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Supervisor’s Foreword

Electricity generation using Solar Photovoltaic (PV) system is now one of the most
promising sources of energy and is expected to become a major component in most,
if not all, electricity networks across the world. Due to the rapidly falling cost of PV
panels in recent years, solar energy is becoming an attractive source of renewable
energy. However, due to this increasing penetration of solar PV systems in the
utility grid, many utilities are experiencing technical challenges due to their inter-
mittency and lack of system inertia. One of the potential enablers to solve some
of these challenges and to help us transition towards smart grid is PV reactive
power management. That is why this thesis, which gives insights into the
cost-effectiveness and practical implementations of PV reactive power support, is
very timely and relevant. Through this thesis, Okto has analysed the costs and
benefits of reactive power support using PV, both to the PV owner and to the power
system operator. Although many before him have investigated the use of PV
reactive power, none has formulated and quantified the costs as extensively. The
reactive power cost formulations developed in this thesis will allow system engi-
neers to calculate the appropriate remunerations that should be given for reactive
power support from PV, and to compare the performance of PV inverter as a
reactive power compensator with other sources of reactive power currently in use.

The literature review provided in the thesis covers the full spectrum of advan-
tages and technical aspects that act as building blocks in the development of
models, as well as the essential background to help acquire a thorough under-
standing of the issues and challenges. The thesis makes extensive use of mathe-
matical modelling techniques to formulate approximations of power lines, losses
and impact of reactive power on inverters. The use of real weather, load and
electricity market data makes this thesis relevant not only to academics but also to
power system regulators, operators and PV owners. In addition to the theoretical
contributions, this thesis also proposes practical methods and algorithms to optimise
the reactive power dispatch from distributed PV systems.
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This thesis will make an ideal reference for those working in the field of solar
energy, and a valuable learning resource for advanced students undertaking courses
and projects as part of a broader sustainable energy programme.

Singapore, Singapore Prof. Dipti Srinivasan
July 2020



Abstract

As photovoltaic (PV) systems are becoming more widespread as a supplement, or
even replacement, to conventional generators, many researchers have begun util-
ising reactive power from PV inverters to provide benefits to the power system.
However, the economic costs and benefits of the reactive power support, as well as
its practical implementation, have not been analysed in detail. Nevertheless, it is of
utmost importance to evaluate the impacts that PV reactive power support brings to
the PV owners as well as to the power system, so as to prevent costly retrofitting in
the future. Hence, this work aims to quantify the economic and technical impacts of
reactive power provision using PV and to explore practical and effective ways to
optimise the PV reactive power dispatch in the power system. Consequently, this
thesis is divided into two main aspects: (1) the formulation of reactive power cost
from PV and (2) the development of algorithms to optimise reactive power dispatch
efficiently and effectively.

The cost of reactive power from PV has been divided into two components, the
inverter loss and the inverter degradation costs. This work has formulated both
components mathematically, as well as quantified and compared them to other
sources of reactive power using numerous case studies. Through comprehensive
analysis, the feasible range for monetary incentives for PV reactive power support
has been identified. It was noted that although reactive power compensation using
PV is not as economical as switched capacitors (SCs) yet, it will be increasingly so
with higher PV penetration and inverter efficiency in the future. Nevertheless, it was
found that combinations of PV and SC for reactive power provision can be more
technically and economically beneficial than just PV or SC alone.

Two algorithms have also been developed in this thesis. The first one is an
analytical approach to solving optimal reactive power dispatch. The proposed
approach overcomes the weaknesses of mathematical and metaheuristic program-
ming, as it is able to incorporate non-convex cost functions, and is up to a 100 times
faster compared with metaheuristic approaches commonly used in the literature.
The second one is a data-driven local optimisation of global objectives. The pro-
posed method is able to control the reactive power dispatch from PV and other
distributed energy resources and was shown to perform almost as well as
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viii Abstract

centralised optimisation, without any communication and without any information
regarding the grid topology.

Therefore, the power system operator can analyse the benefits of PV reactive
power, determine the appropriate remuneration for the reactive power support and
choose from the two proposed algorithms to optimise the reactive power dispatch
based on its situation. All in all, this research has for the first time comprehensively
quantified and analysed the techno-economic cost and benefits of reactive power
support using PV. Practical methods to implement reactive power dispatch in
distribution systems have also been proposed. The findings and approaches in this
work would then be able to help power system planners and operators in making
sound regulations with regard to reactive power support from PV.
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system

standby loss coefficient of the inverter of the xth PV system
voltage-dependent loss coefficient of the inverter of the xth PV
system

number of EV parking lots in a system

energy capacity of the xth BESS

upper limit of forecasted irradiance falling on the xth PV system in a
distribution system at 70% confidence level

clear sky irradiance

irradiance falling on the xth PV system in a distribution system. In
this book, the irradiance is assumed to be uniform within a
particular distribution system for simplicity, such that the value of
G, is the same for all x

length of time period in [hour]

index for bus/node in a system

RMS AC current flowing through the DC-link capacitors in a PV
inverter

ripple current flowing through the DC-link capacitors in a PV
inverter

PV module short circuit current

PV module current

upper bound current magnitude across the line in a system
current flowing from sending node i

index for bus/node in a system

index for bus/node in a system

lifetime of the DC link capacitors, and hence the inverter, when it is
only used for PPV

lifetime of the DC link capacitors, and hence the inverter, when it is
used for both P*V and QY

estimated lifetime of the DC link capacitors, and hence the inverter
of a particular PV system

reference lifetime of the DC-link capacitors in a PV inverter



Symbols

CAP
Lt

LPV

M
M,
NPV.par
NPV,ser

P
BESS
P x,t

PEV

x,t

P[gn’d
load

P it
loss

P it

loss
Pl

PV70
PX,I

PV
P x,t

PPV

ave

P;

BESS
Px,max

EV
Px,max

PV invloss
Px,max

BESS
Px,min

PV
Px,rated
PBESS,inVloss

x,t

PV invloss
Py,

PR’
0';

BESS
Qs
EV

Qs
grid
t

load
Qi,r

XXiii

expected lifetime of the DC-link capacitors in a PV inverter for a
particular operating condition. The lifetime of all the DC-link
capacitors in an inverter is assumed to be the same for simplicity
lifetime of a PV system

number of PV systems in a system

modulation index of a PV inverter

number of PV strings connected in parallel for a PV system
number of PV modules connected in series in a string

active power flowing across the line from sending node i before the
addition of any DER into the system

charging (positive)/discharging (negative) power of the xth BESS
total charging (positive)/discharging (negative) power of the xth EV
parking lot

active power from the grid

active power load at node i

active power loss on the line from sending node i

total active power loss in the system

upper limit of forecasted active power from the xth PV system at
70% confidence level

active power from the xth PV system

average active power generated by a PV system at each period ¢
over the lifetime of the system, taking into account the reduction of
PR in later years

active power flowing across the line from sending node i
maximum charging power of the xth BESS

maximum charging power of the xth EV parking lot

maximum power loss in the inverter of the xth PV system
maximum discharging power of the xth BESS

power rating at STC of the xth PV system

power loss in the inverter of the xth BESS

power loss in the inverter of the xth PV system

performance ratio of a PV system before taking into account the
inverter losses

reactive power flowing across the line from sending node i before
the addition of any DER into the system

reactive power from the xth BESS

total reactive power from the xth EV parking lot

reactive power from the grid

reactive power load at node i
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Tx,z
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TfCAP,P

CAP
Tref

CAP
Tf

PV
Tx,z

CAP
Vref

CAP
Vt
VINV,AC
VIN V.DC

PV.,0C
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PV
Vl

Symbols

reactive power loss on the line from sending node i

total reactive power loss in the system

reactive power from the xth PV system

reactive power flowing across the line from sending node i

the maximum reactive power that can be generated by PV without
reducing its active power output beyond the additional inverter loss
the maximum reactive power that can be generated by the DERs
without reducing their active power output

series resistance of the DC-link capacitors in a PV inverter
thermal resistance of the DC-link capacitors in a PV inverter

PV module series resistance

effective resistance connecting node i and node j

resistance of the line from sending node i

total apparent power loss in a system

apparent power loss on the line from sending node i

inverter power rating of the xth PV system

inverter power rating of the xth DER

apparent power from the xth BESS

apparent power from the xth PV system

number of time periods in a simulation

index for time period

upper limit of ambient temperature experienced by the xth PV
system in a distribution system at 70% confidence level

ambient temperature experienced by the xth PV system in a
distribution system. In this book, the ambient temperature is
assumed to be uniform within a particular distribution system for
simplicity, such that the value of T7, is the same for all x
operating temperature of the DC link capacitors in a PV inverter,
when it is only used for PFY

temperature rating of the DC-link capacitors in a PV inverter
operating temperature of the DC-link capacitors in a PV inverter
solar cell temperature of the xth PV system. All the solar cells in a
PV system is assumed to have the same temperature for simplicity
voltage rating of the DC-link capacitors in a PV inverter
operating voltage of the DC-link capacitors in a PV inverter
line-to-line RMS AC output voltage of a PV inverte

rated DC voltage of a PV inverter

PV module open circuit voltage

PV module voltage



Symbols

V max
Vmin
Vref
Vi
V;r’lteas
Ve
X

=

ij
Xi

XXV

upper bound voltage magnitude of the nodes in a system

lower bound voltage magnitude of the nodes in a system
reference voltage magnitude in a system, usually taken as 1.0 p.u.
voltage at node i

measured voltage at the node where the xth PV system is located

predicted voltage at the node where the xth PV system is located

superscript denoting that the quantity is associated to DERs (either
BESS, EV parking lot, PV system, or SC)

index for PV and other DERs in a system

effective reactance connecting node i and node j

reactance of the line from sending node i
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