by supplying the power deficit or

absorbing excess power from the PV via DC-DC converter. The output voltage of

the battery model used in PSCAD is described in (4.1).

E = E0 −K.
1

SOC
+ A.e−B.Q(1−SOC), (4.1)

where E is no-load voltage, E0 is battery constant voltage, K is polarization voltage,

Q is battery capacity, A is exponential zone amplitude, B is exponential zone time

constant inverse and SOC is the battery state of charge.

4.2.3 Pump system

The induction motor pumps directly connected to the grid represents the existing

pumping system used to meet the base load while the PMSM driven pumps with

variable speed control, energized by the PV system are the pumps used for expanding

the capacity of the irrigation farm. Each PMSM is rated for 0.2MVA, 0.69kV at 60Hz

and modeled such that the per unit load torque is the square of the per unit operating

speed so it represents a pump. The voltage equations for the main stator windings

of the machine in the dq0 reference frame is given in Equation (2.15). The multiple

pumps can also be replaced by a single pump to achieve capacity modulation through

reference speed variation of the high power rated pump which might be complex and
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expensive to design since it requires high efficiency over all speed.

4.3 Design Considerations

This system proposes a method for 100% capacity expansion of an irrigation farm

pumping system. It is common to use multiple pumps in large farm irrigation pumping

system for reachability, multiple access point to underground water, reliability and

ease during maintenance. Also, a complex layout is required to design a single high

rated pump with a flat efficiency over all speeds. Multiple inverters are used to achieve

independent control of each pumps using a rotor positioning device embedded in the

PMSM. The connected pumps are rated for 0.2MVA each with 0.69kV rated line to

line voltage (VLL). The minimum DC link voltage (VDC) is calculated using:

VDC =
3
√

2

π
VLL = 1.351 ∗ 690V = 932.19V, (4.2)

since the minimum DC link voltage is 932.19, the system is designed with a DC link

reference of 1kV.

In a system where the PV array is directly connected to the pump inverter with-

out a DC-DC converter, the system fails to operate when the power available from

the PV is lower than the power required by the load if the reference active current

component(I∗q ) is obtained from the speed loop. This is because I∗q keeps increasing

so the pump operates at reference, which forces the PV array to supply its maxi-

mum current at zero voltage (short-circuit). With DC-DC converter for MPPT, the
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PV array output is maintained at MPP irrespective of the current demand of the

pump. Instead, I∗q reference becomes saturated making the current non-sinusoidal

and produces and unstable torque.

Variable solution time step solvers have the ability to automatically use large

time-steps for small frequency signals and small time-step for high frequency signals.

The PSCADTM/EMTDCTM software on the other hand utilizes a constant time

step solver, which uses constant time-step throughout its entire simulation and in-

terpolates the system response in between time-steps, making it less accurate when

signal’s frequency is greater than the solver’s frequency. To increase the simulation

accuracy solution time-step smaller whose frequency is greater than the highest fre-

quency response in the system was chosen.

4.4 Proposed System Control

4.4.1 DC-DC converters

Increase in solar irradiance leads to increase in output current of a PV module

while increasing its cell temperature decreases its output voltage. The maximum

available power of a PV depends on its electrical properties and the atmospheric

condition at the installation location while the operating point depends on the load

connected to it. In order to ensure that the system PV array is constantly operating

at its maximum power point (MPP), a buck converter is used to vary the magnitude
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of the impedance seen by the PV so it operates at its MPP. In this design, The

PSCADTM/EMTDCTM MPPT block, which is designed based on the incremental

conductance method is used to determine the voltage that corresponds to the MPP

voltage (Vmppt), then a PI controller is used to regulate the duty cycle of the converter

switch so that the PV output voltage is equal to Vmppt. In order to maintain the DC

bus voltage at a constant value of 1kV, the 0.5kV battery is connected to it through

a half-bridge bidirectional DC-DC converter, which can either be operated as a boost

converter to discharge the battery when the DC bus voltage is below reference and

the battery SOC is above minimum or operated as a buck converter to charge the

battery when the DC bus voltage is above reference and the battery SOC is below

maximum.

4.4.2 DC-AC converters

The PMSM driven pumps are connected to the DC bus through a VSI operating

in speed control mode. The reference d-axis and q-axis pump current components (I∗d

& I∗q ) are transformed to abc domain using the rotor position as the transformation

angle to generate the reference 3-phase current (I∗abc), which is compared with the

actual 3-phase pump current (Iabc) by the hysteresis current controller (HCC) to

produce the gating signals for the inverter switches (Fig. 4.3).

The grid connected bidirectional inverter maintains the DC bus voltage when
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(a)

(b)

Figure 4.2: (a) BESS connected to the DC bus through DC-DC converter where switch
S1 is used to regulate the charge current and S2 controls the discharge current, (b)
BESS converter control so that battery supplies the amount of current required to
keep DC link voltage at reference value
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Figure 4.3: PMSM inverter control

the battery is unavailable due to SOC constraints. The q-axis and d-axis current

components are used to control the active and reactive power flow respectively. When

the battery SOC is below minimum and the DC link voltage is below reference, the

breaker is closed and the grid connected inverter absorbs real power from the grid to

return the bus voltage to its reference value or absorb excess power from the PV array

through the common DC bus to maintain the DC link voltage at the reference value

when the battery SOC is above maximum while the bus voltage is above reference.

The grid connected inverter can also be used to supply reactive power to the grid

at night when the PV array is completely shaded and the connected pumps are not

being operated.

4.4.3 Capacity modulation

Just like compressor modulation for air conditioning system, the amount of ener-

gized pumps in an irrigation system can be modulated such that only the minimum
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Figure 4.4: Capacity modulation control

amount of pumps required to meet a specified load demand are energized. In this

design, the percentage load required is multiplied by the number of pumps to be

modulated for wref , which is then connected to pump 1 reference speed (wref1) and

saturated at 1pu. The difference between wref and wref1 is connected to wref2 through

a 1pu saturation block and the difference is also passed to other pumps (Fig. 4.4).

Another method of capacity modulation can be achieved with the minimum amount

of pumps all operated at the same average speed.

4.5 Simulation Results and Discussion

The performance of the proposed system was designed and simulated at 10µs

solution time-step using PSCADTM/ EMTDCTM , with the HCC switching at about

3kHz. The operation of the proposed system was first tested for speed control with

a single pump rated for 0.8MVA instead of the proposed multiple pumps. In this
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Figure 4.5: PV array DC output power. PV array operates at MPP until battery
switches from charging to discharging mode at 40s leading to transient in MPPT
computation.

configuration, the reference speed of the pump was varied from 0.25 to 0.5, 0.75

and 1p.u. at 20, 30 and 40s simulation time respectively. The PV irradiance was

maintained at 600W/m2 throughout the simulation making the PV array DC output

power almost constant (Fig. 4.5). At 40s, the power required to maintain the pump at

the reference speed is more than the PV array can provide, which makes the DC link

voltage reduce below reference (Fig. 4.6) leading to the battery going from charging

to discharge mode to supply the power deficit and return the DC link voltage to its

reference (Fig. 4.7). Other parameters are observed in Fig. 4.8, 4.9, 4.10, 4.11 and

4.13.

It is impossible to have a constant level of irradiance over a long period of time.

Based on the irradiance data collected from [1] and [92], the maximum change in
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Figure 4.6: DC bus voltage. At 40s simulation time, power required to energize the
pump at reference speed is greater than power from the PV array, which lead to drop
in bus voltage before the battery starts to discharge.

Figure 4.7: Battery output current. Battery absorbs the excess energy from the PV
array to maintain the DC link bus voltage at 1kV and supplies power to the DC link
at 40s when the bus voltage is below reference.
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Figure 4.8: Pump torque. With increase in PV reference speed, PMSM torque in-
creases corresponding to the square of the reference speed

Figure 4.9: Pump reactive and real power intake. The single PMSM pump connected
to the system is rated for 0.8MVA and absorbs real and reactive power sufficient to
keep it operating at the reference speed with maximum torque.
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Figure 4.10: PMSM speed. With increase in load demand, PMSM inverter adjust to
increase the pump speed

Figure 4.11: MPPT reference and PV array output voltage. At 40s when the battery
changers from discharging to charging mode, the MPPT adjust its reference so the
PV remains at its MPP
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Figure 4.12: Pump inverter reference active current component. In order to increase
the pump speed, the reference active current component (I∗q ) is also increase.

(a) (b)

Figure 4.13: (a) Pump current and, (b) zoomed representation. With increase in
speed reference, the pump absorbs more current to meet the load demand.
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the irradiance recorded over a period of 5min is below 200W/m2. To illustrate the

worst case scenario, the performance of the PV system is observed when the PV

array is suddenly shaded from 1000W/m2 to 500W/m2 at 7s simulation time for 8s

while the pumps are modulated for 80% load capacity. At 1000W/m2, the PV array

is producing excess amount of power while the battery charges to maintain the DC

link voltage at 1kV (Fig. 4.15, 4.16 ). The battery discharges when the PV array

irradiance is suddenly reduced to 500W/m2 in other to supply the additional power

required to maintain the DC link voltage at the reference value while the PV operates

at its MPP (Fig 4.14).

The operation of the pumps when the percentage load requirement is varied from

25% to 50%, 75%, 80% and 100% is illustrated in Fig. 4.19, 4.18 and 4.17. At 25%

load requirement, pump 1 is operated at 1pu speed to meet the load requirement while

other pumps remain at zero. With every 25% increase in the load, an additional pump

becomes energized to operate at 1pu speed. All connected pumps are operated at 1pu

rated speed when the load requirement is 100% while pump 4 operates at 0.2pu speed

when the load requirement is 80%.

4.6 Summary

A novel approach for capacity modulation for PMSM driven pumping system pow-

ered by PV array with BESS and possibility for grid connection is proposed in this
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Figure 4.14: Reference MPPT and PV array output voltage when irradiance suddenly
drops from 1000W/m2 to 500W/m2 at 7s simulation time for 8s making the duty cycle
of the DC-DC converter change so that the PV sees a load corresponding to its new
maximum power.

Figure 4.15: Battery output current with change in irradiance effect when the PMSM
driven pumps are modulated for 80% load. Irradiance change causes the battery
to switch from charging to discharging to supply deficit power required to keep the
pumps operating at reference speed.
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Figure 4.16: DC output power from PV array. When PV array is suddenly shaded,
transient effect makes the array slightly move away from its MPP for a short period
of time before settling at a new MPP corresponding to the level of solar irradiance.

Figure 4.17: Pump speed when reference load changes from 25% to 50%, 75%, 80%
and 100% at 10s, 20s, 30s and 40s simulation time respectively making the amount
of energized pumps increase to meet speed demand.
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Figure 4.18: Pump electrical torque, which is proportional to the square of the oper-
ating speed of each pump.

Figure 4.19: DC link and reference voltage. BESS charges and discharge to maintain
DC link voltage at reference value even with change in percentage load demand
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chapter with focus on method for capacity expansion for an existing irrigation pump-

ing system. The system was designed and simulated in PSCAD/EMTDC enviroment

to test the operation with variation of PV array solar irradiance, load requirement

and other parameters. The proposed system is not only able to manage the flow of

power from 3 sources to the connected pumps but the DC-AC converter can also be

controlled to supply reactive power to the grid when the PV is completely shaded

and the pumps are turned off. This system is well suited for rural agricultural usage

and allows capacity expansion without dependence on the grid.
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Chapter 5

Conclusions and Future Work

5.1 Conclusions

This thesis focused on several methods for integrating battery energy storage

system (BESS) with multi-megawatt PV systems. The impact of PV penetration

into a modified IEEE 14 bus test system was analyzed. Also, a novel approach

for capacity expansion of an existing irrigation farm with pumps powered by PV

was introduced. The PV array, battery, pumps and power electronic converters and

controls were designed and simulated using PSCADTM/EMTDCTM , which is a tool

typically employed for power system transient analysis. Protection features embedded

in today’s inverters such as anti-islanding was implemented in the inverter controls. In

chapter 1 and 2, research background of relevant topics were reviewed and theoretical

fundamentals as well as different control strategies of PV systems were introduced.

In chapter 3, a significant concept and computer implementation of a multi-

megawatt PV system integrated with BESS was introduced. This PV system was
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divided into several sections with each section having its own DC-DC converter for

MPPT and interfaced to the grid via an inverter and transformer. To avoid circula-

tion current within the multi-megawatt system, sections are connected to the grid via

individual 2 winding transformers or 3-winding transformers to interface two sections

and the grid. The BESS can be installed in a separate location since it is designed

to have its own DC-AC converter, which is used to supply controlled amount of real

and reactive power to the grid.

In chapter 4, a proposed design technique is used to expand the capacity of an

existing irrigation farm with PMSM driven pumps energized by PV and capable of

achieving capacity modulation with minimum dependence on the grid. The voltage

variation concern with DC-link capacitors in conventional PV inverters is eliminated

with a battery energy storage, which charges and discharges power to the DC-link

through a DC-DC converter so it serves as a buffer to eliminate mismatch between

the power available from the PV array and power demand from the load.

5.2 Future Work

The thesis has discussed methods for interconnection of battery energy storage

integrated solar PV sources with the grid along with associated control schemes. With

the increasing penetration of PV, multi-MW PV farms with a large number of PV

units are becoming common. A widely used practice is to interconnect each of these

units to the grid via a power frequency transformer, which performs the dual function
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of galvanic isolation and voltage step-up. The power frequency transformer requires

significant investment in terms of space. The recent availability of high voltage band

gap devices switching at very high frequencies make it possible to replace the power

frequency transformer with a high switching frequency inverter of the conventional or

possibly a novel type followed by a high frequency transformer, leading to a compact

system.

The effect of PV penetration on grid stability has been investigated, and it was

found that with the small relative ratings of the PV system, the threat to stability is

minimal. However, future studies can investigate the effect of the relative PV system

size, and control strategies employed, on the stability, particularly in case of loss of

power from the PV due to shading. In the systems considered, the battery energy

storage system supplies the power deficit in case of shading. Optimal sizing of the

battery energy storage system for reliability and system cost can be investigated.

Further, in case of loss of power from both the PV and battery, an optimum strategy

to identify which generating station would meet the power deficit, based on cost and

reliability consideration can be developed. Another possible area of work may be to

investigate the use of battery integrated PV systems as spinning reserves leading to

savings in operational cost.

The use of PV-battery systems for capacity expansion of irrigation plants has

been explored. Multiple variable speed machine pumps fed from a battery integrated
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PV system also provided capacity modulation. A possible configuration could be to

use a single MW rated variable speed pump, PM or induction, instead of multiple

devices, designed to operate at a flat efficiency over a wide speed range. The design of

such a machine may be an area of future work. Other problems of potential interest

for future investigation may involve controlling the multiple variable speed pumps

using a single inverter, and other system configurations, meeting the objectives of

speed control, and maximum power point tracking with a minimum number power

electronics interfaces.
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