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Abstract
Distributed generation (DG) emerged as a solution for the energy challenge, eliminating the
cost, complexity and inefficiencies with transmission and distribution. Renewable Energy Sources
(RES), as the photovoltaic and wind, have probabilistic nature. Therefore, the increasing penetration
of these DGs into microgrids can affect the stability of the electrical grid.
An effective energy storage device, such as a BESS, is able to offer to the network many
advantages, both in power quality applications and in energy management.
A Power Conversion Systems (PCS) is responsible for the interface between the DC side and
the AC side of a BESS, i.e. between the battery subsystem and the Point of Common Coupling (PCC).
When performing power system stability studies using a BESS its relevance among the system
components leads to the necessity of a PCS model. Thus a current-mode control in dq-frame of a
VSC system made possible the control of the real and reactive power in a BESS.
Finally, the PCS model was used to simulate the connection of a battery model, developed in
another dissertation work, with an AC load.
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Resumo
A geração distribuída emergiu como uma solução para o desafio energético, eliminando o
custo, complexidade e ineficiências com transmissão e distribuição de energia. Fontes de Energia
Renovável, tal como a fotovoltaica e a eólica, têm natureza probabilística. Assim, o aumento da
penetração da geração distribuída nas microrredes pode afectar a estabilidade da rede eléctrica.
Um dispositivo de armazenamento de energia eficaz, tal como os Battery Energy Storage
System (BESS), tem a capacidade de fornecer à rede diversas vantagens tanto em qualidade de
energia como em gestão da mesma.
O Sistema de Conversão de Potência (PCS) é responsável pela interface entre o lado DC e o
lado AC de um BESS, ou seja entre o sistema de baterias e o ponto de ligação à carga. De forma a
fazer estudos de estabilidade transitória com um BESS, a sua importância do PCS no sistema leva à
necessidade da criação de um modelo característico. Foi assim usado um modo de controlo em
corrente em dq-frame, que tornou possível o controlo bidireccional e independente da potência activa
e reactiva no PCS de um BESS.
Finalmente o modelo do PCS foi usado para testar a ligação de uma bateria modelada noutra
dissertação de mestrado a uma carga RL.

Palavras-chave
BESS, Sistemas de Conversão de Potência, Controlo de Potência, Qualidade de Energia, Sistemas
de Estabilidade Transitória
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1. Introduction
1.1 Context and motivation
The world’s energy consumption has increased over the years and the expectation is for this
behavior to continue (Figure 1.1). In the past decades, there has been an increased awareness of the
harmful effects caused by CO2 emissions on the sustainability of the environment. Therefore, a new
challenge has arisen: to maintain economic growth whist providing energy security and environmental
protection [1].

Figure 1.1- World Energy Consumption- History and Projections [2]

Accordingly, on-site small-scale electricity generation, also called distributed generation (DG),
emerged as a solution for the energy challenge, eliminating the cost, complexity, interdependencies
and inefficiencies with transmission and distribution [2].
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An important form of DG is the grid connection of Renewable Energy Sources (RES). RES, as
PV and wind, have probabilistic nature, so its output is intermittent and fluctuates. The increasing
penetration of these DGs into microgrids can affect the stability of the electrical grid [3]. Thereby,
several problems emerge, such as frequency and voltage oscillations or the need of having enough
fast-acting spinning reserve available. [4]
One of the methods to minimize these problems is through usage of energy storage devices,
such as battery energy storage systems (BESS). These are capable of providing the microgrid with
active and reactive power simultaneously, providing the required energy security level. These devices
have high power and energy density with great conversion efficiency and are able to respond fast in
the four quadrants.
Power conversion and control play an important role in the BESS. The Power Conversion
System (PCS) of a BESS can seriously impact the performance and lifetime of the system. Therefore,
the need of studies of the role of PCS in the BESS arises. In this dissertation a PCS model for BESS
applications will be developed. This is a good opportunity to work on an interesting and relevant
subject of our times

1.2 Objectives
The main objective of this dissertation is to develop a model of a Power Conversion System
(PCS) for a BESS.
The PCS must be able to interface a DC storage system with an AC load. Additionally, the
PCS must be able to control the real and reactive power exchanged at the Point of Common Coupling
(PCC) with the AC load. It must allow a bidirectional flow of power, operating either as a rectifier or as
an inverter. The PCS must be implemented in MATLAB and must permit the separate control of real
and reactive power.
The final objective is to propose a model of a BESS composed of the designed PCS and of
the battery model of [5] and to test its performance, when connected with an AC load, in MATLAB.

1.3 Contents
This thesis consists of 6 main chapters and references. Its contents are described as follows.
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Chapter 1 provides the context and the motivation for the realization of this work.
Chapter 2 addresses the types of energy storage. It focuses on the BESS, on its components
and grid applications.
Chapter 3 provides a theoretical basis on power conversion systems, focusing on the Voltage
Source Converters (VSC) configurations, and on VSC control strategies.
In Chapter 4 a PCS model is designed and simulated.
In Chapter 5 a BESS model, composed by the PCS developed in this thesis and by a battery
model from a previous thesis, is simulated when connected with an AC RL load.
Chapter 6 focus on the conclusions drawn from this thesis and proposes future work themes.

3
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2. Energy storage
Energy storage systems can provide flexible energy management solutions that can improve
the output power quality of RES [6]. Its ability to storage energy at low demand times and then to use
it at peak times without the need for additional generation is a great advantage [7]. There are several
types of energy storage, of which BESS is an important one. The BESS can be useful on all phases of
power transmission systems: generation, transmission and distribution.

2.1 Types of energy storage
Several configurations and control strategies for hybrid energy storage systems have been
proposed in the past decades. Those can be divided into two categories: the non-electrical and the
electrical energy storage devices. The former, such as Pumped-hydro, Compressed-air and flywheel
energy systems, convert thermal or kinetic energy into electrical while the latter include BESS and the
capacitors [7].
The different types of energy storage will be discussed below. Devices that operate be
converting other form of energy into electrical energy are:

2.1.1 Pumped hydro
It is the lowest cost energy storage system and one of the most common, with the world’s total
hydroelectric storage generating capacity being over 100 GW in 2009 [8].
In a hydroelectric dam electricity is created on water cascading down through a turbine. In
order to store energy for a posterior use, pumps can be used to elevate water into a pool uphill. This
way, during periods of high electricity demand, power is generated by releasing the water through
turbines. When the energy demand is low, the pool may be refilled for later use, using low cost
electricity from the grid [7].

5

Figure 2.1 - Pumped storage diagram [9]

Pumped hydro is reliable, safe and flexible. However there are some problems associated with
it : the need of large monetary investments; the presence of appropriate geography, as large bodies of
water or large variations in height are needed ; negative consequences to the environment due to the
damming of water and changing the water flow. [10]

2.1.2 Flywheels
A flywheel is a mass rotating about an axis. While the technologies above use potential energy
with the purpose of storing energy this one stores energy mechanically in the form of kinetic energy.
The energy required to accelerate the flywheel so it is rotating is achieved by an electric motor. The
energy stored depends on the rotational velocity and moment of inertia of the flywheel. When the
flywheel is required to provide energy to the grid, it is slowed down by means of a decelerating torque.
This way kinetic energy is retrieved to the electric motor, which is now used as a generator.
The main advantages of flywheel storage systems are the high rates of charge and discharge
for many cycles. However, there are disadvantages: besides the high cost of this technology, the high
discharge rates have a bad effect in the energy efficiency, so flywheels are not an adequate device for
long-term energy storage. Also, due to safety issues, it is not clear that large systems are feasible [8].
On the other hand, electrical energy storage devices include:

2.1.3 Capacitors
Electrical energy is stored as surface charge [8]. These devices are able to charge and
discharge almost instantaneously. Long term storage is possible with minimal losses. Different forms
of capacitors include the supercapacitors, double layer capacitors and ultra-capacitors. [7]
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2.1.4 Fuel Cells
These devices are electro-chemical cells that convert a fuel, generally hydrogen, into electrical
energy. They are similar to batteries, as both contain two electrodes, divided by an electrolyte.
However energy is not stored by recharging but rather by external production of the fuel [1].
This technology is very quiet and presents low maintenance. However, hydrogen is not
readily transported. Besides, its transportation in cylinders is inconvenient and liquid hydrogen is very
expensive. Several possibilities arise as a way of supplying hydrogen to stationary fuel cells: the
central manufacture of liquid fuel, like methanol, with easier and safer transportation, which may be
converted back to hydrogen in a reformer; a local water-electrolysis or solar-thermal plant; a gas grid.
Concluding, unless the fuel is obtained from RES rather than from fossil fuels, its contribution to
sustainable energy is minimal.

2.1.5 Batteries
Energy is stored in form of chemical energy. Batteries contain two electrodes, the anode and
the cathode, and the electrolyte, which only allows for the flow of ions, as shown in Figure 2.2.
During the discharging process, when an external load is connected, the electrons flow from
the anode to the cathode. The process is completed in the electrolyte, where anions flow from the
cathode to the anode and the cations make the inverse path. During the charging of a battery, the
opposite occurs: the electrons flow from the cathode to the anode and in the electrolyte the anions
flow to the cathode and the cations to the anode.

Figure 2.2 - Rechargeable battery diagram convention [11]

Nowadays batteries are the best option for small-medium storage of electricity. The most
promising types are the lead-acid, alkaline nickel oxide, flow batteries and sodium-nickel-chloride.
7

From among that group, only the lead-acid is an economical viable option, thus being the most
common.

2.2 Battery Energy Storage Systems
The interest in this application has been lasting. However the BESS technology had not
matured enough to gain interest among transmission system operators. This is changing, as a new
generation of BESS arises. It uses Li-ion batteries and state-of-the-art power electronics converter
topologies and control techniques.
A BESS, represented in Figure 2.3, is composed of a DC battery subsystem, a Power
Conversion System, and a coupling transformer.
The battery subsystem is composed of battery containers and of Battery Management
Systems (BMS). Each container contains modules of battery cells (Figure 2.4) that are responsible for
the energy storage. The BMS performs the necessary measurements (voltage, current, temperature)
to manage the batteries, in order to increase the safety of the system;
The Power Conversion System is composed of an electronic bi-directional converter and of a
control system. It acts as a rectifier when the batteries are charging, converting AC to DC current, and
acts as an inverter during the supplying of energy to the grid, converting DC to AC current.
Due to the low voltage in the battery array, a coupling transformer connects the battery
system to the grid.

Figure 2.3- Battery Energy Storage System Components [11]
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Figure 2.4- Hierarchy of the Battery Solution [12]

2.3 Applications of the Battery Energy Storage Systems
RES are smaller than conventional power stations. Its capacity ranges from a few megawatts
to kilowatts or less. Furthermore, RES are widely distributed. BESS can be useful both in the larger
wind farms that feed into the electricity grid as in the small installations that supply communities such
as farms, individual buildings or offices. While in the former massive, mega-watt sized batteries are
required, in the latter the battery storage is simpler. Thereby, as can be seen in Figure 2.5, BESS can
be useful in all phases of the electric power system: generation, transmission and distribution.

Figure 2.5 - Locations of application of energy storage systems [12]

The different applications of BESS are explained next:

2.3.1 Capacity firming
The variable output from a renewable generation station, such as a wind or PV farm, can be
maintained at a constant level for a given period of time. A storage system like a BESS can be used to
smooth the output of the source and to control the ramp rate (MW/min), eliminating rapid voltage and
power changes on the grid, as can be seen in Figure 2.6.
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Figure 2.6 - a) RES generated power b) BESS behaviour [12]

2.3.2 Load leveling
When the level of the load is low compared to the generation, the BESS absorbs power,
charging the batteries. That power is supplied to the grid during periods of high demand. This way, the
load on the less economic generation facilities is decreased, reducing the generation capacity needed.

Figure 2.7 - a) Power in the load b) BESS behaviour [12]
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2.3.3 Peak shaving
Peak shaving installations are more often a concern of the electricity consumer rather than of
the utility. The principle of operation of peak shaving is similar to load leveling. However, the purpose
here is to reduce peak demand.
By using a BESS, the installation of peak-responding capacities can be avoided. Thus, utilities
are able to reduce the operational cost of power generation during high-demand periods. Also the
consumers have economic benefits, saving on electricity bills.

Figure 2.8 -a) Scheduled power consumption b) Energy stored in the BESS [12]

2.3.4 Congestion relief
With the increase of renewable penetration, grids are being asked to transmit unpredictable
generation at their full capacity. These grids were designed for simple distribution, so some outputs
begin to reach power limitation at critical nodes.
With the addition of a BESS, a generation limit can be fixed. When demand is higher than the
limit, the BESS can supply power to the grid, thus answering the actual demand. When generation is
higher than the demand, the BESS is able to absorb power charging the batteries (Figure 2.9).
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Figure 2.9- a) Power scheduled vs. actual power at node b) BESS behaviour [13]

By using a BESS, operators can avoid curtailment and replacement generation, solving grid
congestion. Additionally, savings can be achieved by postponing the upgrades to the transmission and
distribution system. Consumers also benefit from it as electricity bills decrease with peak shaving. [13]

2.3.5 Frequency control
In order to improve power system frequency stability, steam or combustion engines are the
most common technologies in Energy Systems. These technologies are ramp-limited, as they are not
capable of quickly respond to the operator dispatch signal. BESS, on the other hand, are able to
adjust the energy output almost instantaneously [14]. (Figure 2.10)

Figure 2.10 - a) Grid frequency variation b) BESS behaviour [12]
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2.3.6 Ramp rate control
As seen before, renewable energies have a probabilistic nature. Therefore, there are
fluctuations in its output, which can have a bad effect on the system stability.
Usually, grid operators impose strict ramp limits. An energy storage system, like the BESS, is
able to instantly release or absorb power when the source output suddenly changes. This way a
smoothed output is obtained, with ramp rates within the limit, as can be seen in the Figure 2.11 [15].

Figure 2.11 - Original vs Smoothed Output [16]

2.3.7 Power Quality
Power quality refers to the amplitude, frequency and distortion of the supply system. BESS
are important in protecting the loads from short-duration disturbances that affect the quality of the
delivered power. As can be seen in the Figure 2.12, the BESS, by supplying power to the grid, is able
to eliminate the effect of a short disturbance.
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Figure 2.12 - a) Supply power b) BESS behaviour [12]

2.3.8 Spinning reserve
In order for the storage system to respond to a generation or transmission outage, the energy
storage system is maintained at a specific level of charge.
While the back-up generator is started, the BESS, by responding within milliseconds or
minutes, can keep the network continuity (Figure 2.13). This way, the generators can operate at
optimum power output, without keeping some inactive capacity for spinning reserves. Besides, it can
substitute back-up generators that are running idle.

Figure 2.13- a) Frequency variation b) BESS behaviour
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3. Power conversion
3.1 Overview

Due to advancements in power semiconductor and microelectronics technologies, the
application of power-electronic converters in power systems has gained sustainably more attention in
the past two decades.
A power-electronic converter consists of a power circuit- which can be composed of a variety
of configurations of power switches and passive components- and a control/protection system. The
gating between the two is through gating signals, switching and feedback control signals.
The main function of a converter is to facilitate the exchange of energy between subsystems
that have different attributes such as voltage/current waveforms, frequency, phase angle and number
of phases and therefore cannot be directly interfaced with each other.
Converters are generally classified according to their electrical input and output. Thereby, a
DC/AC converter, also called inverter, interfaces a DC subsystem to an AC subsystem, whereas an
AC/DC converter, also known as rectifier, interfaces an AC to a DC subsystem. The DC/DC converter
and the AC/AC, converter also referred as DC or AC converters respectively, interface two
subsystems of the same electrical type. Some classes of AC/DC converters are able to operate either
as a rectifier or as an inverter, depending on the direction of the power flow and so are known as
bidirectional converters.
The connection between the converter and the control/protection scheme is established
through gate signals sent for semiconductor switches and through gate signals. Thereby, the transfer
of energy is accomplished through proper switching of the semiconductor switches by the control
scheme, based on the global desired performance, the supervisory commands and the feedback from
several system variables [17].
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3.2 Applications of electronic converters in power
systems
Initially and for a long time, applications of high-power converter systems in electric power
systems were limited to high-voltage DC transmission systems (HVDC) and to the static VAR
compensator (SVC) and electronic excitation of synchronous machines. However, since the late
1980s, the applications in electric power systems, for generation, transmission, distribution and
delivery of electric power have continuously gained more attention. Several reasons have contributed
to that phenomenon: rapid developments in power electronics technology; the availability of various
types of semiconductor switches for high-power applications; advancements in microelectronics
technology that enabled the implementation of sophisticated signal processing and control strategies;
continuous growth in energy demand, resulting in the saturation of the electric power utility
infrastructure, asking for the employment of electronic power devices for stability improvement; the
growth of the RES, which are often interfaced with the electric power system through power electronic
converters.
The predicted future tasks of power-electronic converter systems in power systems consist of:
enhancement of efficiency and reliability of the existing power generation, transmission, distribution
and delivery infrastructure; integration of large-scale RES and storage systems in electric power grids;
integration of distributed energy resources, at sub transmission and distribution voltage levels;
maximization of the depth of penetration of renewable distributed energy resources.
Power electronic converter systems are utilized in electric power systems for:


Active Filtering: The main purpose of a power-electronic-based active filter is to synthesize
and inject or absorb specific current or voltage components, in order to enhance power quality.



Compensation: The objective of a power-electronic static compensator, in a transmission or
distribution line, ranges from increasing the power-transfer capability of the line, to maximize
the efficiency of the power transfer, to enhance voltage and angle stability, to improve power
quality or to fulfill a combination of the aforementioned functions. Numerous static
compensation techniques are known, such as the static synchronous compensator
(STATCOM), the static synchronous series compensator (SSSC), the intertie power flow
controller (IPFC), the unified power flow controller (UPFC) and the semiconductor-controlled
phase shifter.



Power Conditioning: The main function of an electronic power conditioner is to facilitate power
transfer between two electrical or electromechanical subsystems in a controlled manner. The
power conditioner regularly has to assure that specific requisites of subsystems are met, such
as the frequency, voltage magnitude, power factor, and velocity of rotating machines. Several
electronic power conditioning systems are known, such as: the back-to-back HVDC system
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that connect two AC subsystem; the HVDC rectifier or inverter system that transfers electrical
power through a DC tie line between two electrically remote AC subsystems; the AC/DC/AC
converter system that transfers the AC power from a variable-frequency wind-power unit to the
utility grid; the DC/AC converter system that transfers the DC power from a PV solar array,
fuel cell or battery storage unit, to the utility grid [17].

3.3 Power-electronic switches
Power-electronic semiconductor witches, or electronic switches, are the central building blocks
of power-electronic converters. A power electronic switch is a semiconductor mechanism that can
permit or cut off the flow of current through a section of a circuit, by the application of a gating signal,
(or depending on the conditions of the circuit, in case of a diode). Opposed to a mechanical switch, in
which the on/off transition is obtained through a mechanical process, the electronic switch is fast and
intended for continuous switching. Additionally, as it includes no moving parts, the electronic switch
isn´t subjected to loss of lifetime during turn-on and turn-off processes. However an electronic switch
introduces switching and conduction power losses. Although an optimum solution in terms of switching
speed and power losses would be a combination of mechanical and electronic switches, the
development of power semiconductor switches suggest an increasing utilization of electronic switches.
Thus, the maximization of the permissible switching frequencies and the minimization of power
switches losses is the main focus of research and development programs of power semiconductor
switch industry.
The classification of the semiconductor switches determines the characteristics of a powerelectronic converter. There are numerous types of semiconductor switches:


Uncontrollable Switches- The power diode is a two-layer semiconductor device and is
the only uncontrollable switch. It is uncontrollable since the current conduction and
interruption instants are determined by the host electrical circuit; Power diodes are
largely used in power-electronic converter circuits as stand-alone components and as
integral parts of other switches.



Semicontrollable switches- The most common semicontrollable switch is the thyristor.
The instant at which its current conduction starts can be determined by a gating signal
but the current interruption instant is determined by the host electrical circuit, therefore
it is considered semicontrollable. The thyristor has been the elected switch in HVDC
converters.



Fully Controllable Switches- Both the current conduction and interruption instants of a
fully controllable switch can be determined by means of a gating command. The most
common fully controllable switches are:
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-

Metal-Oxide-Semiconductor Field-Effect Transistor (MOSFET): The MOSFET is a
three-layer device. Its current and voltage ratings are limited compared to other
fully controllable switches. Therefore, the application of power MOSFETs is
restricted to rather lower power converters in which the main requirement is a high
switching frequency.

-

Insulated-Gate Bipolar Transistor (IGBT): The IGBT is also a three-layer
semiconductor device. This mechanism has considerably evolved since the early
1990s, in terms of switching frequency, voltage rating and current rating. The
IGBT is used for a vast spectrum of applications in electric power systems.

-

Gate-Turn-Off Thyristor (GTO): The GTO is a four-layer semiconductor device
and can be controlled by external gating signals. This device requires a large and
negative current pulse to turn off, thus the drive scheme necessary is elaborate. In
the late 1980s and early 1990s the GTO was the switch of choice for high-power
applications, but since then the IGBT has gained more interest.

-

Integrated Gate-Commutated Thyristor (IGCT): The IGCT both conceptually and
structurally is a GTO switch with reduced turn-off drive requisites. Additionally, the
IGCT has a lower on-state voltage drop and can be switched faster compared to
the GTO. In recent years this device has gained noticeable attention for highpower converters [17].

3.4 Classification of converters
Power-electronic converters can be classified based on different methods, such as type of
commutation process or terminal voltage and current waveforms.
The commutation process is defined as the transfer of current from one branch of a circuit to
another one, when the switch of one branch turns off while that of the other one turns on. In specific
power-electronic converter configurations, such as the two antiparallel thyristors in the conventional
SVC, switches may not be subjected to the current commutation process, in which case the converter
is referred to as a converter without commutation. However, the majority of the converters belong to
other two classes of converters:


Line-Commutated Converter: For a line-commutated converter, the electrical AC
system imposes the commutation process. So, the commutation process is triggered
by the reversal of the AC voltage polarity. One example of a line-commutated
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converter is the six-pulse thyristor-bridge converter, largely used in HVDC
transmission systems.


Forced-Commutated Converter: For a forced-commutated converter, the transfer of
current between switches is a controlled process. Therefore, either the switches must
have gate-turn-off capability, or the turn-off process must be accomplished by an
auxiliary switch or a capacitor. A forced-commutator converter is of great interest for
power system applications.´

AC/DC converters can also be classified based on voltage and current waveforms at their DC
ports. This way, a current-sourced converter (CSC) is a converter in which the DC-side current keeps
the same polarity, and so the direction of average power flow through the converter is determined by
the polarity of the DC-side voltage. Usually the DC side of a CSC converter is connected in series with
an inductor that maintains the current continuity. The traditional six-pulse thyristor-bridge rectifier is an
example of a CSC. Contrarily, in a voltage-sourced converter (VSC), the DC-side keeps the same
polarity and the direction of the converter average power flow is determined by the polarity of the DCside current. The DC-side terminals of a VSC are usually connected in parallel with a large capacitor,
resembling a voltage source.
The forced-commutated CSC requires bipolar electronic switches. The commercially available
bipolar versions of GTO and IGCT switches either are aimed for very-high powered electronic
converters or are limited in terms of switching speed. On the other hand, the VSC requires reverseconducting switches, such as the IGBT, which are commercially available. Thus, the VSC is the
converter of choice for power system applications, such as the BESS, and will be the focus of the next
subchapter [17].

3.5 Voltage-Sourced Converter (VSC)
3.5.1 Basic Configurations
The full-bridge, single phase, two-level VSC is represented in Figure 3.1. A full-bridge VSC
consists of an upper and a lower switch cell. Each switch cell consists of a fully controllable,
unidirectional switch, connected in antiparallel with a diode. This configuration constitutes a reverseconducting switch that is supplied by the power semiconductor industry in form of commercial IGBT or
IGCT. The DC system that keeps the net voltage of the split capacitor can be a battery unit or DC
source. This configuration is called a two-level converter because the switched AC-side voltage is
either the voltage of node p or the voltage of node n, depending on the switch cell switched on. The
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fundamental component of the AC-system is usually controlled based on a pulse-width modulation
(PWM) technique.
The full-bridge, single-phase, two-level VSC is represented in Figure 3.2. This converter is
obtained if two half-bridge VCSs are connected in parallel through their DC sides. Thus, as can be
seen in Figure 3.2, the AC system can be connected to the AC-side terminals of the two half- bridge
converters. This configuration allows for a more efficient utilization of the DC voltage and switch cells,
since the synthesized AC-voltage of the full-bridge VSC is twice as large compared to the half-bridge
VSC one. The full-bridge VSC is also known as the H-bridge converter.

Figure 3.1- Schematic diagram of the half-bridge, single-phase, two-level VSC [17].

Figure 3.2- Schematic diagram of the full-bridge, single-phase, two-level VSC [17].

The three-phase two-level VSC is represented in Figure 3.3. This configuration is an extension
of the half-bridge VSC of Figure 3.1. In power system applications, the three-phase VSC is usually
interconnected with the AC system through a three-phase transformer, based on a three-wire
connection. When a fourth wire – the neutral wire – is required, the VSC must permit access to the
midpoint of its split DC-side capacitor, or it must be amplified with an extra half-bridge converter.
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Figure 3.3- Schematic diagram of the three-wire, three-phase, two-level VSC [16].

3.5.2 Multimodule VSC Systems
In high-voltage, high-power VCSs the switch cell of Figure 3.1 may not be able to handle the
voltage and current requirements. A solution to this problem may be the series or parallel connection
of the switch cells, forming a switch structure called a valve, represented in Figure 3.4. In most
applications, series-connected switch cells are required to satisfy the voltage requirements. However,
due to practical limitations, such as unequal off-state voltage distribution or unacceptable form factor,
the number of series-connected switch cells within a valve is limited. This way a two-level VSC unit
cannot fulfil every voltage level, and an upper voltage limit is applied.

Figure 3.4- Representations of a valve composed of (a) m parallel-connected switch cells and (b) k
series-connected switch cells [18]

An increase of the maximum permissible voltage limit of a VSC system can be accomplished
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by series connection of three-phase, two-level VSC modules, forming a multimodule VSC. In Figure
3.5 is represented a possible configurations of a n-module VSC, in which the two-level VSC modules
are aggregated by the open-winding transformers to obtain the desired voltage level and waveform for
connection to the AC system. The modularity achieved in the n-module VSC configurations reduces
manufacturing costs, eases maintenance and permits provisions for spare parts.

Figure 3.5- Schematic diagram of a multimodule VSC composed of n two-level VSC module series
with respect to their DC sides [17]

A multimodule converter like the one from Figure 3.5 can be enhanced to reduce the AC-side
voltage harmonic capability of a multipulse configuration, while maintaining its modularity. The
harmonic minimization permits operation of the multimodule converter at low switching frequencies,
thus reducing switching losses and diminishing the need for low-frequency harmonic filters at the
converter AC side [17].

3.5.3 Multilevel VSC Systems
Other solution for a VSC system to accomplish the voltage requisites of a high-power
application is to employ a multilevel voltage synthesis strategy. Several multilevel VSC configurations
are known, such as the H-bridge-based multilevel VSC, the capacitor-clamped multilevel VSC and the
diode-clamped multilevel VSC.
The H-bridge-based VSC, or cascaded H-bridge multilevel VSC, is obtained through series
connection of the H-bridge modules. For this configuration, if real-power exchange is concerned, the
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DC-bus of each H-bridge module must be individually regulated and supplied by an auxiliary converter
system. Therefore the H-bridge-based VSC is unattractive for most power system applications.
The capacitor-clamped multilevel VSC is defined by a large number of relatively large-sized
capacitors. The regulation of the capacitors’ voltage represents one of the technical challenges
associated with this configuration. So, similarly to the H-bridge-based VSC, also this multilevel is not
the switch of choice for power system applications.
The diode-clamped multilevel VSC (DCC) generally avoids the handicaps of the other two
configurations, being considered a promising configuration in power system applications. The threelevel DCC is also known as the neutral-point clamped (NPC) converter, which is widely used in highpower applications. This converter, compared to a two-level VSC, can present lower switching losses,
reduced switch stress levels and less distorted synthesized AC voltage. One essential requisite for
precise operation of the DCC is to keep the voltages of the DC-bus capacitors at their prescribed level
and to impede voltage drifts during the steady-state and steady regimes [17].
Theoretically there are two ways of dealing with the DC capacitor voltage drift of a DCC. The
first approach is to utilize supporting power circuitry. This approach is not appealing for power system
applications because of its high costs and complexity. The second approach is to improve the
converter control strategy, modifying the switching patterns so that the capacitors’ voltages are
regulated at their desired values. Even though this resolution requires a more complex control
strategy, it provides an economically viable and technically elegant solution to the DC-side capacitor
voltage drift phenomenon in DCCs.

Figure 3.6- Schematic Diagram of the three-level DCC [17]
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3.6 Control of DC/AC Half-Bridge Converter
The DC/AC half-bridge converter, represented in Figure 3.1, may be used as a building block
for the three-phase, DC/AC VSC, so the principles of operation of the DC/AC half-bridge converter can
be extrapolated to those of the three-phase VSC.

Figure 3.7- Simplified power circuit diagram of a half-bridge converter [17]

In the Figure 3.7 is represented the power circuit diagram of a half-bridge converter. The
converter is composed of an upper and a lower switch cell, numbered 1 and 4 respectively. Each
switch cell comprises of a fully controllable unidirectional switch (Q1 and Q4) connected in antiparallel
with a diode (D1 and D4). Nodes p and n represent the DC-side terminals of the converter, while the
node t represents the AC side. The half-bridge converter is interfaced with a voltage source, Vs. The
AC-side voltage Vt is a switched waveform containing voltage ripple. Thus, between Vt and Vs there is
an interface reactor that acts as a filter, providing low-ripple AC-side current. The interface reactor is
represented on Figure 3.7 by R, its internal resistance, and by L, its inductance.
The half-bridge converter operates based on the varied switching of Q1 and Q4. The
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commands of Q1 and Q4 are expressed through a pulse-width modulation (PWM) strategy. The PWM
compares a high-frequency periodic triangular waveform, the carrier signal, with a modulating signal.
The carrier signal has a periodic waveform with period T s, and its amplitude oscillates between -1 and
1. The switching instants of Q1 and Q4 are determined by the intersections of the modulating and the
carrier signals. The mechanism that generates PWM gating pulses is represented in Figure 3.8. The
resultant function for each switch is established as:
𝟏, 𝒊𝒇 𝒕𝒉𝒆 𝒔𝒘𝒊𝒕𝒄𝒉 𝒊𝒔 𝒄𝒐𝒎𝒎𝒂𝒏𝒅𝒆𝒅 𝒕𝒐 𝒄𝒐𝒏𝒅𝒖𝒄𝒕
𝒔(𝒕) = {
𝟎, 𝒊𝒇 𝒕𝒉𝒆 𝒔𝒘𝒊𝒕𝒄𝒉 𝒊𝒔 𝒄𝒐𝒎𝒎𝒂𝒏𝒅𝒆𝒅 𝒕𝒐 𝒕𝒖𝒓𝒏 𝒐𝒇𝒇

(3.1)

Figure 3.8- Schematic diagram of the mechanism to generate gating pulse for Q1 and Q4 [17]

When the modulating signal is larger than the carrier signal, a turn-on command is delivered to
Q1 while the turn-on command for Q4 is blocked. Contrarily, when the modulating signal is lower than
the carrier signal, the turn-on command for Q1 is blocked while a turn-on command is issued for Q4.
For a switch to conduct not only it must be commanded to turn-on, but also the current must flow
accordingly to the switch characteristics. In Figure 3.9 (b) and (c) is represented the switching
functions for Q1 and for Q4 concerning the PWM strategy of Figure 3.7. It can be observed that
s1(t)+s4(t)≡1.
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Figure 3.9- Signals based on PWM modulating strategy: a) carrier and modulating signals; b)switching
function of the switch Q1; switching function of the switch Q4 [17]

In Figure 3.7 was presented an averaged model for the half-bridge converter, using idealized
models for the switches. In this subchapter the model is extended to represent a half-bridge converter
with non-ideal switches. This way, the impacts of the intrinsic voltage drops, resistances and switching
transients of the diodes and transistors are accounted for. Thus, in Figure 3.10 is represented the
power circuit diagram of a half-bridge converter with non-ideal switches. For each switch, the on-state
voltage drop and resistance are represented by Vd and ron, respectively.
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Figure 3.10- Simplified power circuit diagram of a half-bridge converter with non-ideal switches [17]

The dynamics of the AC-side current i of the equivalent circuit of Figure 3.10 are expressed
by:

L

𝒅𝒊
+ (𝑹 + 𝒓𝒐𝒏 )𝒊 = 𝑽𝒕 − 𝑽𝒔
𝒅𝒕

(3.2)

Where

𝑽𝒕 =

𝑽𝑫𝑪
𝒎
𝟐

(3.3)

In the equation (3.1) 𝑖 represents the state variable, Vt is the control input and Vs is the
disturbance input of the system. The system output can be the power exchanged with the AC-side,
given by:
𝑷𝒔 = 𝑽𝒔 𝒊
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(3.4)

The control input, based on (3.3), can be controlled by the modulating signal m, to which it is
proportional. It is possible to build a control block diagram of the system described by (3.2) and (3.3),
represented in Figure 3.11.

Figure 3.11- Control Model of the half-bridge converter [17]
The control diagram of Figure 3.11 has the objective of regulating the output i at a predefined
reference value. That can be achieved via the closed-loop system of Figure 3.12. The reference
command, iref, is compared with i, generating the error signal e. The error signal is then processed by
a compensator K(s) resulting in the control signal u, that is then divided by VDC/2 to make up for the
converter voltage gain of Figure 3.11. To ensure that |m|≤1, the output is limited before being
delivered to the PWM signal generator.

Figure 3.12- Control block diagram of the close-loop half-bridge converter system
Feed-forward compensation is also part of the control block diagram of the VSC compensator.
A measure of Vs is obtained from a voltage transducer, with dynamic gain G ff(s), where Gff(0)=1. This
compensation has the impact of eliminating the start-up transient of the converter. Additionally, the
feed-forward compensation decouples dynamics of the converter system from those of the interfaced
AC system. The AC side dynamics may be time varying, uncertain, of high order and nonlinear, thus
the employment of a feed-forward compensator reduces the complexity of the control system.
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3.7 Space Phasors and Two Dimensional Frames
In three-phase VSC systems it is often required the tracking of a sinusoidal command, swiftly
and with small steady-state errors, and to impose rapid changes in amplitude or phase of the
commands. A compensator designed to track a sinusoidal command with a high degree of fidelity is
more elaborate than a compensator for DC command tracking. Therefore, the control design of a
three-phase VSC system is distinctly simplified if the problem of sinusoidal command tracking is
transformed into a problem of DC command tracking.

Figure 3.13- abc, dq and αβ-frame

The two-dimensional frames, composed mainly by the αβ -frame and by the dq-frame,
represented in Figure 3.13 along with the abc-frame, simplify the analysis and control of a VSC
system. Both the αβ-frame and the dq-frame transform the problem of controlling a system of three
half-bridge converters, as is the case with the three-phase VSC, to a problem of two similar
subsystems. Additionally, the dq-frame transforms a sinusoidal command tracking problem to an
equivalent DC command tracking problem. For that reason, proportional-integral (PI) compensators
can be used for the control. Commonly, components of power systems are expressed and studied in
dq-frame. Thus, the representation of VSC systems in the dq-frame facilitates design and analysis
tasks based on methods usually applied for power systems.

The Park transform is a space vector transformation of three-phase time-domain signals from
a stationary coordinate system, abc, to a rotating coordinate system.dq0. The transform applied to
time-domain voltages in the abc frame is as it follows:
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𝐜𝐨𝐬(𝜽)

𝒖𝒅
𝟐
[𝒖𝒒 ] = − 𝐬𝐢𝐧(𝜽)
𝟑
𝒖𝟎
𝟏
[
𝟐

𝟐𝝅
)
𝟑
𝟐𝝅
− 𝐬𝐢𝐧 (𝜽 −
)
𝟑
𝟏
𝟐
𝐜𝐨𝐬 (𝜽 −

𝟐𝝅
)
𝟑
𝒖𝒂
𝟐𝝅
− 𝐬𝐢𝐧 (𝜽 +
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𝟑
𝒖𝒄
𝟏
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𝟐
𝐜𝐨𝐬 (𝜽 +

(3.5)

Where 𝜃 = 𝜔𝑡 + 𝛿 is the angle between the rotating and fixed coordinate system at time t and
𝛿 is the initial phase shift of the voltage. From (3.5) results that for balanced systems the 0-component
is zero. The Park transform represented in (3.5) can be equally applied to the phase currents.
The inverse transformation from the dq0 frame to the abc frame applied to the voltage is:
𝐜𝐨𝐬(𝜽)
− 𝐬𝐢𝐧(𝜽)
𝒖𝒂
𝟐𝝅
𝟐𝝅
𝐜𝐨𝐬 (𝜽 −
) − 𝐬𝐢𝐧 (𝜽 −
)
[ 𝒖𝒃 ] =
𝟑
𝟑
𝒖𝒄
𝟐𝝅
𝟐𝝅
[𝐜𝐨𝐬 (𝜽 + 𝟑 ) − 𝐬𝐢𝐧 (𝜽 + 𝟑 )

𝟏

𝒖𝒅
𝟏 𝒖
[ 𝒒]
𝒖𝟎
𝟏]

(3.6)

The representation of a space phasor in dq-frame is defined by:
⃗⃗ = (𝒇𝒅 + 𝒋𝒇𝒒 )𝒆𝒋𝜺(𝒕)
𝒇

(3.7)

Where fd and fq are the components of vector 𝑓⃗ in a coordinate system rotated by 𝜀(𝑡) with
respect to the αβ-frame. The rotational speed of the dq-frame is the same as that of 𝑓⃗. 𝜀(𝑡) is given by:

𝜺(𝒕) = 𝜺𝟎 + ∫ 𝝎(𝝉) 𝒅𝝉

(3.8)

Where 𝜔(𝑡) is the frequency, and 𝜀0 is a constant.
Under a steady-state, balanced, sinusoidal condition, the apparent power is given by:

𝑺(𝒕) = 𝑷(𝒕) + 𝒋𝑸(𝒕) =

𝟑
⃗⃗(𝒕)𝒊⃗∗ (𝒕)
𝒗
𝟐

(3.9)

Based on 3.7, 𝑣⃗(𝑡) = (𝑣𝑑 + 𝑗𝑣𝑞 )𝑒 𝑗𝜀(𝑡) and 𝑖⃗∗ (𝑡) = (𝑖𝑑 − 𝑗𝑖𝑞 )𝑒 −𝑗𝜀(𝑡) . Therefore, based on 3.9,
the expressions of real and reactive power components of power in dq-frame are given by 3.10 and
3.11.

𝑷(𝒕) =

𝟑
[𝒗 (𝒕)𝒊𝒅 (𝒕) + 𝒗𝒒 (𝒕)𝒊𝒒 (𝒕)]
𝟐 𝒅
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(3.10)

𝑸(𝒕) =

𝟑
[−𝒗𝒅 (𝒕)𝒊𝒒 (𝒕) + 𝒗𝒒 (𝒕)𝒊𝒅 (𝒕)]
𝟐

(3.11)

If vq=0, the real and reactive power components are proportional to id and to iq, respectively.
This can be employed in the control in dq-frame of grid-connected three-phase VSC, as will be seen in
Chapter 4.
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4.

Model of a Power

Conversion System for
Battery Energy Storage
System Applications
4.1 Overview
A Battery Energy Storage System (BESS) is comprised of three main components, each
bearing equivalent importance: the battery, where the energy is stored; the Power Conversion System
(PCS), which interfaces the DC storage system to the AC power system; the Control System, which
manages, oversees and executes the proper functions of the energy storage application.
Even though the choice of the battery has a major emphasis on the modeling of a BESS, also
the Power Conversion System can seriously impact the performance and lifetime of the system. Thus,
this chapter will focus on the modeling of a Power Conversion System for BESS applications.
To control the real and reactive power exchanged at the PCC it was chosen a current-mode
control in dq-frame. To be able to employ this control mode a Phase-Locked Loop (PLL) to track the
imaginary component of the voltage to zero had to be designed.
Then, the equations of the PLL and of the current-control loop were deduced and integrated
with the trapezoidal rule, in order to be tested in MATLAB.
Finally, the PLL and the PCS were simulated in MATLAB.
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4.2 Development of the Power Conversion System
Model
In a BESS, the PCS is the interface between the DC-side - the batteries- and the AC-side.
The converter must handle power flow in both directions, quickly and with high reliability. It

provides

AC grid to DC storage isolation and protection. The power flow must be regulated, stable and
controllable.

Figure 4.1- Schematic diagram of a grid-imposed frequency VSC system [17]

The Figure 4.1 illustrates the structure of the grid-imposed frequency VSC system. The
averaged ideal three-phase VSC can be either a two-level VSC or a three-level NPC. The VSC is
modeled by a power processor that includes a DC-bus capacitor, C, a current source, iloss,
representing the converter switching power loss, and on-state resistances at the AC side, ron,
representing the converter conduction power loss. The DC-side is connected in parallel to the battery
storage system. The AC system is modeled by Vsabc, an ideal three-phase voltage source, balanced
and sinusoidal. Each branch of the VSC is connected to the AC system through a series RL branch.
The VSC system of Figure 4.1 exchanges real and reactive power, Ps(t) and Qs(t)
respectively, with the AC system at the point of common coupling (PCC). Thus, with adequate control
strategy, the VSC system of Figure 4.1 can be used as a real and reactive power controller.
There are two major methods for controlling Ps and Qs in the VSC system of Figure 4.1:
current-mode control and voltage-mode control. Despite voltage-mode control being a simple method
with a low number of control loops, there is no control loop closed on the VSC line current. Therefore,
the VSC is unprotected against overcurrents. Contrarily, in the current-mode control the VSC line
current is protected against overcurrents. That happens on account of the real and reactive power
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being controlled by the amplitude and phase angle of the VSC line current, regarding the PCC voltage.
The VSC line current is regulated by a dedicated current-control scheme, through the VCS AC-side
terminal voltage. There are other advantages of the current-mode control, such as superior dynamic
performance and higher control precision. Thus, the control strategy used in this model is the currentmode control.
As discussed in chapter 3, instantaneous decoupled control of the reactive and active power
exchanged with the AC system is possible in dq-frame control. Contrarily to the αβ-frame control,
whose control variables are sinusoidal functions of time, the dq-frame control of a grid-imposed
frequency VSC system features DC quantities in the steady state as control variables. This attribute
facilitates the compensator design therefore reducing the complexity of the dq-frame control system.
Additionally, since the control variables are DC quantities, zero steady-state error is achieved by
including integral terms in the compensators. The power system dynamics, represented in (3.2), are
commonly modelled and analyzed in dq-frame. Due to all the enumerated advantages of the dq-frame
control of a grid-imposed frequency VSC, that will be the adopted control strategy in the model of the
PCS.

Figure 4.2- Schematic diagram of a current-controlled real and reactive power controller [17]

Figure 4.2 illustrates the schematic diagram of the current-mode real/reactive-power controller
in dq-frame. Ps and Qs are controlled by the line current components id and iq. Before being processed
by compensators, the feedback and feed-forward signals are transformed to the dq-frame by the Park
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transform,(3.5). The compensators outputs are control signals in the dq-frame (m d and mq), and are
transformed to the abc-frame and then fed to the VSC.
As seen in chapter 3 the three-phase, three-level, NPC half-bridge converter presents lower
switching losses and less distorted synthesized AC voltage, compared to that of a two-level half-bridge
VSC. However, contrarily to the NPC half-bridge converter, the two-level VSC does not need a DCside voltage equalizing scheme. Thus, in order to facilitate the control of the PCS, the converter in the
PCS model is the two-level half-bridge converter, represented in of Figure 4.3.

Figure 4.3 Schematic of a two-level three-phase half-bridge VSC

The AC system voltage of the VSC system of Figure 4.2may be expressed as:
̂𝒔 𝐜𝐨𝐬(𝝎𝟎 𝒕 + 𝜽𝟎 )
𝑽𝒔𝒂 (𝒕) = 𝑽

(4.1)

̂𝒔 𝐜𝐨𝐬(𝝎𝟎 𝒕 + 𝜽𝟎 −
𝑽𝒔𝒃 (𝒕) = 𝑽

𝟐𝝅
)
𝟑

(4.2)

̂𝒔 𝐜𝐨𝐬(𝝎𝟎 𝒕 + 𝜽𝟎 −
𝑽𝒔𝒄 (𝒕) = 𝑽

𝟒𝝅
)
𝟑

(4.3)

̂𝑠 is the peak value of the line-to-neutral voltage, 𝜃0 is the inicial phase angle of the
Where 𝑉
source and 𝜔0 is the AC system frequency. A space-phasor equivalent of Vs-abc is:
⃗⃗⃗⃗⃗
̂𝒔 𝒆𝒋(𝝎𝟎 𝒕+𝜽𝟎 )
𝑽𝒔 (𝒕) = 𝑽

(4.4)

It is possible to describe the dynamics of the AC side current of the VSC system of Figure 4.2,
based in (3.2):

L

𝒅𝒊
= −(𝑹 + 𝒓𝒐𝒏 )𝒊⃗ + ⃗⃗⃗⃗⃗
𝑽𝒕 − ⃗⃗⃗⃗⃗
𝑽𝒔
𝒅𝒕
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(4.5)

Expressing ⃗i and ⃗⃗⃗⃗
Vt in the dq-frame using (3.7), equations (4.4) and (4.5) are obtained:
𝒊⃗ = 𝒊𝒅𝒒 𝒆𝒋𝝆

(4.6)

⃗⃗⃗⃗⃗
𝑽𝒔 = 𝑽𝒔 𝒅𝒒 𝒆𝒋𝝆

(4.7)

Where ρ(t) represents the phase shift in the space phasor in the αβ-frame. Substituting (4.4),
(4.6) and (4.7) in the equation (4.5), it can be decomposed into real and imaginary components:
𝒅𝒊𝒅
𝒅𝝆
= (𝑳 ) 𝒊𝒒 − (𝑹 + 𝒓𝒐𝒏 )𝒊𝒅 + 𝑽𝒕𝒅 − ⃗⃗⃗⃗⃗
𝑽𝒔 𝐜𝐨𝐬(𝝎𝟎 𝒕 + 𝜽𝟎 − 𝝆)
𝒅𝒕
𝒅𝒕

(4.8)

𝒅𝒊𝒒
𝒅𝝆
= − (𝑳 ) 𝒊𝒒 − (𝑹 + 𝒓𝒐𝒏 )𝒊𝒒 + 𝑽𝒕𝒒 − ⃗⃗⃗⃗⃗
𝑽𝒔 𝐬𝐢𝐧(𝝎𝟎 𝒕 + 𝜽𝟎 − 𝝆)
𝒅𝒕
𝒅𝒕

(4.9)

𝑳

𝑳

Introducing a new control variable, ω, it is possible to write (4.8) and (4.9) in the standard
state-space form. The system is finally described by:
𝒅𝒊𝒅
= 𝑳𝝎(𝒕)𝒊𝒒 − (𝑹 + 𝒓𝒐𝒏 )𝒊𝒅 + 𝑽𝒕𝒅 − ⃗⃗⃗⃗⃗
𝑽𝒔 𝐜𝐨𝐬(𝝎𝟎 𝒕 + 𝜽𝟎 − 𝝆)
𝒅𝒕

(4.10)

𝒅𝒊𝒒
= −𝑳𝝎(𝒕)𝒊𝒅 − (𝑹 + 𝒓𝒐𝒏 )𝒊𝒅 + 𝑽𝒕𝒅 − ⃗⃗⃗⃗⃗
𝑽𝒔 𝐬𝐢𝐧(𝝎𝟎 𝒕 + 𝜽𝟎 − 𝝆)
𝒅𝒕

(4.11)

𝑳

𝑳

𝒅𝝆
= 𝝎(𝒕)
𝒅𝒕

(4.12)

In the equations (4.10), (4.11) and (4.12), id, iq and ρ are the state variables while Vtd, Vtq and
ω ae the control inputs. The system as described above is non-linear. However, because the
equations are in the dq-frame, it is feasible to obtain a second-order linear system. In order to achieve
that, a proper selection of ω and ρ must be made. For the VSC model in study, if ω=ω 0 and ρ(t)= ω0t+
θ0, then the equations (4.10) and (4.11) can be rewritten as:

𝑳

𝒅𝒊𝒅
= 𝑳𝝎𝟎 𝒊𝒒 − (𝑹 + 𝒓𝒐𝒏 )𝒊𝒅 + 𝑽𝒕𝒅 − ⃗⃗⃗⃗⃗
𝑽𝒔
𝒅𝒕

(4.13)

𝒅𝒊𝒒
= −𝑳𝝎𝟎 𝒊𝒅 − (𝑹 + 𝒓𝒐𝒏 )𝒊𝒒 + 𝑽𝒕𝒒
𝒅𝒕

(4.14)

𝑳
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Equations (4.13) and (4.134 express a second-order linear system, where Vtd and Vtq are DC
̂𝑠 .
variables, as well as id and iq in the steady-state. The system is excited by the constant input 𝑉
̂𝑠 from (4.4) can be substituted in (3.7), resulting in:
𝑉
̂𝒔 𝒄𝒐𝒔(𝝎𝟎 𝒕 + 𝜽𝟎 − 𝝆)
𝑽𝒔𝒅 = 𝑽

(4.15)

̂𝒔 𝒔𝒊𝒏(𝝎𝟎 𝒕 + 𝜽𝟎 − 𝝆)
𝑽𝒔𝒒 = 𝑽

(4.16)

Therefore, based on (4.16), if ρ(t)= ω0t+θ0 then Vsq=0. As seen in (3.10) and (3.11), if Vsq=0
then the real and reactive power components Ps and Qs are proportional to id and to iq, respectively.
Thus, if ρ(t) is regulated at ω0t+θ0 then the problem of power control in the VSC system model can
be converted to a problem of control of the AC line current of the VSC system of Figure 4.1.
Consequently, in the following chapter will be designed a mechanism that regulates ρ(t) at
ω0t+θ0, the Phase-Locked Loop (PLL).

4.2.1 Phase-Locked Loop (PLL)
As seen in the previous subchapter, in order to employ the current-model control to control Ps
and Qs at the PCC of the VSC system and to describe it as a second-order linear system it becomes
necessary to regulate ρ(t) at ω0t+θ0. From (4.16) it can be deduced that ρ(t)= ω0t+θ0 corresponds to
Vsq=0. Thus, a mechanism to regulate Vsq at zero will be conceived, based on the following feedback
law:
𝝎(𝒕) = 𝑯(𝒑)𝑽𝒔𝒒 (𝒕)

(4.17)

Where H(p) is a linear transfer function, known as compensator, and p=d(.)/dt is a
differentiation operator. By substituting Vsq for (4.16) in (4.17) it is obtained a nonlinear dynamic
system, known as the PLL:
̂𝒔 𝐬𝐢𝐧(𝝎𝟎 𝒕 + 𝜽𝟎 − 𝝆)
𝝎(𝒕) = 𝑯(𝒑)𝑽

(4.18)

Under certain conditions, the nonlinear characteristic of the PLL may lead to unsatisfactory
behavior. For example, if the initial conditions of the PLL correspond to ρ(0)=0 and ω(0)=0, the term
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̂𝑠 sin(𝜔0 𝑡 + 𝜃0 − 𝜌) in (4.18) will be a sinusoidal function with frequency ω 0.Consequently, the
𝐻(𝑝)𝑉
PLL falls in a limit cycle and ρ does not track ω 0t + θ0. In order to prevent this to happen, the control
law is modified to:
𝝎(𝒕) = 𝑯(𝒑)𝑽𝒔𝒒 (𝒕)
𝝎(𝟎) = 𝝎𝟎

(4.19)

𝝎𝒎𝒊𝒏 < 𝛚 < 𝝎𝒎𝒂𝒙

Where ω(t) has an initial value of ω0 and is limited to the lower and upper limits of, ωmin and
ωmax., respectively. The values selected must be close to ω0 to restrict the range of variations for ω(t),
and at the same time should be wide enough to allow for excursions of ω(t) during transients.
As the function of the PLL is made to track ω0t+θ0, the term ω0t+θ0 –ρ in (4.18) is
approximately zero. Thus, (4.18) can be simplified as:
𝒅𝝆
̂𝒔 (𝝎𝟎 𝒕 + 𝜽𝟎 − 𝝆)
= 𝑯(𝒑)𝑽
𝒅𝒕

(4.20)

The equation (4.20) portrays the feedback control loop of Figure 4.4, where the input is ω0t+θ0
and ρ is the output.

Figure 4.4- Control block diagram of the PLL

The schematic diagram of the PLL model as part of the current-mode control diagram of
Figure 4.2 is represented in Figure 4.5. The PLL transforms Vsabc to Vsdq based on (3.6), and by
adjusting the rotational speed of the dq-frame, ω, it forces Vsq to zero and Vsd to V̂s in the steady-state.
In order for the PLL to follow the control law of (4.19), a saturation block is introduced in the control
block diagram of the PLL. The compensator, H(s), has a major influence in the performance of the
PLL, therefore it will be designed in the next subchapter.
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Figure 4.5- Schematic diagram of the PLL

4.2.2 Compensator Design for Phase-Locked Loop

The reference signal of the control block of Figure 4.4, ω0t+ θ0, is composed of a constant
component, θ0, and a ramp function, ω0t. The loop gain includes an integral term, so ρ tracks the
constant component of the reference signal with zero steady-state error. To ensure a zero steadystate error for the ramp component, the loop component must include at least two integrators. Thus,
the transfer function H(s) must include one integral term, that is, one pole at s=0.
Simultaneously, the compensator must take into account the unbalanced and harmonic
components of the three-phase voltages:
̂𝒔 𝐜𝐨𝐬(𝝎𝟎 𝒕 + 𝜽𝟎 ) + 𝒌𝟏 𝑽
̂𝒔 𝐜𝐨𝐬(𝝎𝟎 𝒕 + 𝜽𝟎 )
𝑽𝒔𝒂 (𝒕) = 𝑽

(4.21)

̂𝒔 𝐜𝐨𝐬 (𝝎𝟎 𝒕 + 𝜽𝟎 −
𝑽𝒔𝒃 (𝒕) = 𝑽

𝟐𝝅
𝟒𝝅
̂𝒔 𝐜𝐨𝐬 (𝝎𝟎 𝒕 + 𝜽𝟎 −
) + 𝒌𝟏 𝑽
)
𝟑
𝟑

(4.22)

̂𝒔 𝐜𝐨𝐬 (𝝎𝟎 𝒕 + 𝜽𝟎 −
𝑽𝒔𝒄 (𝒕) = 𝑽

𝟒𝝅
𝟐𝝅
̂𝒔 𝐜𝐨𝐬 (𝝎𝟎 𝒕 + 𝜽𝟎 −
) + 𝒌𝟏 𝑽
)
𝟑
𝟑

(4.23)

Where k1 represents the amplitude of the negative sequence harmonic component compared
to the amplitude of the positive sequence component.
If the sinusoidal components of Vsq are not mitigated by H(s), then ω and ρ also display
fluctuations. Those are modulated by the control signals and after transformations between the abcframe and the dq-frame result in the formation of troublesome voltage and current distortions in the
VSC system. Amongst the AC components of Vsq the ones with larger magnitude are the more
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important, as is the case with the double-frequency component, represented in (4.24) and (4.25), often
generated during faults.
̂𝒔 + 𝒌𝟏 𝑽
̂𝒔 𝐜𝐨𝐬(𝟐𝝎𝟎 𝒕 + 𝟐𝜽𝟎 )
𝑽𝒔𝒅 = 𝑽

(4.24)

̂𝒔 𝐬𝐢𝐧(𝟐𝝎𝟎 𝒕 + 𝟐𝜽𝟎 )
𝑽𝒔𝒒 = −𝒌𝟏 𝑽

(4.25)

Therefore H(s) includes one pair of complex-conjugated poles, at s=±j2 ω0, with the purpose
of attenuating the double-frequency component of Vsq. Furthermore, to ensure that the loop gain
magnitude drops with the slope of -40dB/dec for ω>2 ω0, the compensator must include a double real
at s=-2 ω0. Finally, the compensator for the PLL takes the form of:
𝒉 𝒔𝟐 + (𝟐𝝎𝟎 )𝟐
𝑯(𝒔) = (
)
𝑭(𝒔)
𝑽𝒔𝒏 𝒔𝟐 (𝒔 + 𝟐𝝎𝟎 )𝟐

(4.26)

3
Where Vsn is the nominal value of V̂s , h is a constant equal to 6x10 , and the F(s) represents

the proper transfer function with no zero at s=0.
It is considered the PLL model of Figure 4.5 with an input defined by (4.21), (4.22) and (4.23)
where ω0=2πx50 rad/s and V̂s = 400𝑉. Then, assuming that both a gain crossover frequency of
ωc=200 rad/s and a phase margin of 60° are needed, it is calculated that F(s) must add 85° advance
to the phase loop. Accordingly, F(s) is composed of two cascaded lead compensators, each to provide
42.5° at 200 rad/s. Thus,
𝒑
𝒑
𝒔+
𝜶
𝜶
𝑭(𝒔) = (
)(
)
𝒔+𝒑
𝒔+𝒑
𝒔+

(4.27)

Where
𝒑 = 𝝎𝒄 √𝜶
𝜶=

𝟏 + 𝒔𝒊𝒏𝜹𝒎
𝟏 − 𝒔𝒊𝒏𝜹𝒎

and δm=42.5° is the phase of each lead compensator at ωc.
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(4.28)

(4.29)

4.2.3 Current-Mode Control of the Real and Reactive Power
Controller
Based on (3.10) and (3.11), the real and reactive power exchanged with the AC system at the
PCC of the model of Figure 4.1 is given by:
𝟑
[𝑽 (𝒕)𝒊𝒅 (𝒕) + 𝑽𝒔𝒒 (𝒕)𝒊𝒒 (𝒕)]
𝟐 𝒔𝒅

(4.30)

𝟑
[−𝑽𝒔𝒅 (𝒕)𝒊𝒒 (𝒕) + 𝑽𝒔𝒒 (𝒕)𝒊𝒅 (𝒕)]
𝟐

(4.31)

𝑷(𝒕) =

𝑸(𝒕) =

The dq-frame voltage components of the AC system, Vsd and Vsq are not controlled by the
VSC system. However, the implementation of the PLL model of the previous subchapter forces Vsq to
zero. Thus, the equations (4.30) and (4.31) can be simplified to:

𝑷𝑺 (𝒕) =

𝟑
𝑽 (𝒕)𝒊𝒅 (𝒕)
𝟐 𝒔𝒅

𝟑
𝑸𝒔 (𝒕) = − 𝑽𝒔𝒅 (𝒕)𝒊𝒒 (𝒕)
𝟐

(4.32)

(4.33)

The reference signal generator of Figure 4.2 generates idref and iqref through the equations
(4.34) and (4.35):

𝒊𝒅𝒓𝒆𝒇 =

𝟐𝑷𝒔𝒓𝒆𝒇
𝟑𝑽𝒔𝒅

𝒊𝒒𝒓𝒆𝒇 = −

𝟐𝑸𝒔𝒓𝒆𝒇
𝟑𝑽𝒔𝒅

(4.34)

(4.35)

The reference signals generated are DC variables if Psref and Qsref are constant signals. If the
control system can provide fast reference tracking, then Ps(t) and Qs(t) can be controlled
independently by id and iq. Based on the dynamic equations that describe the VSC system (4.7) and
(4.8) it is possible to devise a control system of the AC side current of the VSC system of Figure 4.1,
using the strategy for DC/AC VSC control of the subchapter 3.6. Therefore, assuming a steady-state
operating condition of the PLL, ω(t)=ω0. The dynamic equations are then rewritten:
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𝒅
𝒊 = 𝑳𝝎𝟎 𝒊𝒒 − (𝑹 + 𝒓𝒐𝒏 )𝒊𝒅 + 𝑽𝒕𝒅 − 𝑽𝒔𝒅
𝒅𝒕 𝒅

(4.36)

𝒅
𝒊 = −𝑳𝝎𝟎 𝒊𝒅 − (𝑹 + 𝒓𝒐𝒏 )𝒊𝒒 + 𝑽𝒕𝒒 − 𝑽𝒔𝒒
𝒅𝒕 𝒒

(4.37)

𝑳

𝑳

Where Vtd and Vtq are obtained by decomposing equation (3.3) in real and imaginary parts:

𝑽𝒕𝒅 (𝒕) =

𝑽𝑫𝑪
𝒎𝒅 (𝒕)
𝟐

(4.38)

𝑽𝒕𝒒 (𝒕) =

𝑽𝑫𝑪
𝒎𝒒 (𝒕)
𝟐

(4.39)

By replacing (4.38) and (4.39) in (4.36) and (4.37), the control signals md and mq are obtained:

𝒎𝒅 =

𝟐
𝒅
(𝑳 𝒊𝒅 + (𝑹 + 𝒓𝒐𝒏 )𝒊𝒅 − 𝑳𝝎𝟎 𝒊𝒒 + 𝑽𝒔𝒅 )
𝑽𝑫𝑪 𝒅𝒕

(4.40)

𝒎𝒒 =

𝟐
𝒅
(𝑳 𝒊𝒒 + (𝑹 + 𝒓𝒐𝒏 )𝒊𝒒 − 𝑳𝝎𝟎 𝒊𝒅 + 𝑽𝒔𝒒 )
𝑽𝑫𝑪 𝒅𝒕

(4.41)

The equations (4.40) and (4.41) can be simplified by assuming two new control inputs:

𝒖𝒅 = 𝑳

𝒅
𝒊 + (𝑹 + 𝒓𝒐𝒏 )𝒊𝒅
𝒅𝒕 𝒅

(4.42)

𝒖𝒒 = 𝑳

𝒅
𝒊 + (𝑹 + 𝒓𝒐𝒏 )𝒊𝒒
𝒅𝒕 𝒒

(4.43)

Substituting (4.42) and (4.43) in (4.40) and (4.41) the following expressions are obtained:

𝒎𝒅 =

𝟐
(𝒖 − 𝑳𝝎𝟎 𝒊𝒒 + 𝑽𝒔𝒅 )
𝑽𝑫𝑪 𝒅

(4.44)

𝒎𝒒 =

𝟐
(𝒖 − 𝑳𝝎𝟎 𝒊𝒅 + 𝑽𝒔𝒒 )
𝑽𝑫𝑪 𝒒

(4.45)

Finally, by substituting (4.44) and (4.45) in (4.36) and (4.37) the following decoupled linear
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systems can be deduced:

𝑳

𝒅
𝒊 = −(𝑹 + 𝒓𝒐𝒏 )𝒊𝒅 + 𝒖𝒅
𝒅𝒕 𝒅

(4.46)

𝑳

𝒅
𝒊 = −(𝑹 + 𝒓𝒐𝒏 )𝒊𝒒 + 𝒖𝒅
𝒅𝒕 𝒒

(4.47)

From the equations (4.46) we observe that id and iq can be controlled by ud and uq,
respectively.

Figure 4.6- Simplified block diagram of the current-controlled VSC system

From observation of Figure 4.6it can be concluded that both real and imaginary curent-control
loops are identical. One compensator, kd(s), processes idref – id and provides udr. Similarly, the other
compensator, kq(s), processes iqref – iq and generates uqr. In the figure Therefore, both compensators
can be also identical. kd(s) and kq(s) can be simple proportional-integral (PI) compensators , as
follows:

𝒌𝒅 (𝒔) = 𝒌𝒒 (𝒔) =

𝒌 𝒑 𝒔 + 𝒌𝒊
𝒔

(4.48)

where kp and ki represent, respectively, the proportional and integral gains:

𝒌𝒑 =

𝑳
𝝉𝒊𝒓
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(4.49)

𝒌𝒊 =

(𝑹 + 𝒓𝒐𝒏 )
𝝉𝒊𝒓

(4.50)

where τir is the closed loop time constant.
If kp and ki are chosen based on (4.49) and (4.50), then:
𝑰𝒒 (𝒔)
𝑰𝒅 (𝒔)
𝟏
=
= 𝑮𝒊 (𝒔) =
𝑰𝒅𝒓𝒆𝒇 (𝒔) 𝑰𝒒𝒓𝒆𝒇 (𝒔)
𝝉𝒊𝒓 𝒔 + 𝟏

(4.51)

Where τir is the time constant of the first-order transfer function Gi(s). τir is selected in order to
obtain a fast current-control response.
The modulation signals control, based on (4.44) and (4.45), is illustrated by the control block
scheme of Figure 4.7. As discussed in Chapter 3, the addition of feed-forward compensation is
important in decoupling the dynamics of the converter system from those of the interfaced AC system.
Therefore it was added a control block corresponding to a feed-forward filter, Gff(s), given by (4.52).

𝑮𝒇𝒇 (𝒔) =

𝟏
𝟖 × 𝟏𝟎−𝟔 𝒔 + 𝟏

(4.52)

Figure 4.7- Control block diagram of the control signals
The second part of the current-control scheme, illustrated in Figure 4.8, is based on the
relations between the DC and the AC side of the converter, given by (4.38) and (4.39), and on the
closed-loop control scheme of Figure 4.6, The outputs, id and iq are used in the following iteration of
Figure 4.7.
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Figure 4.8- Control block diagram of id and iq

4.3 Integration of the Differential Control Equations

In order to test the performance of the current-mode real/reactive-power control model of
Figure 4.2, the control schemes of Figure 4.4 and Figure 4.6 were tested in MATLAB. An integration
technique is necessary for the implementation of the differential equations in MATLAB. Thus, it was
chosen the trapezoidal rule:
𝒕

∫

𝒚(𝒕) 𝒅𝒕 =

𝒕−∆𝒕

𝒚(𝒕) + 𝒚(𝒕 − ∆𝒕)
∆𝒕
𝟐

(4.53)

4.3.1 PLL
The transfer function of the PLL, (4.26), was subdivided in three parts to allow for the
application of the trapezoidal rule.
𝒑
𝒑 𝟐
+( )
𝜶
𝜶
𝒘𝒂𝟏 (𝒔) = 𝑽𝒔𝒒 (𝒔) ( 𝟐
)
𝒔 + 𝟐𝒔𝒑 + 𝒑𝟐
𝒔𝟐 + 𝟐𝒔
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(4.54)

𝒘𝒂𝟐 (𝒔) = 𝒘𝒂𝟏 (𝒔) (

𝒔𝟐 + 𝟒𝒘𝟐𝟎
)
𝒔𝟐 + 𝟒𝒔𝒘𝟎 + 𝟒𝒘𝟐𝟎

𝒘𝒂 (𝒔) = 𝒘𝒂𝟐 (𝒔)

𝒉𝒓 𝟏
𝑽 𝒔

(4.55)

(4.56)

The result of the use of the trapezoidal rule in (4.54) is:
𝒅𝑽𝟐𝒔𝒒 (𝒕)
𝒅𝒘𝒂𝟏 𝟐 (𝒕)
𝒅𝒘𝒂𝟏 (𝒕)
𝒑 𝒅𝑽𝒔𝒒 (𝒕)
𝒑 𝟐
𝟐
(𝒕)
+
𝟐𝒑
+
𝒑
𝒘
=
+𝟐
+ ( ) 𝑽𝒔𝒒 (𝒕)
𝒂𝟏
𝟐
𝟐
𝒅𝒕
𝒅𝒕
𝒅𝒕
𝜶 𝒅𝒕
𝜶

(4.57)

Assuming:
𝒅𝒘𝒂𝟏 (𝒕)
= 𝒘𝒂𝟏𝟏 (𝒕)
𝒅𝒕

(4.58)

𝒅𝑽𝒔𝒒 (𝒕)
= 𝑽𝒔𝒒𝟏 (𝒕)
𝒅𝒕

(4.59)

By applying (4.53) to the equation (4.57) and substituting (4.58) and (4.59) in (4.57) it is
obtained the following equation:
𝒑
𝟐 (𝟏 − ∆𝒕 ∗ )
𝟐(𝟏 − ∆𝒕 ∗ 𝒑)
𝜶
𝝎𝒂𝟏 (𝒕) = −𝝎𝒂𝟏 (𝒕 − ∆𝒕) + (
) 𝝎𝒂𝟏𝟏 (𝒕 − ∆𝒕) − (
) 𝑽𝒔𝒒𝟏 (𝒕 − ∆𝒕)
∆𝒕 ∗ 𝒑
∆𝒕 ∗ 𝒑𝟐
𝒑
𝒑
𝟐 (𝟏 + ∆𝒕 ∗ )
𝟐 (𝟏 + ∆𝒕 ∗ )
𝜶
𝜶
−(
) 𝝎𝒂𝟏𝟏 (𝒕) − (
) 𝑽𝒔𝒒𝟏 (𝒕)
∆𝒕 ∗ 𝒑𝟐
∆𝒕 ∗ 𝒑𝟐
+

(4.60)

𝟏
(𝑽 (𝒕) + 𝑽𝒔𝒒 (𝒕 − ∆𝒕))
𝜶𝟐 𝒔𝒒

By applying the trapezoidal rule to (4.58) and (4.59), it is obtained:

𝝎𝒂𝟏𝟏 (𝒕) = (−

𝟐
𝟐
) 𝝎𝒂𝟏 (𝒕 − ∆𝒕) − 𝝎𝒂𝟏𝟏 (𝒕 − ∆𝒕) + 𝝎𝒂𝟏 (𝒕)
∆𝒕
∆𝒕
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(4.61)

𝑽𝒔𝒒𝟏 (𝒕) = −𝑽𝒔𝒒𝟏 (𝒕 − ∆𝒕) +

𝟐
(𝑽 (𝒕) − 𝑽𝒔𝒒 (𝒕 − ∆𝒕))
∆𝒕 𝒔𝒒

(4.62)

By solving the system composed of (4.60), (4.61) and (4.62) using MATLAB, 𝜔𝑎1 (𝑡) ,
𝜔𝑎11 (𝑡), 𝑉𝑠𝑑1 (𝑡) are obtained.

By proceeding the same way for the second part of the transfer function, (4.54), it can be
written:
𝒅𝝎𝟐𝒂𝟐 (𝒕)
𝒅𝝎𝒂𝟐 (𝒕)
𝒅𝝎𝟐𝒂𝟏 (𝒕)
𝟐
(𝒕)
+
𝟒𝝎
+
𝟒𝝎
𝝎
=
+ 𝟒𝝎𝟐𝟎 𝝎𝒂𝟏 (𝒕)
𝟎
𝟎 𝒂𝟐
𝒅𝒕𝟐
𝒅𝒕
𝒅𝒕𝟐

(4.63)

Assuming:
𝒅𝝎𝒂𝟐 (𝒕)
= 𝝎𝒂𝟐𝟐 (𝒕)
𝒅𝒕

(4.64)

𝒅𝝎𝒂𝟏 (𝒕)
= 𝝎𝟏𝟏𝟏 (𝒕)
𝒅𝒕

(4.65)

By applying (4.52) to the equation (4.62) and substituting (4.63) and (4.64) in (4.62) it is
obtained the following equation:

𝝎𝒂𝟐 (𝒕) = −𝝎𝒂𝟐𝟐 (𝒕) (

𝟏 + 𝟐𝝎𝟎 ∆𝒕
𝟏
𝟏 − 𝟐𝝎𝟎 ∆𝒕
) + 𝝎𝒂𝟏𝟏 (𝒕)
+ 𝝎𝒂𝟐𝟐 (𝒕 − ∆𝒕) (
)
𝟐𝝎𝟐𝟎 ∆𝒕
𝟐𝝎𝟐𝟎 ∆𝒕
𝟐𝝎𝟐𝟎 ∆𝒕

− 𝝎𝒂𝟐 (𝒕 − ∆𝒕) −

𝝎𝒂𝟏𝟏𝟏 (𝒕 − ∆𝒕)
+ (𝝎𝒂𝟏 (𝒕) + 𝝎𝒂𝟏 (𝒕 − ∆𝒕))
𝟐𝝎𝟐𝟎 ∆𝒕

(4.66)

By applying the trapezoidal rule to (4.57) and (4.58), it is obtained:
𝟐
𝟐
𝝎𝒂𝟐 (𝒕 − ∆𝒕) + 𝝎𝒂𝟐 (𝒕) − 𝝎𝒂𝟐𝟐 (𝒕 − ∆𝒕)
∆𝒕
∆𝒕

(4.67)

𝟐
𝟐
𝝎𝒂𝟏 (𝒕 − ∆𝒕) + 𝝎𝒂𝟏 (𝒕 − ∆𝒕) − 𝝎𝒂𝟏𝟏𝟏 (𝒕 − ∆𝒕)
∆𝒕
∆𝒕

(4.68)

𝝎𝒂𝟐𝟐 (𝒕) = −

𝝎𝒂𝟏𝟏𝟏 (𝒕) =

By solving the system composed of (4.66), (4.67) and (4.68) using MATLAB, 𝜔𝑎2 (𝑡) , 𝜔𝑎22 (𝑡) e
𝜔𝑎111 (𝑡) are obtained.
Finally, by proceeding the same way for the third part of the transfer function, (4.56), it can be
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written:
𝒅𝝎𝒂 (𝒕) 𝒉𝒓
=
𝝎 (𝒕)
𝒅𝒕
𝑽 𝒂𝟐

(4.69)

By applying the trapezoidal rule to (4.68), it is obtained:

𝝎𝒂 (𝒕) = 𝝎𝒂 (𝒕 − ∆𝒕) +

𝒉𝒓 ∆𝒕
(𝝎𝒂𝟐 (𝒕) + 𝝎𝒂𝟐 (𝒕 − ∆𝒕))
𝑽 𝟐

(4.70)

4.3.2 Current-mode Control

The transfer functions of the closed loop current controller of Figure 4.6also need to be
implemented in MATLAB. Again, as was the case with the transfer function of the PLL, the trapezoidal
rule is the integration technique chosen.

By rewriting (4.48) as:
𝒅
(𝒖 (𝒕) − 𝒌𝒑 𝒆𝒅 (𝒕)) = 𝒌𝒊 𝒆𝒅 (𝒕)
𝒅𝒕 𝒅

(4.71)

The trapezoidal rule, (4.52), is applicable, resulting in:
𝒖𝒅 (𝒕) = 𝒖𝒅 (𝒕 − ∆𝒕) + 𝒌𝒑 (𝒆𝒅 (𝒕) − 𝒆𝒅 (𝒕 − ∆𝒕) +

∆𝒕
𝒌 (𝒆 (𝒕) + 𝒆𝒅 (𝒕 − ∆𝒕))
𝟐 𝒊 𝒅

(4.72)

As the d and q-axis curent-control loops are identical, for kq it can be deduced:
𝒖𝒒 (𝒕) = 𝒖𝒒 (𝒕 − ∆𝒕) + 𝒌𝒑 (𝒆𝒒 (𝒕) − 𝒆𝒒 (𝒕 − ∆𝒕) +

∆𝒕
𝒌 (𝒆 (𝒕) + 𝒆𝒒 (𝒕 − ∆𝒕))
𝟐 𝒊 𝒒

(4.73)

The equation of the feed-forward filter of Figure 4.7, (4.52), can be rewritten as:
𝒅
(𝟖 × 𝟏𝟎−𝟔 𝑽𝒔𝒅 𝒇𝒇 (𝒕)) + 𝑽𝒔𝒅𝒇𝒇 (𝒕) = 𝑽𝒔𝒅 (𝒕)
𝒅𝒕

By applying the trapezoidal rule, (4.53), to (4.74), it is obtained:
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(4.74)

𝑽𝒔𝒅 𝒇𝒇 (𝒕) =

𝟏
∆𝒕
𝟖 × 𝟏𝟎−𝟔 +
𝟐

(𝑽𝒔𝒅𝒇𝒇 (𝒕 − ∆𝒕) (𝟖 × 𝟏𝟎−𝟔 −

∆𝒕
∆𝒕
) + (𝑽𝒔𝒅 (𝒕) + 𝑽𝒔𝒅 (𝒕 − ∆𝒕)))
𝟐
𝟐

(4.75)

As the d and q-axis curent-control loops are identical, it can be written for the q-axis feedforward filter:
𝑽𝒔𝒒 (𝒕) =
𝒇𝒇

𝟏
∆𝒕
𝟖 × 𝟏𝟎−𝟔 +
𝟐

(𝑽𝒔𝒒𝒇𝒇 (𝒕 − ∆𝒕) (𝟖 × 𝟏𝟎−𝟔 −

∆𝒕
∆𝒕
) + (𝑽𝒔𝒒 (𝒕) + 𝑽𝒔𝒒 (𝒕 − ∆𝒕)))
𝟐
𝟐

(4.76)

From the transfer function of Figure 4.8 it is deduced:
𝒅
(𝑳𝒊𝒅 (𝒕) + 𝒊𝒑 (𝒕)) (𝑹 + 𝒓𝒐𝒎 ) = 𝒖𝒅𝒅 (𝒕)
𝒅𝒕

(4.77)

By applying the trapezoidal rule, (4.53), to (4.77), it is obtained:
𝒊𝒅 (𝒕) =

𝟏
∆𝒕
𝑳 + (𝑹 + 𝒓𝒐𝒎 )
𝟐

(𝒊𝒅 (𝒕 − ∆𝒕) (𝑳 − (𝑹 + 𝒓𝒐𝒎 )

∆𝒕
∆𝒕
) + (𝒖𝒅𝒅 (𝒕) + 𝒖𝒅𝒅 (𝒕 − ∆𝒕)))
𝟐
𝟐

(4.78)

The same logic can be applied in the deduction of iq(t):
𝒊𝒅 (𝒕) =

𝟏
∆𝒕
𝑳 + (𝑹 + 𝒓𝒐𝒎 )
𝟐

(𝒊𝒅 (𝒕 − ∆𝒕) (𝑳 − (𝑹 + 𝒓𝒐𝒎 )

∆𝒕
∆𝒕
) + (𝒖𝒅𝒅 (𝒕) + 𝒖𝒅𝒅 (𝒕 − ∆𝒕)))
𝟐
𝟐

(4.79)

4.4 Power Conversion System Model Simulation
The performance of the current-mode control of the real/reactive-power converter of Figure 4.7
and Figure 4.8 is based on the correct operation of the PLL of Figure 4.4. Therefore, before analyzing
the behavior of the current controller, it is important to test the PLL model.

4.4.1 PLL Simulation
The transfer function of the PLL compensator H(s), (4.26), was implemented on MATLAB,
using the equations obtained in 4.3.1. It was assumed that the saturation block of Figure 4.4 limits the
frequency of the PLL to a minimum of 45Hz and a maximum of 55Hz.
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In order to analyze the behavior of the PLL compensator, it was simulated its response to a
voltage unbalance. The input of the PLL is represented in Figure 4.9 and was considered to be the
three-phase voltage represented by (4.21), (4.22) and (4.23). Initially, ω0=2πx50 rad/s, k1=0, θ0=π/3
rad and Vs=400V. As the constant k1 is zero, Vsabc represents a balanced voltage and the PLL is in
steady state. At about t=0.3s the AC system voltage becomes unbalanced, as V s and k1 undergo step
changes, from 400V to 260V, and from 0 to 0.1, respectively. At approximately t=0.125s the system
returns to its initial balanced condition.

Figure 4.9- Three-phase voltage at the PLL

Figure 4.10 shows that in response to the voltage unbalance, H(s) transiently changes ω to its
initial value, to maintain the DC component of Vsq at zero. The sinusoidal ripple is almost totally
suppressed, as ω and consequently ρ remain almost free of distortion.
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Figure 4.10- Frequency response of the PLL

Figure 4.11 illustrates the output of the PLL, Vsd and Vsq. As can be seen, initially the system is
balanced and consequently Vsq=0 and Vsd=Vs=400V. When the system suffers a sudden voltage
imbalance at about t=0.03s, Vsd changes to 260V. The compensator H(s) acts upon the dq-frame
frequency unbalance, so as expected Vsq transiently changes to zero. At t=0.125s the system
becomes balanced again with Vs=400V. The PLL again maintains the system at steady-state
operating conditions, with Vsq=0 and Vsd=Vs=400V.

Figure 4.11- Voltage in dq-frame

It was shown by the simulation of the PLL that the compensator is able to act upon
unbalances in the three-phase voltage. As a result, Vsq=0 and the current-mode control model of the
power converter can be used.
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4.4.2 Power Control System Simulation
The differential equations of the current-mode control of the real/reactive-power converter of
Figure 4.7and Figure 4.8 were implemented on MATLAB, using the equations obtained in 4.3.2. To
test the dynamic performance of both real and imaginary axis curent-control loops, it is necessary to
dimension the proportional and integral compensators, (4.49) and (4.50). As seen in 4.2.3, the
compensators of the two axis are identical.
The following values were considered: L=100µH, R=0.75mΩ, VDC=1250V. A closed-loop time
constant of τir = 2𝑚𝑠 was considered, so the d- and q-axis comensators are:
𝒌𝒅 (𝒔) = 𝒌𝒒 (𝒔) =

𝟎.𝟎𝟓𝒔+𝟎.𝟖𝟏𝟓
𝒔

[Ω]

(4.80)

This simulation is based to the one of the PLL of 4.4.1, so the system imbalance present from
t=0.03s to t=0.125s is kept in this simulation. Thus, when calculating the reference currents using
(4.34) and (4.35), Vsd takes the values illustrated in Figure 4.11.
Initially the PLL is in its steady state, with V=400V, the Psref=-2.5MW and Qsref=1.5 MW. Then
the system is subjected to the following sequence of events: at t=0.0.625s Psref is subjected to a step
change from -2.5 to 1MW. At t=0.2s, Qsref is subjected to a step change from 1.5 to -1.5 MVar.
Additionally, as seen in Figure 4.11, at t=0.03s Vsd changes to 260V and at t=0.125s it returns to its
original value, 400V.

Figure 4.12- Evolution of Id and Idref in the simulation
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Figure 4.13- Evolution of Iq and Iqref in the simulation

Figure 4.14- Evolution of Ps and Psref at the PCC
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Figure 4.15- Evolution of Qs and Qsref at the PCC

Figure 4.12 and Figure 4.13 show that both id and iq rapidly track idref and iqref, respectively. By
applying the VSC response of Figure 4.12 and Figure 4.13 to (4.32) and (4.33), the responses of Ps
and Qs are obtained and represented in Figure 4.14 and Figure 4.15, respectively. It can be observed
that Ps and Qs rapidly track Psref and Qsref. The peaks observed in Ps and in Qs at about t=0.0625 and
at t=0.125 are generated by the step changes in id and in iq, in response to the step changes in Vsd.
Finally, it can be noted that the responses of Ps and Qs are decoupled when either of them is
changed.

4.5 Conclusions
In this chapter it was developed a model of a PCS for BESS applications. It was used the
current-mode control in dq-frame with the objective of controlling the real and reactive power
exchanged at the PCC.
From the simulations effectuated in subchapter 4.4.1 it is possible to conclude that the PLL
effectively eliminates the effect that unbalanced voltages may have in the performance of the PCS by
tracking Vsq to zero, thus creating the necessary conditions for the implementation of the current-mode
control in dq-frame.
The simulations of subchapter 4.4.2 lead us to conclude that the control of the real and
reactive power at the PCC can be solved by a current-mode control in dq-frame. The real and
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imaginary components of the idq represent the real and reactive components of the power, so by
controlling both components separately the control of the real power is decoupled from the control of
the reactive power.
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5. Model of a Battery
Energy Storage System
5.1 Overview
In Chapter 4 it was developed a model of a Power Conversion System for a BESS. In this
chapter, the developed model will be used to interface a model of a battery, developed in a previous
master thesis, with an AC load.
First, the battery model will be summarized and its equations will be presented. Then it will be
presented the model of the BESS. Finally, the performance of the PCS will be tested, as the model will
be connected to different loads.

5.2 Battery Model
The Battery Model in which the BESS model of this chapter is based on is presented in Figure
5.1:

Figure 5.1- Battery Electric Model [5]

The model of Figure 5.1 has two main circuits: one that represents the battery capacity and
the self-discharge, and other that represents the voltage-current characteristics.
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In the segment of Battery Lifetime, the capacitor Ccapacity represents the battery capacity, in
A.h. VSOC represents the state of charge of the battery, in which 1V coincides with a fully charged
battery, while 0V with a 0% SOC. The self-discharge resistance, Rself-discharge, defines the self-discharge
of the battery, that is, the energy loss when the battery is at stationary state for a long period of time.
This resistance depends on the SOC value, number of cycles and temperature of the device, but can
be ignored, as the available capacity decreases slowly.
In the segment Voltage-Current Characteristics, the voltage source V OC represents the open
circuit voltage. This voltage source couples the two circuits and represents the non-linear relation
between VOC and VSOC. The internal impedance is designed through Rseries, Rtransient and Ctransient. Rseries
represents the ohmic losses, while Rtransient represents the polarizing losses, that is, the
electrochemical efficiency.
The simplified functions that represent the battery parameters were modeled considering the
use of a lead-battery.
𝑽𝑶𝑪 𝒅𝒊𝒔𝒄𝒉𝒂𝒓𝒈𝒆 (𝑺𝑶𝑪) = −𝟎. 𝟕𝟔(𝑺𝑶𝑪)𝟐 + 𝟐. 𝟔𝟓(𝑺𝑶𝑪) + 𝟏𝟏. 𝟒𝟓𝟗

(5.1)

𝑽𝑶𝑪 𝒄𝒉𝒂𝒓𝒈𝒆 (𝑺𝑶𝑪) = −𝟏. 𝟓𝟑(𝑺𝑶𝑪)𝟐 + 𝟐. 𝟗𝟒(𝑺𝑶𝑪) + 𝟏𝟐. 𝟎𝟗

(5.2)

𝑹𝒔𝒆𝒓𝒊𝒆𝒔𝒅𝒊𝒔𝒄𝒉𝒂𝒓𝒈𝒆 (𝑺𝑶𝑪) = 𝟎. 𝟏𝟔(𝑺𝑶𝑪)𝟐 − 𝟎. 𝟐𝟗(𝑺𝑶𝑪) + 𝟎. 𝟐𝟕

(5.3)

𝑹𝒔𝒆𝒓𝒊𝒆𝒔𝒄𝒉𝒂𝒓𝒈𝒆 (𝑺𝑶𝑪) = 𝟏. 𝟐𝟒(𝑺𝑶𝑪)𝟐 − 𝟎. 𝟖𝟒(𝑺𝑶𝑪) + 𝟎. 𝟏𝟗

(5.4)

𝑹𝒕𝒓𝒂𝒏𝒔𝒊𝒆𝒏𝒕𝒅𝒊𝒔𝒄𝒉𝒂𝒓𝒈𝒆 (𝑺𝑶𝑪) = 𝟎. 𝟐𝟕(𝑺𝑶𝑪)𝟐 − 𝟎. 𝟑𝟐(𝑺𝑶𝑪) + 𝟎. 𝟏𝟒

𝑹𝒕𝒓𝒂𝒏𝒔𝒊𝒆𝒏𝒕𝒄𝒉𝒂𝒓𝒈𝒆 (𝑺𝑶𝑪) = 𝟏. 𝟖𝟐(𝑺𝑶𝑪)𝟐 − 𝟏. 𝟎𝟏(𝑺𝑶𝑪) + 𝟎. 𝟏𝟕

𝑪𝒕𝒓𝒂𝒏𝒔𝒊𝒆𝒏𝒕𝒅𝒊𝒔𝒄𝒉𝒂𝒓𝒈𝒆 (𝑺𝑶𝑪) = −𝟓𝟎𝟓𝟎(𝑺𝑶𝑪)𝟐 + 𝟑𝟖𝟒𝟏(𝑺𝑶𝑪) + 𝟏𝟐𝟖𝟕

𝑪𝒕𝒓𝒂𝒏𝒔𝒊𝒆𝒏𝒕𝒅𝒊𝒔𝒄𝒉𝒂𝒓𝒈𝒆 (𝑺𝑶𝑪) = −𝟏𝟎𝟗𝟑𝟗(𝑺𝑶𝑪)𝟐 + 𝟕𝟑𝟕𝟑(𝑺𝑶𝑪) + 𝟑𝟕𝟏𝟏
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(5.5)

(5.6)

(5.7)

(5.8)

The equations above portray the evolution of the model parameters when the system is
discharging, (5.1), (5.3), (5.5) and (5.7) is discharging and (5.2), (5.4), (5.6) and (5.8) when it is
charging. In Figure 5.2 is represented the evolution of the voltage at the battery terminals for different
currents and types of battery, that can be summarized by (5.1) and (5.2).

Figure 5.2- Open Circuit Voltage Evolution with SOC [5]
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5.3 Battery Energy Storage System

Figure 5.3- Proposed Model of the BESS

The model of the BESS represented in Figure 5.3 is composed by a storage system, a VSC
system and a PCS. The model is connected at the PCC with a RL load.
The model of the battery used is the one from subchapter 5.2. It was considered a battery with
a capacity of 2A.h, that is, a battery whose total charge can continuously feed a load with a current of
2A during an hour. In order to increase the capacity of the battery storage system, it was considered a
string of 100 batteries connected in series. Thus, the total capacity of the Energy Storage System is
200A.h. The SOC of the ESS is proportional to the DC current that flows between the VSC and the
ESS, Ibat. If Ibat>0, the batteries are discharging, the SOC of the ESS decreases. If I bat<0, the current
flows to the batteries, so the SOC of the ESS increases. It was considered a battery that can be fully
charged, and whose charge can’t be lower than 20%, that is, the maximum SOC value of the ESS is 1
and the minimum SOC value is 0.2. The DC voltage at the output of each battery is 12V. Thus, the DC
voltage at the output of the ESS, UDC is 1200V.
The VSC was considered to be the two-level three-phase half-bridge bidirectional AC/DC
converter of Figure 4.3. The inverter interfaces the DC with the AC side, based on a PWM modulation.
The VSC system is controlled by the PCS model of Chapter 3. The PCS controls the real and reactive
power, Ps and Qs, respectively, at the PCC, by a current-mode control of the VSC. The PCS
transforms the iabc current into a representation in the dq-frame that rotates with the grid frequency.
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The real power is represented by id while iq dictates the reactive power.
The amplitude of the DC current at the output of the ESS is given by:

𝑰𝒃𝒂𝒕 = √𝒊𝟐𝒅 + 𝒊𝟐𝒒

(5.9)

The real and reactive components of the dq-current are given by (4.34) and (4.35). As id and iq
have opposite directions, the sum of the two components dictates the direction of Ibat: Ibat>0 if it
positive and Ibat<0 if negative.
In a simulation of the model with a RL load, the real and reactive powers required at the PCC
are dictated by the load [19]:
|𝑽|𝟐

𝑷𝒔𝒓𝒆𝒇 =

𝑹𝒆{𝒁}

𝑸𝒔𝒓𝒆𝒇 =

𝑰𝒎{𝒁}

|𝑽|𝟐

(5.10)

(5.11)

Where V is the load voltage and Z is the load impedance:
𝒁 = 𝑹 + 𝒋𝝎𝑳

(5.12)

5.4 Model Simulation in AC-state
In order to test the performance of the BESS model, it was considered an ideal version of the
battery model of Figure 5.1. Therefore, the power losses represented by Rselfdischarge were ignored and
Ibat was considered unlimited. The tests were performed using MATLAB, considering different loads
connected to the PCC during 1 hour. Finally, the load frequency is considered to be 50Hz.
In this simulation the load was considered to have R=2Ω and L=0.5H. It was assumed that the
load needed both active and reactive power injection. The initial SOC was considered to be 1, as the
batteries were expected to be discharging.
The required active power, Psref is given by (5.10). As is shown by Figure 5.4, Ps tracks Psref.
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Figure 5.4- Active power at the PCC

Similarly, Qsref is calculated by (5.11). In Figure 5.5 it is shown that Qsref is tracked successfully
by Qs.

Figure 5.5- Reactive power at the PCC

The real and reactive power control is made by the PCS model of Chapter 4. As both real and
reactive powers at the PCC are positive, id, calculated by (4.34) is positive and iq, calculated by (4.35)
is negative. The ESS current, Ibat, is positive and its value is calculated by (5.9). The three currents are
represented in Figure 5.6.
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Figure 5.6- Evolution of Id, Iq and Ibat

As the current flows from the ESS to the load, the batteries are discharging, so the SOC
decreases, as illustrated in Figure 5.7.

Figure 5.7- Evolution of the SOC

Finally, as expected from Figure 5.2, the Voc, represented in Figure 5.8, decreases as the
SOC decreases.
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Figure 5.8- Evolution of the Open Circuit Voltage

5.5 Conclusions
In this chapter the model of the PCS developed in Chapter 4 was used to interface a previous
modelled battery to an AC load, simulating a BESS. Two different tests were made, with two different
loads.
The results of the test leads to the conclusion that the PCS model developed is able to
effectively control the active and reactive power exchanged with an external RL load connected at a
PCC. Additionally, when connected to an energy storage system like a string of batteries, it is capable
of efficiently discharge it, according to the quantity of reactive and active power supplied to the load.
Finally, it is concluded that the PCS model of chapter 4 is able to connect a DC system (in this
case the string of batteries) with an AC system (in this case a RL load) and allows for a bidirectional
power flow.
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6. Conclusions
In this dissertation it was developed a model of a Power Conversion System (PCS) for Energy
Stability Studies. Additionally, the model was tested to interface a battery modelled in a previous
thesis work with an AC load.
The PCS can seriously impact the performance and lifetime of a Battery Energy Storage
System. Thus, this thesis focused on modeling a Power Conversion System for BESS applications.
The proposed model was based on the control of a two-level three-phase half-bridge
converter, using the current-control mode in dq-frame of the real and reactive power.
It was designed successfully a PLL compensator to eliminate the effect that unbalanced
voltages may have had in the performance of the PCS, creating the necessary conditions for the
implementation of the current-mode control in dq-frame.
With the integration in MATLAB of the equations of current-mode control in dq-frame it was
possible to validate the PCS model equations deduced. It was concluded that the model permits the
separate control of active and reactive power.
Then, the PCS model was used to interface the battery modelled in [5] with an AC load. From
simulations with two different RL loads it was possible to conclude that the PCS modelled can
effectively interface a DC storage system with an AC load.
Finally, it was concluded that a BESS composed of the model of a battery from chapter 5.2
and of the PCS model of Chapter 4 is able to generate both real and reactive power and supply it to a
specific AC load.
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6.1 Future work
The work in this dissertation focused on the Power Conversion System in a BESS. The Power
Conversion System was modelled successfully, as it is able to perform the separate control of the real
and reactive power at the PCC. Finally, it was proposed a BESS model based on this work and on [5].
In the future it would be important to include the BESS model proposed in an AC micro-grid.
That way it would be possible to execute concrete power stability studies, such as Frequency Control
or Peak Shaving, and to test the behavior of the controllers when connected to the grid.
Concluding, the model developed is a good foundation for future BESS related studies, as it
can effectively perform a bidirectional control of the active and reactive power of the system. However,
to understand the operation and behavior of the model, it would have to be integrated in a microgrid,
to perform power stability studies.
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