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GENERAL INTRODUCTION

Decentralized power supplying of remote areas has become more practical in the recent
decade, especially with the falling price of what is called: DRES Distributed Renewable Energy
Sources (PV, wind, Fuel cell etc.) and the rising price of rural areas grid extension due to
geographical reasons and the very low population density in these locations, without excluding
the voltage drop drawback at these isolated areas [1- 6]. In south Algeria, for example, the
population density barely reaches an average of six inhabitants per km” [7, 8], according to these
conditions, the main Algerian electricity and gas company (Sonelgaz) asserts that a conventional
power supply by networks extension is not adapted to remote areas from an economic point of
view. Therefore, Sonelgaz has introduced the photovoltaic sector for 20 remote villages as an
experiment in south Algeria [9]. In remote areas, it is better to have an emergency source as diesel
generator (DG) to assist the active PV generator, especially in case of critical loads as: hospitals,
telecom application, remote monitoring etc. It is common in the literature that diesel generators
are coupled in the AC side, however, especially in remote areas and low power installations (few
tens of kW) characterized by dynamic loads (electric motor), AC coupling becomes less suitable
solution compared to DC coupling, because of the following three drawbacks:

- High dynamic load variation increases thermo-mechanical stresses in diesel engine cylinder
heads, which decreases their lifetime, thus, increasing curative maintenance frequency [15];

- An AC coupling structure of the DG requires a wound rotor alternator (WRA) type, while a
permanent magnet synchronous generator (PMSG) can be used in a DC coupling structure, which
reduces curative maintenance frequency too;

- In the case of dynamic loads (electric motors in our case study), the DG must be oversized in
order to support the transient regimes, and therefore, in the steady state, DG works in a
downgrade operating point compared to its rated power, which reduces considerably its efficiency

as it is known.
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A DC coupling structure of the DG is adopted exploiting the UC to assist it in all transient
situations [16, 17] and for fast dynamic power regulation providing smooth power quality [25, 26].
In order to bypass drawbacks cited above for the AC coupling case, a power-coordinated control
of DG/ Lithium-battery for an electrical boat with DC side coupling of DG is studied in [17],
except that, mechanical stresses applied on the DG are not well taken into account, which clearly
appears on the DC-link voltage waveform.

This thesis addresses a feasibility study of a Standalone Active PV Generator (SAAPG) for
an isolated agriculture area, consisting of four sources: PV, Lead Acid batteries, Ultra-capacitor
(UC) and DG. The management algorithm proposed in this thesis takes into account two
dominant criterions: smart management under different modes and cost price. The energy cost
price must be optimized in order to cushion the global installation cost as soon as possible because
it is a quite expensive system, and to optimize lifetime of the plant with minimizing curative
maintenance frequency, since the system is located in isolated area.

The present thesis titled: Contribution to Energy management of Hybrid Renewable Energy
System for Isolated Areas, is organized in four chapters as follow:

The first chapter presents an overview on renewable energy based active generators. It will
provide a general overview on active PV generator (APG) in the literature concerning some:
generalities, definitions and expressions. Then, structures and topologies are detailed in order to
choose the most appropriate one to our application: isolated farm characterized by its high
dynamic loads. Finally, management levels are well discussed and the chosen level is revealed.

The second chapter is dedicated for: modeling and judicious sizing of all electrical system
parameters, concerning sources and passive components (inductor and capacitor), DC-DC power
converters. Judicious sizing makes simulation results more credible and promotes the feasibility
of a possible practical realization in the future.

The third chapter treats modeling and controllers’ design of the DC-DC back and boost

converters used in the management system. Power converters are modeled using average large
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signal model. Unlike the buck converter, the boost converter have a non linear large signal model
which renders the jacobian lineraziation necessiry generating the small signal model (linear model),
providing the ability to apply the linear control technics (PI controller).

The last chapter concerns the power management and coordinated control of the SAAPG
dedicated to power supply an isolated area. The SAAPG is composed from four sources: PV,
Batteries, UC and DG. These sources are controlled in coordination, according to a specific
management algorithm, in order to regulate the DC-link voltage value (Vdc = 700V) providing
the stability of the whole system. The DC-AC three-phase PWM converter consider the DC link
as an ideal DC voltage source, therefore it operates independently from the DC side supplying
AC dynamic loads.

Finally, a general conclusion is cited, illustrating all the main points treated in this thesis as

well as perspectives emerged from this work.
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Chapter 1 Overview on Renewable Energy Based Active Generators.

INTRODUCTION

The present chapter will provide a general overview on active generators based on PV
resource. It begins with some generalities about definitions, benefits and statistics of renewable
energies especially PV type. Then, notion of Stand-alone Active PV Generator (SAAPG) is
introduced clarifying advantages and necessity of this one in remote areas. Finally, several
structures and topologies are detailed in order to design the suitable one for our case study.
I.1 RENEWABLE ENERGY; DEFINITION, BENEFITS AND CATEGORIES
I.1.1 Definition

Renewable energy is the energy generated from natural resources. Renewable energy flows
involve natural phenomena such as sunlight, wind, tides and geothermal heat, as the International
Energy Agency (IEA) explains: “Renewable energy is derived from natural processes that are
replenished constantly. In its various forms, it derives directly from the sun or from heat generated
deep within the earth. It includes the electricity and the heat generated from solar, wind, ocean,
hydropower, biomass, geothermal resources and bio-fuels and hydrogen derived from renewable
resources” [34].
I.1.2 Benefits of renewable energy

Renewable energy sources contribute to the diversity of the energy supply portfolio and
reduce the risks of continued (or expanded) use of fossil fuels and nuclear power. Distributed
renewable energies provide options to consumers because of their deployment close to use.
Renewable energy is also the most environmentally benign energy supply option available in
current and near-term markets. Finally, renewable energies contribute to a healthy economy, both
in their contribution to the efficiency of the energy system, and in the employment and investment
opportunities that arise from continued rapid market growth [35].
I.1.2.a) Energy security

The TEA defines energy security as the uninterrupted availability of energy sources at an
affordable price. Energy security has many aspects: long-term energy security mainly deals with
timely investments to supply energy in line with economic developments and environmental needs.
On the other hand, short-term energy security focuses on the ability of the energy system to react

promptly to sudden changes in the supply-demand balance [34].
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I.1.2.b) Environment protection

Moreover, today global warming becomes more serious due to the greenhouse effect. Some
emissions of greenhouse gases come from the human activity. The production and processing of
electrical energy is one of the main sources of greenhouse gases. Renewable energy sources (RES)
generates electricity from sustainable sources like wind, solar, and geothermal power with little or
no pollution or global warming emissions [36].
I.1.2.c) Economic growth

Renewable energy has several important economic benefits. In IEA (International Energy
Agency) countries, the main economic benefits are employment creation and increased trade of
technologies and services [35].
I.1.3 Dispatchable and non-dispatchable renewable energy sources

A dispatchable source refers to electricity sources that can be dispatched at the request of
power demand. According to this notion, renewable energy sources (RES) can be divided into two
types: dispatchable and non-dispatchable.
e Dispatchable renewable source: it is a power source, which is characterized by the ability to
deliver any power value (lower than its rated power) any time, like: Water power (hydro), Biofuel,
Geothermal energy and so on.
e Non-dispatchable renewable source: it is an intermittent source, which the power value is

controlled by an unpredictable parameter as weather conditions, like: solar PV power and wind

power.
Power4 Power4
Nominal Nomineal
Fower Power 7//
% ,
] Time Tim e
Non Dispatchable Dispatchable Renewable
Renewable source source

Fig.1.1. Categories of renewable energy sources.
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Among these renewable sources, solar PV power is among the most attractive renewable
energy source comparing, it showed record 34% growth in power generation in 2017 and is well
on track to meet its SDS (Self-Directed Search) target, which requires average annual growth of
17% between 2017 and 2030. According to the IEA statistics, Fig.1.2 depicts the energy quantity

in GWh of the electricity generation from solar PV source during the last two decades.
E(GWh)
300000
250000
200000
150000
100000

50000

1993 1995 1997 1999 2001 2003 2005 2007 2009 2011 2013 2015

Fig.1.2. World electricity generation from the solar PV source during the two last decades [34].

The TEA asserts that around 58 GWh of solar PV energy was installed in Algeria recently
until 2015 [34].

I.2 ACTIVE PV GENERATOR: TERMINOLOGY, STRUCTURE AND INTEREST

Solar energy-based generators are passive generators since they cannot be dispatchable; its
power production depends on the availability of the primary renewable source or insulation. So,
a high reliability with a good efficiency for a power system cannot be ensured with 100% of
renewable energy-based generators.

Energy storage devices can serve as backup power plants. They can be used to store or to

release electrical power like an energy buffer, supporting the operation of sources, transmission,
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distribution and loads. Therefore, they can help to solve the problems of renewable energies’

intermittent availabilities and fast transients.

The association of an energy storage system (ESS) to a renewable PV based generator

constitutes a hybrid power generator or what is known as: Active PV Generator. This APG

(Active PV Generator) is a distributed renewable source (DRS) which is considered as a

decentralized power source, it become competitive comparing to the conventional generators in

point of view of [37]:

Increased electric system reliability (no electrical lines power losses);

An emergency supply of power (maintaining the power supply is a local task);

Reduction of peak power requirements;

Offsets to investments in generation, transmission, or distribution facilities that would
otherwise be recovered through rates;

Provision of ancillary services, including reactive power;

Improvements in power quality;

Reductions in land-use effects and rights-of-way acquisition costs.

Active PV Generator

4 :f; ______________ ]
DC-Bus | Grid
|

|
| | PV Panels 2 PC A~ >
| A | PC >
| Energy Storage |+ ~| DC <:> A0
| system (ESS) [N 7V DC l/ """""" J[ """"""" ;
A H
| . Load |
, B
| Local Management | Microgrid Operator
| Controller D » (Controller)

Fig.1.3. Elementary structure of a Grid connected Active PV Generator (APG) [37].

As defined in [38]: “PV based active generator is a system comprising of a PV array and a

battery storage system with a capacity of storing energy both for long- and short-term local usage”.
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Therefore, such system should be able to generate, store and release energy as long as this
one is needed depending on load variation. Fig.1.3 depicts an elementary structure of a grid
connected PV based active generator or APG.

In the literature, another word is used to describe an APG; it is Hybrid Renewable Energy
System (HRES). A HRES consists of two or more energy sources, with at least one of them
renewable and integrated with power control equipment and an optional storage system. An HRES
is also called in the literature as Distributed Energy Resources (DER) or Distributed Generation
(DG) [39].

In the case when the APG is not connected to the grid, or this last does not even exist, two
terms are used in the literature to describe the APG:

e  Stand-alone Hybrid Renewable Enerqy (or Power) System.:

Stand-alone Hybrid Renewable Energy (or Power) Systems are found as the integration of
several generation systems, with at least one renewable (photovoltaic (PV), wind, diesel,

hydrogen, fuel cell), and optional storage system (battery, fuel cell);

e Off-grid, remote or islanded Hybrid Renewable Enerqgy (or Power) System.:

Off-grid are found synonymous with Stand-alone hybrid energy/power systems as the
integration of several generation systems. But, when referring to Off-grid systems the location is
usually without access to a main electricity grid, so generally they are placed in remote locations
or rural areas. In the case where, an off-grid system might be connected to the grid, then the
functionality of working disconnected and independently from the grid is known as stand-alone
mode. It has been identified a preference of usage of off-grid for a broader audience, while the

usage of stand-alone is more restricted within the research community [39].
1.3 ENERGY STORAGE SYSTEM USED IN APG (or HRES)
All potential energy sources type can be used as storage source, the energy can be stored
in different forms:
e Chemical: Hydrogen, biofuels, liquid nitrogen, oxyhydrogen ...
e Electrochemical: Batteries, flow batteries, fuel cells ...
e Electrical: Capacitor, super capacitor, superconducting magnetic energy storage...
e Mechanical: Compressed air energy storage, flywheel energy storage, hydraulic...

e Thermal: Ice storage, air-conditioning...

10
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For electrical applications, according to the different requirements, various kinds of storage
technologies are used with specific characteristics such as the rated current/voltage, the capacity

of electrical power/energy, the maximum current, the minimum voltage, the weight, the volume

etc. [35].
1000
5 Fuel cell
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s, 100 Conventional
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Fig.1.4. Energy and power density of different storage technologies Source [35].

According to Fig.1.4, storage element can be classified into two categories: energy density
sources and power density sources.
e Long-term energy storage units have a higher energy density; they are generally used as energy
reserve units for long time (hours to days). Among these units, we can cite fuel cells and
conventional batteries.
e Fast dynamic power storage units have higher power density. They are suitable for high power
fast balancing. Their period of electrical power release and restoration is significantly less than
the long-term energy storage (from several milliseconds to minutes). This kind of power storage
can perform a good dynamic characteristic in the application of hybrid electric vehicle. In the
domain of renewable energy-based power production, they can also provide an improvement of
the power quality [35].

Several kinds of batteries can be used in PV system to assist the intermittency of the PV
array primary source; such as Lead acid, Lithium ion, saltwater and so on. For isolated PV
applications, lead-acid batteries are yet used as an energy buffer because of their low cost and

because, lead recycling is a well-established industry [21].

11
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The energy storage system (ESS) chosen in our case study is composed of Lead acid batteries
bank as a long-term energy storage unit for steady state energy balance, and ultra-capacitor as

high-power density storage element for transient regime power balance.

I.4 TOPOLOGIES AND SOURCES INTERCONNECTION OF A SAAPG

A stand-alone active PV generator (SAAPG) is an APG dedicated to power supply an
isolated or remote area, or, it depicts an island mode in case of grid connected PV system. In our
study, we focus on the case of remote area or Off-Grid HRES.

I.4.1 Topologies used in SAAPG system

Stand-alone Hybrid Renewable Energy systems are found as the integration of several
generation systems, with at least one renewable source which is PV in our case. A lot of variety
of topologies can be found in the literature, the combination is based on some criteria as type and
historical value of the existing renewable source (wind, insulation etc.), rated power, cost price,
profitability and son on. Referring to [39], the following topologies (structures) are well studied
maybe realized as a SAAPG:

e PV/Micro turbine;

e PV/Wind/Hydrogen;

e PV/Wind/Fuel cell;

e PV /Wind/Battery;

e PV/Fuel cell/Battery;
e PV/Hydrogen/Battery.

Even with energy storage system (ESS), other topologies integrate diesel generator (DG)
among the SAAPG sources. Some works like [41] justify this integration (PV-Battery-DG hybrid
energy systems) that it offers technical, economic and environmental benefits compared to
traditional off-grid systems. In [42], four sources (PV, Battery, Ultra capacitor and DG) are
combined together justifying this integration by the fact that especially in off-grid mode, a DG is
needed as another backup power mostly if the load do not allow power failure. Tab.1.1 depicts

some works, which combine DG to ESS (Energy Storage System) in SAAPG.

12
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Tab.1.1. Some works which combine DG and ESS in SAAPG.

SOURCES COMBINATION

PAPER TITLE

PAPER REFERENCE

PV /Diesel /Battery

Study of a solar PV—-diesel—
battery hybrid power system for a

remotely located population near
Rafha, Saudi Arabia

Energy, Volume 35,
Issue 12, December

2010, Pages 4986-4995

PV /Wind/Diesel /Battery

Sensitivity of internal combustion
generator capacity in standalone

hybrid energy systems

Energy, vol. 39, no. 1,
pp. 403-411, 2012.

FEconomic analysis and power
management of a stand-alone
wind /photovoltaic hybrid energy
system using biogeography-based

optimization algorithm

Swarm and
Evolutionary
Computation, vol. 8,

pp. 33-43, 2013.

PV /Wind /Diesel/Battery /UC

Energy management of DC
microgrid based on photovoltaic
combined with diesel generator

and super capacitor

Energy Conversion and
Management, Vol 132,
15 January 2017,
Pages 14-27.

1.4.2 Sources interconnection of a SAAPG

The type of energy management implemented depends on the system configuration. Two
alternatives are generally used depending on the location of PV generators, as shown in Fig.1.5
in both of them, the diesel generator, loads and battery, through an inverter in that case, are
connected to the common AC bus. However, in the first case, the PV arrays are connected to the
battery through a DC/DC converter whereas in the second case, they are connected to the AC
bus through an inverter [40].

The configuration shown in Fig.1.5.a (Centralized PV generation) is simpler than the second
one (Distributed PV generation) and depicts many advantageous in many situations. Since the
generation and storage are centralized, all management data are close and easily accessible, where,
a simple energy management strategy is required. The DC-Bus is controlled via the battery bank
DC/DC converter when this one is charged, so, communication cables are no needed in this case.
The main drawback of this configuration that; loads are so far from the SAAPG, which results

more and more power losses that loads are distant.

13
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Fig.1.5. Centralized and distributed PV generation in SAAPG [40].

However, this structure (shown in Fig.1.5.a) can be adopted only when PV generators are

centralized close to the battery bank, which is not always the case when PV generators are

distributed. In such case (distributed PV generators), the second configuration becomes more

attractive (Fig.1.5.b). It can be convenient in many applications such as rural electrification since
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the PV arrays can be placed on the house roof and connected directly to the mains. This
configuration is more expensive than the first (more power converters) but it allows a better
efficiency (PV power close to loads). On the other hand, the management algorithm will be more
complex than the first case. In normal operation, the diesel generator is not connected. In this
situation, the PV inverters operate as current-source inverters (CSI), delivering maximum power.
The battery inverter operates as a voltage-source inverter (VSI), setting the grid frequency and
voltage]. As a result, the battery inverter automatically supplies the required real and reactive

power.

However, the inconvenience of this system is that communication cables are required in order
to reduce the PV power when the battery is fully charged, which makes the system more complex,
more expensive and less reliable. Well-known droop methods succeed in sharing the power among
parallel VSIs without the need of communication cables. However, the PV power reduction in

such a system with no communications has not yet been addressed [40].

The remote area to power supply in our case study is located on a small surface, which
favors the centralized PV generators configuration. We will combine four sources to power supply
this island agricultural farm characterized by its high dynamic loads as follow. These four sources
are:

1) PV generator as a renewable energy source;

)

2) Lead acid batteries as an energy storage element;

3) Ultra-capacitors as a transient power compensator;
)

4) Diesel generator, which present the emergency reserve generator.

I.5 POWER MANAGEMENT STRATEGIES FOR MICROGRID |[23]

The distribution feature of renewable resources such as roof-mounted photovoltaic panels
and small wind turbines, makes the structure of the Smart Grid directly too complicated to
implementation. One potential path to implement Smart Grid is using microgrids, and then the
microgrids can be connected together to form the bigger power grid or smart grid.

The microgrid concept given by U.S. Department of Energy is "a group of interconnected
loads and distributed energy resources within clearly defined electrical boundaries that acts as a
single controllable entity with respect to the grid, and it can operate in grid-connected and island-
mode [43]. Although different countries and research institutes have various definitions of the
microgrid, the core concept of them is to give solutions on how to integrating renewable resources

and improve efficiency, quality, reliability and security.
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The distribution feature makes the control structure of microgrid greatly different from
traditional central power plants. Furthermore, the intermittent renewable resources productions
result to more complicated power management and stability problems. Therefore, a well-designed
power management is essential to a functional microgrid.

The micro-grid power management with hierarchical structure can be divided into three

layers, as shown in Fig.1.6.
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Fig.1.6. Hierarchical structure of microgrid power management [23].
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The primary control in local controller is responsible for power distribution between
distributed energy resources (DERs) to avoid circulating active and reactive power, and control
of DERs according to their features; and the secondary control in central controller is to maintain
stable voltage and frequency during load change or power variation of renewable resources, while
tertiary control in the top of the hierarchical structure is to operate economic or environmental
optimization of the power management [23]. In our case, our focus is limited to the primary control
seen that it is our case study in SAAPG or off-grid PV systems. Commonly, two strategies are
adopted in this power management level (primary control) as follows:

- Active load sharing method;

- Droop characteristic method.

I.5.1 Active load sharing method

A high-band communication is usually vital for the active load sharing methods to sharing
average active/reactive power, peak power or power errors. Current or active/reactive power
reference points are determined through different approaches such as master-slave, centralized
and average load sharing. In the master-slave control, one of the paralleled converters is assigned
as the master converter and operates as a voltage source converter to regulate the output voltage,
while others behave as current sources converters and to track the master converter's current.
Rotating master and automatic master are also proposed to decrease the dependence on specified
module [23]. In the third chapter, an almost similar method is chosen in order to power

management the SAAPG studied in this work.

1.5.2 Droop characteristic method

The droop characteristic method, using the mechanism of programming output impedance
to obtain load sharing, has been frequently referred to as the autonomous, independent and
wireless control method due to its elimination of intercommunication links between the converters.

The basic principle of droop characteristic is that, the frequency decreases with the increase
of output active power (in AC CCP), and voltage amplitude decreases with increase of reactive
power, as depicted in Fig.1.7.

The relationship is defined as:

{f —f"=-D, *P
* (L.1)
E-E =-Dy*Q

17



Chapter 1 Overview on Renewable Energy Based Active Generators.

Where E” and f” are the DER nominal voltage RMS value and frequency during no load
condition. The droop coefficients, D, and D, can be designed based on the converter power
rating and maximum allowable voltage and frequency deviations, or optimal designed by some

heuristic algorithms (e.g. partial swarm optimization, genetic algorithm) [23].

Frequency Voltage

I
|
I
I

> >
P Q

(a) Frequency/Active power droop (b) Voltage/Reactive power droop

Fig.1.7. Frequency/active power and voltage/reactive power droop characteristics [23].

In our case study, the CCP (Common Coupling Point) is situated in DC instead of AC side,
which means that, DC-link voltage value will be regulated by DC power (DC power instead of
active and reactive power) sources generated/absorbed by DC power converter as it will be well

detailed later.

SUMMARY

This first chapter has presented an overview on PV system based active generator designed
for on or off grid application. It was intended to give a brief state of art on SAAPG through
definition, terminologies, sources combination, interconnection and so on. Also, power
management strategies for microgrid and different management levels are discussed. We conclude
that, the most appropriate topology of an off-grid active PV system according to our case study

(isolated farm), should be composed of: PV, Batteries, UC and diesel generator.
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Chapter II Modeling and Sizing of Electrical System Parameters.

INTRODUCTION

This chapter is dedicated to a global analysis of the studied PV system. This analytic study
aims do design and sizing all system components in order to allowing simulation to be feasible
and closer to practical achievement. According to the sizing point of view, this chapter is limited
to the electrical sizing only, such as, power sources (PV field, Lead Acid batteries bank, diesel
generated etc.) and power converter components (inductances, capacitors, DC-link capacitor value
etc.). The simulation of the proposed system will be made with Matlab Simulink environment,
thereby; we will exploit the SimPowerSystem library to avoid modeling of several existing parts

in this library such as; lead acid batteries, ultra-capacitor, power switches etc.

II.1 OVERVIEW ON THE STUDIED SAAPG

The Fig.2.1) shows a block diagram of the studied system in this thesis; it is about a 15kW
Stand Alone Active PV Generator (SAAPG) dedicated to supply an isolated agriculture area.
The main objective of this work, resides in the simulation of the proposed SAAPG system in order
to check its real feasibility according to the two following main criteria:

1-  Competitive price of the global system and its profitability;

2- Long-life and low maintenance frequency of the physical system in fact that its bout an

isolated area.

f (—\
PV field DC/DC Boost Converter
&
Lead Acid — f DC/DC Bidirectional ©
Batteries Bank LBuck & Boost Converter £ Three Phase Isolated
p (j DC-AC PWM Agriculture
: — DC/DC Bidirectional S Converter Area
Utna eapaeiior | Buck & Boost Converterl -
Diesel Pr Bridge Rectifier & P
Generator LDC’/DC’ Boost Converter \ )

Fig.2.1. Diagram block of the proposed SAAPG system.

As depicted in Fig.2.1, the SAAPG is based on five subsystems:
1- PV field controlled by DC-DC boost converter in order to extract exactly the value of the PV
power reference imposed by the Power Management Unit (PMU), either in MPPT mode when
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batteries are not fully charged or in PV Limitation Mode (PLM) in the case where we do not
have where to store PV energy (fully charged Batteries);

2- Lead Acid Batteries Bank used as an energy source (Low Power Density), with its bidirectional
DC-DC power converter to regulate input/output low frequency component (LFC) batteries
power reference;

3- Ultra capacitor used as a power source (High Power Density), with its bidirectional DC-DC
power converter to regulate input/output High Frequency Component (HFC) power reference;
4- The emergency source (Diesel Generator) coupled in the DC side through: a full bridge diode
rectifier and DC-DC boost converter.

5- The DC-AC three-phase PWM converter, which operates alone considering the DC-link as a
fixed DC voltage source, which is regulated online by the management and coordination of the

four sources cited above, as it will be well detailed in chapter IV.
II.2 POWER GENERATORS OF THE STUDIED SYSTEM

A hybrid PV configuration is very attractive for stand-alone systems in terms of cost and
reliability, thereby; an adequate and proper sizing proves necessary in such systems enhancing
efficiency and profitability, consequently; the cost price [40]. In the present section, we will

develop, only an electrical sizing of the SAAPG power sources.
I1.2.1 PV Source

The PV field is composed of series-parallel PV modules network, each module in turn, is

composed of some PV cells where their common model is depicted in Fig.2.2.

Rs  Ipy
[ —
D) G G A
RN
':Q: \ <T DY7 RSH VPV § RL
ERN T
& o o—

Fig.2.2. Single diode PV cell Model.
e [, Photocurrent, its intensity is linearly proportional to the irradiation;
e [, Current diode, since it is a PN junction;

e R represents the totality of the resistances confronted with the electrons trajectory;
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e R,: it is mainly caused to modeling leakage currents, due to the non-ideality of the PN junction

and the impurities near the junction, which cause a partial short circuit of the junction, in

particular, near the edges of the cell [44].

The voltage across the shunt resistor R, , diode current, shunt resistor current and PV cell

current are given by equations (2.1).
Vg = Vo + Bl

Sh

2F

I,=1, [exp

ak
(2.1)
Yo
Sh
RS}L
IPV =i _ID _ISh

Where:

Vg, : Voltage across Rsh or the diode
Ry Series resistor (Q)

Iy, : Reverse saturation current (A)
I,,: Diode current (A)

q : Elementary charge (1.6022x10™" C)

Ve Voltage across the PV cell terminals (V),
I, : PV cell Output current (A)

k : Boltzmann's constant (1.3806x10% J/K),

T : Absolute temperature in K

a : Diode ideality factor (1 for ideal diode)

Substituting equations in I, formula, PV cell output current (I) can be calculated via the

)]_1 B

Generally, all PV panel manufacturers give, in standard test conditions (STC values:

equation (2.2).

RI

S” PV

V., + R

sty
R

Sh

q(Vyy +
nkT

1, =1

Ph

—1

Sat exp

(2.2)

standard irradiation value: Gg=1000 W/m* and standard temperature value: Ty = 298°K, some
essential data summarized on Tab.2.1.

When the cell is operated at short circuit point ( V,, = 0), the current I, is defined as the
short-circuit current I ,. For a high-quality PV cell (low value of Ry and I,, and high value of

Rg,), the short-circuit current I, is expressed as [, : I [45]

C:Iph
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Tab.2.1. PV panel essential data.

Pypp - Mazimum Power Point power value (W) at STC

Vipp : Mazimum Power Point voltage value (V) at STC

Lypp : Mazimum Power point current value (A) at STC

Loy : Short Circuit current value at STC (A)

Viyes : Open Circuit voltage value at STC (V)

Al : Temperature coefficient of short circuit current (A/°K)

AV, : Temperature coefficient of short circuit current (A/°K)
Ny : Number of cells per PV module or panel

By considering the effect of the irradiance and the temperature, the current I, is

expressed in equation (2.3).

G
I, =1, :ISCSG—[1+AISC(T—TS)] (2.3)

S

When the cell operates in open circuit (1,,=0), the voltage V,, is defined as the open-circuit

voltage (Vo). Assuming the shunt resistor (Rg,) is high enough to neglect its current (Ig,) the

open-circuit voltage is expressed in equation (2.4).

kT I
Voo ™ —In(-£L +1) (2.4)
q I

In an open-circuit condition: V,, = V,.and I,, = 0, the photocurrent should be:

Vv Vv
Iy =1, + 1, = ISat[eXp(%) -1+ % (2.5)

t Sh

N kT
With V, = 5 is the thermal voltage and Ny is PV cells number per PV module or PV

panel. The saturation current (/) is defined in equation (2.6).

v
[Ph - %
[ =—— (2.6)
Voo
exp( v )

t

The open-circuit voltage value according to the temperature variation is expressed in

equation (2.7).

VOC = VOCS +A VOC(T - Ts) (2.7)
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Notes:

1- There remain two parameters to be determined, Rq and Rg,. Usually, these resistor values are
identified by some numerical algorithms executed by calculator like in [47]

2- The resistors and the ideality factor are influenced by the temperature [45]. In order to
simplify the model, these values are set in STC.

3- For a given voltage V,, the equation may be solved to determine the output current I.
Because the equation involves the current on both sides in a transcendental function, the equation
has no general analytical solution. However, it can be easily solved by using numerical methods
[45].

4- Once the PV module (PV Cell x Ny) is elaborated, a simple multiplication by Mgx M, (Mg:

number of modules in series / M,: number of modules in parallel) to obtain the desired PV field.

Tab.2.2. PV panel parameters used in simulation (ASMS-180M)

Pypp: Maximum Power Point power value (W) at STC 180
Vurp : Maximum Power Point voltage value (V) at STC 36
Lypp : Maximum Power point current value (A) at STC 5

Iyog: Short Circuit current value at STC (A) 5.5
Vics: Open Circuit voltage value at STC (V) 45

Aly. : Temperature coefficient of short circuit current (A/°K) | 0.038982

AV . : Temperature coefficient of short circuit current (V/°K) | -0.36491

Ng: Number of cells per PV module or panel 72
Rg: Series Resistance (Ohms) 0.69467
Ry, : Shunt Resistance (Ohms) 160.0579
a: Diode ideality factor 1.0163

The PV Panel used in simulation in this work is referenced by: ASMS-180M from Aavid
Solar Company (exists in MATLAB); its parameters are detailed in Tab.2.2.

Tab.2.3. Simulation parameters of the used PV field.

Pypp : Maximum Power Point power value (kW) (180 x 12 x 8) 17,3
Ve : Maximum Power Point voltage value (V) (36 x 12) 432
Iypp : Maximum Power point current value (A) (5 x 2) 40
Igog: Short Circuit current value (A) (5.5 x 2) 44
Vs : Open Circuit voltage value (V) (45 x 12) 540
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According to our rated power (15kW), we have used M *M, =12*8 =96 PV panels to

achieve this power value (Tab.2.3).

Array type: Aavid Solar ASMS-180M;
12 series modules; 8 parallel strings

I I I
60 -
%0 1 kW/m? ]
Laof .
|5 2
30t 0.6 kKW/m |
3
20 - -
10 0.2 kW/m? i
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2 — —
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_15F i
; 2
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o
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Fig.2.3. P-V and I-V curves of the used PV field for a variety of irradiation.

I1.2.2 Lead Acid Batteries [52, 53]

Lead acid battery is the most used storage element in PV system. The main function of lead
acid batteries is the storage and the supply of energy in a PV system. The stored energy is
chemical can be converted into electrical and vice versa. The electrochemical reactions are

described by the reactions mentioned by equation (2.8).
PbO, +2H,SO, + Ph—Diharse 2PbSO, +2H0  (28)

Charge

This model consists of a voltage source E, , and an internal resistor R, . This model includes

the main variables of the system: the Battery State of Charge (SOC), the current flowing across
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the battery I

. » the temperature T and the number of cells in series n, . The circuit equation is

Ri [Bat
+

F(SOC, Ip) ‘

f(SOC,Ipy)

expressed on Fig.2.4 [45].

>

Fig.2.4. Equivalent electrical circuit of the CIEMAT battery model [45]

V., =n(E, +RI

Bat i~ Bat

= f(SOC
)[EB(” i ) (2.9)

R = f(I,,.50C.T)

Bat?

The voltage source Ej,, represents the voltage in open circuit across the battery terminals.
This voltage is due to the stored energy into the battery through the electrochemical reactions.
Obviously, this term depends directly on the stored energy. R, is a resistor and represents the
losses. This resistor value includes the effects of the working point (I, SOC, T) and the health of
the battery. A damaged battery has a high value of resistor irrespective of its working point. Also,
the resistor is inversely proportional to the state of charge. Furthermore, at the same time as the
battery is discharging, the resistor value is increasing. Note that all physical effects are expressed
into electrical equations and are modeled in these terms. The state of charge must be considered
as an indicator of the electrical charge stored in the battery. The value range is 0<SOC<1. The

following equations (2.10, 2.11 and 2.12) describe the behavior of this indicator.

SOC(t) — % [ ned, (0t (2.10)

c C
C(t) — nom ~ tcoef (2 ) 1 1)

[

B, .
1+ A4, )‘] 1+a, AT(t)+ B AT(t)

nom
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C
— nom (2 . 1 2)
n

Where : C(t) is the battery capacity; 7, the charging efficiency; C is the nominal battery

capacity (at n hours); Cmf, Awp and BW) are model parameters; AT is the temperature variation

from the reference value at 25°C; I the discharge current corresponding to the C ; n is the time

in hours; a and . are the temperature parameters.

The SOC must be understood as the relation between the accepted energy and the available
capacity at all times. The inner integral term models the accepted energy over the battery working
life. In addition, the outer integral term models the battery capacity due to the working point
environment at any given time. Both terms are functions of time and are evolving continuously.
When the SOC is unity, the battery cannot accept more energy from the system, because the
stored energy fills all the battery capacity. Moreover, when the SOC is null the battery has no
energy.

Sqw<n be observed. For the first 16 hours, the current is flowing inside the battery, and it
evolves into different zones: charging, overcharging and saturation zones. From 16 hours to 27
hours the current is flowing outside the battery and it evolves into discharging, over discharging
and exhaustion zones.

The lead acid battery model used in this work is which exist in SimPowerSystem of Matlab

library.
3 T
saturatior
25 vepharge
charge
transition charge/discharge
2 T
S discha
Srs \
= over dischakge
>
1
0.5
0 l exhaustion
0 5 10 15 20 25 30 35

Time [h]

Fig.2.5. Working areas of a lead acid battery.
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I1.2.3 Ultra Capacitor

An ultra-capacitor (UC) also called as an electrochemical double layer capacitor, is a low
voltage energy storage device similar to a battery but exhibiting an extremely high capacitance
value. UCs have high power density, low series resistance, high efficiency, large charge/discharge
capacity and low heating losses. These deep-discharge capacitors with a fast response are suitable
for operation over a wider range of temperature. However, the terminal voltage of an UC decreases

with decreasing state of charge (SOC) and rate of decrease depends on the load current [46]

Rg
— 3 Iye

+
Vg
VCI Cy Ve

Fig.2.6. Basic model of Ultra-capacitor [46].

All internal electrical relations are expressed in the equation (2.13).

av,
) 1[

i c, o)
Vo (t) = RI,.(¢) (2.13)

Vie(t) =V (8) + V,,(8)
With: [, is the ultra-capacitor current and V, . is the output voltage.

Tab.2.4. The used simulation parameters of UC.

Nominal Voltage in (V) 250 V
Capacitance Value 2 F
Equivalent series resistance 0,0089 Ohm
Rated Temperature 25°C

28



Chapter II Modeling and Sizing of Electrical System Parameters.

I1.2.4 Emergency Source (Diesel Generator)

A diesel generator (DG) is mainly consist of a diesel engine (DE) driving an electrical
generator, usually a wound rotor synchronous machine or alternator. The alternator guarantees a
fixed value of the output voltage amplitude, however, the diesel engine speed governor, which
determine the output voltages frequency, maintain mechanically the speed of the DE around a
fixed reference (synchronism speed). In this work, the DG is coupled on the DC side; throw a
three-diode bridge rectifier and a DC-DC boost converter, the advantages of this coupling
structure are well detailed later in chapter IV. Since the DC-DC boost converter will control the
DG power in the DC side, the alternator type can be a permanent magnet synchronous generator
(PMSG)

The diesel engine has a very heterogeneous conception in nature, thereby; its model may
reach a high-level complexity [17, 19]. However, focusing on the torque dynamics according to the
indexed fuel pumping system; its model can be further simplified as in equation (2.14).

K

DM

1+5'72

T ()= 2(8)e " (2.14)

Where:
- K, : is the diesel engine gain;
- 2(9): is the fuel consumption index, which makes it possible to evaluate the dynamics of the
fuel flow in the diesel engine by means of a characteristic function. The fuel flow function is non-
linear, convex, with an absolute minimum in 2(¢) =1 [19];
- 7, is the engine combustion delay, it is a time constant expressing the limit in reaction speed
of the diesel engine, 7, = 0.02S as proposed in [18].
- 7, is the actuator time delay, it is dead time which represents the delay between the time when
a change in fueling is applied (fuel rack movement) and the time when enough cylinders fire to

achieve the new torque setting [20],

605
7=t + 59 _ 035 (2.15)
2Nn_, AN

l

By normalizing equation (2.14) (make the equation in P.U form), when 2(t)=1, it

corresponds to the operation in full power. For this operating point, the diesel engine torque
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T,,=1PU, where K, =1 for a normalized equation. Where the equation (2.14) can be written

as in equation (2.16).

1

Se 51 2.16
e e (2.16)

T,.(S)=

To determine the diesel engine model, PADE approximation is used as mentioned in the

equation (2.17).

—ST 2 - STI
e ! = (217)
2+ 57,
The transfer function becomes like mentioned in equation (2.18).
T (S 2-S8
09) _ & (2.18)

2(S) 2487, 1487,

The equation characterizing (in pu) the dynamics of the two rotating parts (diesel generator

and alternator) is given by:

[ dw 1
DG __
dt 2HD (TDE o TE o DDwDG)
2
H — 1 JDwref
P28, (2.19)
Ip=Jpp +J,
DD = DDE + DE
Where:
wp  Diesel generator base speed; - S,: apparent base power;
- H, : Equivalent DG inertia in pu; - T, : Diesel engine torque in pu;
- D, : Equivalent DG friction coefficient; - T, : Resistant torque of the alternator in pu;
- D, : Diesel engine friction coefficient ; - Jpp & Jg Diesel engine & alternator inertia;
- Dy : Alternator friction coefficient; - J, : Equivalent DG inertia in kg/m?;

For the alternator, a surface-mounted permanent magnet synchronous generator (PMSG) is

considered Ld=Lg=Ls. The PMSG model in the dq frame is given as follow [18]:
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e q4q

d
V=R, +L,—(I,)—wL]

d
V:] = RSIq + Lq E(Iq) — weLd]d + U)Ewm (220)
3
T zap[% + L~ L, ]I

Since the DG works at fixed speed, the Fig.2.7 depicts the transfer function of the closed

loop control of the diesel generator.

w -1 AwD(; P[D Z(S) R 2—57’1 TDE 1
ref d

2+ 81 1487, 2H, S+ D,

Fig.2.7. Closed loop control of the DG speed.

Using the PID tuning block in Matlab/Simulink, the PID parameters are estimated as follow:
K,=9378/) K, =3,649 / K, = —0428.

Tab.2.5. DG simulation parameters.

Names Parameters Values
Nominal power P 15 kW
Nominal speed N 1500 rpm

Engine actuator time constant T; 0,02 s
Engine combustion delay T, 0,03 s
Engine stroke number S, 4
Engine cylinder number Moy 4
PMSG stator resistance Ry 0,46 Q
PMSG stator inductance L, 12,5 mH
PMSG rotor fluzx Y., 1,05 Wb
Total inertia of DG J 0,71 kg*m’
Total inertia in pu H, 0.583
Friction coefficient D, 0.015 N*S/rd
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Fig.2.8 shows, the simulation result of diesel engine speed control, the speed reference is

given in pu (wmf = 1), at t=10s, a maximum resistance torque 7, =1 (maximum electrical power

of DQG) is applied on the diesel engine.

1.2

—

DG speed in pu
> o o
> [« oo

<
[

o
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Time (s)

<
o

Fig.2.8. Fixed speed operation of the DG.

I1.3 POWER CONVERTERS OF THE STUDIED SYSTEM

There are three types of power converters in the global system: DC-DC boost converter (for
PV and DG sources), DC-DC bidirectional Buck & Boost converter (for batteries and UC) and
the DC-AC three-phase PWM converter, remind that the Boost converter is part of the DC-DC
bidirectional Buck & Boost Converter, which results that, the analysis will be about two power

converters only:
- DC-DC bidirectional Buck & Boost Converter;
- DC-AC three-phase PWM converter.

I1.3.1 DC-DC power converters

The DC-DC bidirectional Buck & Boost converter, is formed by both buck & boost
converters, it depends on the inductor current direction (direction of the power flow) as depicted

in Fig.2.9. In our case, lead acid batteries bank or UC is used instead of capacitor C,, on the

other hand, C, presents the DC-link capacitor.
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iL
Buck <——> Boost l—[>’—l
.—.—rm L 4 @

L = T_I
A VGSQ +TSQ A
A * S, A+
Vil Ci T :—I D, C, T Vs
Vst =
° o o °

Fig.2.9. Topology of the DC-DC Buck & Boost converter.

If the inductor current is oriented from V, to V, the boost converter is activated, on the
other side, if the inductor current is oriented in the opposite direction (from V, to V, ) the buck

converter is activated.

= S5, = 0 (Enabled)
= 8, = 0 (Disabled)

Boost

i, > 0 (Converter power flow from V, to V) < lS

Buck

= 5, = 0 (Disabled)
=8, = 0 (Enabled)

i, <0 (Converter power flow from V, to V,) < 15300515

Buck

In general, the design of the power converter returns to evaluate wisely its components,
especially passive components, inductor and capacitor values, they are both computed respectively
from the inductor ripple current and the capacitor ripple voltage. Analyzing the behavior for the

buck converter showing in Fig.2.10.

I; S i Io

Fig.2.10. Buck converter circuit
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¢ Ripple current and corresponding inductor value

During the interval 0 < ¢ < DT, the switch S is ON , the diode D, is OFF', the inductor is
in the charging phase. During remaining time of the period DT, <t < T, , the inductor is in the

discharging phase. Fig.2.11 shows the steady state inductor current form for CCM (Continuous
Conduction Mode).

The current through the inductor is given by equation (2.21).

di V -V
v, = D=L =V, =V, > 0= i, (t) = | 2|t +(0) (2.21)
dt L
in(4)
) VI_V()
_ _Vo b= L
s
Imaa;
Iob =/ —ic 2 2>
Imm
» 1(5)

DTy Ts Ts+DTg 2Ts

Fig.2.11 Steady state inductor current for CCM.

Where i, (0) is the initial current in the inductor L at time ¢ =0. The peak inductor
current becomes at ¢t = DT and the peak-to-peak ripple current of the inductor L is presented in

equation (2.22).

i (DT) = VitV DT, +i(0)
(2.22)
A, _WVi=V)D _V,(-DD _V,(1-D)
bpp = st - fgL - fgL

Where the minimum inductor value L _ corresponding to maximum peak-to-peak ripple

current is calculated from the equation (2.23).
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= VO(I — Dmin)
min fS Al

LPP max

(2.23)

The equation (2.23) is determined for the buck operation mode, in the case of Boost

operation mode, the inductor value is determined by equation (2.24) [48].

VD

Lmin = fAZ = (224>
1
S

LPP max

¢ Ripple voltage and corresponding capacitor value

In practice, the filter capacitor is designed so that the impedance of the capacitive branch is
much less than the load resistance R, . Consequently, the load ripple current is very small and can
be neglected. Thus, the current through the capacitor is approximately equal to the AC

component of the inductor current 4. (¢) , on the other hand, the DC component of the inductor
current I, will float to load (R,) through the capacitor [48].

i,(t)=1,(t)+1, = 1, =i/ (t)—i,(t) (2.25)

The Fig.2.12 depicts the component of both AC capacitor current and DC voltage, the peak-

to-peak value of the output ripple voltage V,,, can be easily calculated with a simple geometric

manner.

During the time interval ¢ <t <t, , since the capacitor current is positive, the capacitor is

in the charge phase (capacitor voltage value is increasing). The mean value of current during this

interval, bring the capacitor voltage from the minimum to the maximum values.

Calculating the quantity of charge AQ, Charge stored in the capacitor during this interval

by the equation (2.26).

T

; [AiLPPmax s
[ 2 2 Ai

Achcharge = fZC(t)dt = 2 - léf;max (226)
t S
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1C_ min -

Ve
A

UC_ mazx

Vo= <ve>

Vo maxz [~

Fig.2.12. Steady state capacitor voltage for CCM.

On the other hand, replacing AQ,, Charge in the capacitor voltage formula (equation I1.27).
AQC'*Char e AZ :
AQ, pe =C*AV, & AV, = a Be _ gg}g (2.27)
Substituting A, ,, by its value, we obtain (2.28)
V.(1-D V.(1—-D
AiLPPmax = O( ) = AVC = 0( 9 ) (228)
fL 8Cf:L

Where the minimum capacitor value corresponding to the maximum peak-to-peak ripple

voltage (V) is mentioned in equation (2.29).

CPP

~ V,-D)

_ 2.29
mn8fILV, (2.29)

CP max
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I1.3.2 DC-AC three-phase PWM converter

The Fig.2.13 below depicts the DC-AC three-phase PWM converter used with the output
LC filter. This section aims to sizing the DC-Link capacitor value; on the other hand, the LC

output filter values are just adjusted by tuning in simulation with Matlab.

ipcs  Ipe-r

. .
> >

|

1¢ )

NN JK} Jg £
. T
uK} e mK?LJW

]

Ve | 2= Cre

[~

Y|

Three-phase
Dynamic Loads

Gy

-
\

ALL Sources and their
DC-DC power converters

|

Fig.2.13 DC-AC Three phase PWM converter with LC output filter.

The DC-link value €, in our case of study, can be sized simply by considering the two

following criterions :

1- The maximum ripple voltage AV, . according to the maximum DC power value variation
of the power demand: P, ==V I . .

2- The time constant T}, of the Ultra-capacitor DC-DC Buck & Boost converter to bring

buck the DC-link voltage value to its reference.

The stored /restored of the DC-link energy during the time interval [0, T,

is calculated by

equation (2.30).

max 7

TY‘
AW = [AP dt=AP, T (2.30)
0

The stored energy of the capacitor can be written as equation (2.31).

W==CV’ (2.31)

1
5 de de
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The variation of the stored energy in the capacitor also depends on the DC link voltage

Voo s the DC link voltage deviation A Voo and the capacity C bo and can estimated by equation
(2.31).
1 s 1 >
szgcdcv;ic _Ecdc(‘/dc —l—AVdC) (232)

The combination of the equations (2.30) and (2.32) leads to the expression of the minimal
capacity C' . [49], as depicted in equation (2.33).

T.AP
C > C max (233)

DC—min — 1
2
[m v, +2M;C]

The time constant T, stands for the control delay of the DC/DC converter and for instance

a value of about five to ten modulation periods is a good choice [50, 51].

All numerical applications given all simulation parameters values (inductors and capacitors)

are well detailed in “Appendix A”.

SUMMARY

This chapter introduced an analytic study to size and estimate all electrical simulation
parameter needed in the simulation later, specially about the DC-DC power converters, like: their
passive components (inductance and capacitance), switching frequency, IGBT references etc., in

order to obtain a realistic simulation results appropriates for a real case study.
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Chapter III Control of DC-DC Power Converters.

INTRODUCTION

DC-DC power converters are widely used in DRER (Distributed Renewable Energy
Resources), therefore, their control presents a requirement task. Recalling that, the existence of
switches in DC-DC power converters, make the system nonlinear, this nonlinearity is due to states
change of switches (switch ON and OFF). For example, buck or boost converter provide two
different instantaneous models (when the switch is ON or OFF), the average large signal model
of these power converters combines the two models in one average model, where the input variable
should be the duty cycle d. This chapter is dedicated to: modelling of both buck and boost power
converters according to averaging method, hereafter, models linearization and controllers design
are studied, therefore, simulation results (control of inductance current value and output capacitor

voltage value) are provided and discussed.

ITI.1. LARGE SIGNAL MODEL OF THE DC-DC BUCK & BOOST CONVERTERS [48, 54]

Mathematical model of DC-DC power converters is a necessary task either in dynamic
study or in controller’s design. Power stages of DC-DC power converters are highly nonlinear
systems because they contain at least one transistor and one diode, which are operated as switches.
In addition to that, for example for the case of Buck or Boost power converter, two instantaneous
models occur corresponding to the switches state (ON and OFF) [48, 54]. In this section, a large
state-space averaging method, based on analytical averaging of state-space equations is described.
The current in the inductor is supposed continues, CCM (Continues Conduction Mode) is

supposed in this section.

ITI.1.1. State space model of the DC-DC Buck converter

The instantaneous two model of the Buck converter are shown in Fig.3.1.

i Iy i
.L - L —_—

e 0
I + Vp — + Vg — + vV —
_ + A +
Vi == ( vo C RV, Vi == lip C HL% Vo
S R LT
(a

) (b)
Fig.3.1. Ideal equivalent circuits for Buck converter. (a) Equivalent circuit when the switch is

ON - diode is OFF. (b) Equivalent circuit when the switch is OFF - diode is ON [48].

—-
T

A
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Each system depicted on Fig.3.1) is composed by two storage elements, kinetic storage
element (inductor) and potential storage element (Capacitor), which means that subsystems
mentioned in (Fig.3.1.a) and (Fig.3.1.b) are second order.

From Fig.3.1.a), we have:

b= o a0 =7[00]= 7 [V, ~e®)] (ohere u() = v,)

! R v . (3.1)
o= g it |nl0=g[10-140]- %[Z@) - #}

Where the state space representation (Voltage capacitor is the output) of the equivalent

circuit when the switch is ON (during T,,= D.Ts, Ts: Switching period) can be written as follow:

-
0| o - o] |t
11 o
v®| [C RC el
e ] X 0
. Ton) =~ (3.2)
XTon) '
i (t)
Ve (t) =[0 1] +[0][Vi ]
YTon) ve (t)
XTon)
From Fig.3.1.b, we have:
0=+ [, () (0 =1 [0,0] = 1 [-20(®)] (where v,(6) =v,)
= .
0, (1) = % [iwdt  |u)= %[z’L(t) ~iy(®)] = %{%(t) _ v%(Lt)] N

Where the state space representation of the equivalent circuit when the switch is OFF
(during Ty = (1-D).Ts, Ts : Switching period) can be written as equation (3.4).
The state space representations (equation 3.2 and 3.4) are known as: large signal models

(instantons models) during { T, = (D.Ts)} and { Ty = (1 - D).Ts} respectively. Using state-space

averaging method, consists to calculate the average values of all state variables (x instead of z)
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during one switching period T's. In this case, each state variable loses some information inside the

switching period T's, however, if the switching period T's is very small compared to the time

constant values of storage elements (T's << (L/R) and Ts << (RC)), this averaging will be

significant.
. 1 y
. —— ||t 0
ZL(t) ~ 0 i L( ) N .
P I I S | I
v, () C RL—C v, ()] |0
x
* (Togr)
x(TOff) i

(3.4)

In order to clarify this approach, taking for example, the inductance current during

transient and steady state, as it is depicted on Fig.3.2.

iL(AA)

1

L1/ :

S S N N N S BT

Fig.3.2. Instantaneous inductor current and its average value.

The average value of the inductor current during T's is calculated as follow:

Ts d.Ts Ts
— |, &® 4, + ), u®,
.[0 L .[O n jd.Ts ff — d.ZL (t)

W= Ts Ts

5+ (1= ). (),

orf

(3.5)
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Where d is the instantaneous duty cycle, the average value of the state vector is:

ARPOIRRD i,(t)

= = d + (1—d) (36)
Vo] @] |n®]  |u@)
Ts To, Ty

By substituting equations (3.2), (3.4) in (3.6) we find:

d v
Lo -2 5] |3 o - %] |
= 11 + [VJ= 11 + [d} (3.7)
v.| ¢ rell'el o ¢ Rrc|Vel |o

The state equation (3.7) presents the large signal model of the DC-DC Buck converter, the
control input of this model is d (duty cycle) instead of the input voltage V; which is considered
as a system’s parameter, choosing the duty cycle as an input control variable makes better sense
in point of view of control approach, in fact that V,is generally constant.

To find the output equation, same approach is used, because of the non-existence of the
feed-forward effect (D matrix is zero), the output equation still the same as those mentioned on
equations 3.4 and 3.2.

Equation (3.8), depicts the: averaged large signal model of the DC-DC buck converter, it

is clear that the system model is linear, hence, linear methods to design the controller are

applicable.
d v
Ll fo - %] |3 o - ||L] |7
=11 1 =1 1 + 7 |d]
. =~ 54V -~ ==V
¢ RC|Y] |o ¢ RC|Ll'%] |o
Ve ] t t (3.8)
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II1.1.2. State space model of the DC-DC Boost converter

Unlike DC-DC buck converter, the boost converter has a nonlinear state space model. In
this section, we will give the averaged large signal model of the Boost converter, after, we linearize
it about an equilibrium point (operating point).

The ideal equivalent circuit of the PWM boost dc—dc converter is shown in figure (3.3.a)
when the switch is ON and in figure (3.3.b) when the switch is OFF respectively. Its output
voltage V,, is always higher than the input voltage V, for steady-state operation. It boosts the

voltage to a higher level.

i

L t Ll 'p
— —> —>
NN e« o N -5
+VL_ +VD_ l +VL_ 1
—_— : + + +
I ¥ CT RSV v = f"s CTH’Lg%
(b)

Fig.3.3. Ideal equivalent circuits for Boost converter. (a) Equivalent circuit when the switch

is ON - diode is OFF. (b) Equivalent circuit when the switch is OFF - diode is ON [48].

Similarly, to the DC-DC buck converter study during T, (when the switch is ON),

1 1
i =1[uma |u0=F[u0]= V]
v, (t) = a [ic(t)dt v, (t) = 5[—10(15)} i

From figure (3.3.b), we have:

i, () = % [v,(t)at n iL'(t> = %[VI v, (t)]

. (3.10)
V() = % Jictydt o) = %[z;(t) —i,(t)] = %{w) - U;Tﬂ

Thereby, the state space models of the Boost converter during the period where the switch

is ON {TOn =(D. Ts)} and the switch is OFF {Toff = (1 - D).Ts} are represented respectively by

the equations (3.11) and (3.12).
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1
im0 o Tl |L
= 1 + V]

vco(t) R.C || vq (1)
R o 17 3.11
X1 ) (3.11)

i, (t)
ve(t) =[0 1] +[0][V, ]
y(TOn) Ve (1)

XTon)

Control
i, (t) 0
RES
Ve (t) C
%,_/
XTof)
ve(t) =[0 1]
YTor)

1 1

T i) | |L
+ |V ]
"RC Ve (1)
o - (3.12)

i, (t)

+[0][V, ]
Ve (t)
XTor)

The averaged large signal model of the boost converter can be obtained identically as that

of the DC-DC buck converter( (H].ll).(d)—l—([][.12)<1 - d)), as depicted in (3.13)

Ll 1o _(=d) [
L
L |0=g 1
v, C RO |
i, (t)
VC:[O 1} +[0][V,]
v (t)

Pl

I

(3.13)

In order to validate our found average models, we must compare them to their

instantaneous models, using numerical parameters depicted on Tab.3.1, simulation results are

given below according to the duty cycle profile mentioned on Fig.3.4 (case of the buck converter)

and on Fig.3.7 (case of the boost converter).

Tab.3.1. Numerical values of the Boost and Buck simulation parameters.

Input voltage | Inductance Capacitance | Load Resistor Switching
V; (Volt) Value (mH) Value (uF) | Value (Ohm) | frequency (kHz)
Buck 24 0.1 10 1.2 40
Boost 12 0.5 80 4.8 25
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0 0.005 0.01 0.015
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Fig.3.4. The duty cycle profile used to validate the

averaged signal model of the buck converter
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Fig.3.5. Average model (red) and instantaneous model (blue) of I; (buck converter).
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Fig.3.6. Average model (red) and instantaneous model (blue) of V (buck converter).
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Fig.3.7. The duty cycle profile used to validate the

averaged signal model of the boost converter
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Fig.3.8. Average model (red) and instantaneous model (blue) of I; (boost converter).
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Fig.3.9. Average model (red) and instantaneous model (blue) of V (boost converter)
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The comparison results between the average and instantaneous models of the DC-DC buck
or boost converters, demonstrates that the average model of these power converters represents
exactly the instantaneous model in average value specially when the switching frequency is high

enough.

III.2. CONTROLLERS DESIGN OF THE BUCK AND BOOST CONVERTERS

Unlike the DC-DC buck converter state space model, that of the boost is nonlinear (the
A matrix contain variant parameter d), it is a linear time varying (LTV) system, therefore, we

can linearize the system around an equilibrium point (operating point) to design the controller.

II1.2.1. Linearization of a function around an equilibrium point

Recalling that, to linearize some continuous and differentiable function, we use the
Taylor series decomposition. A Taylor series, is a series expansion of a function about a point. A
one-dimensional Taylor series is an expansion of a real function f(z) about a point (z=a) is

given by equation (3.14).

y=fla)+ (MJ@ —a)' + [MJ(x —a)’ +Ef—m)](q; —a) +....+ (f”(a)}(x —a)" (3.14)

21 3!

Dewviation : Ay

For a small variation of z variable about the operating point a (X—a=dx<<a), the

deviation Ay mentioned in equation (3.14) can be neglected, as (3.15).

y=fla)+ [&} —a)

T ((:zt—a)2 ~(z-a) ~..x(x—a)" =~ 0) (3.15)

Considering, in our case study, the input u (duty cycle for example) and the output y

(inductance current or voltage capacitor) as it is depicted on Fig.3.4.

The output y (inductance current for example) can be linearized as (3.16)

y = f(U){@](u-U) Y +K(u-0)

y=Y+K(u-U)< dy=K.0u

(3.16)

Where:
- Sy =(y-Y) : small deviation about Y (output value in the steady state);
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- Su=(u—-"U) : small deviation about U (input value in the steady state);

- K= ( (['])} : the slope of the function at u =U ;

—_

Y
4

Operating point

Small deviation about
oy { Y- the operating point

> U

Fig.3.10. Linearization of a function around an operating point.

IT1.2.2. Small signal model (linearized model) of the boost converter

For a small deviation about the equilibrium point considering the following;:

I,=1,,,+6I,
Ve = Voo + 6V, (3.17)
d=D,, +5d

oV,

Assuming that V, (input voltage) is constant (© 7 O), variables cited in (3.17) are:

1 Lequ > 01, : Average and small deviation about the equilibrium point of the inductor current

values respectively;

Vv

Cequ 5VC : Average and small deviation about the equilibrium point of the capacitor voltage

values respectively;

-D

g Od : Average and small deviation about the equilibrium point of the duty cycle values

respectively;

The state space model of the boost converter (equation 3.13) can be written as follow:
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1-D -od

(IL—equ + §[L) 0 - ( BZM ) ([L—equ + §]L) %
“l(1-D,, -&d) 1 + v

Ve vov)] [ c o A L

! (3.18)

sI,

(6V,) =0 1] +[0][V; ]
oV,

The small signal model (linear model) of the boost converter can be obtained from the

large signal model (equation 3.18) by considering the two following assumptions:

X=AX+BU =0
(3.19)
ox*oy=~0

To simplify furthermore the equation (3.18), we split it into partial matrices like presented

on equation (3.20).

(I, +61)| |&I,

L—equ

_(V +0V,) oy,

C—equ

. (1-D,, 0 o | T1
(1-D,, -5d) * + 7]
C —od 0| |0
i L C ]
] A A, 4, B
(IL—equ + 5IL) IL—(%qu §IL
= +
(VC—equ + é“/C') VC—equ §VC
o (3.20)
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Using the splitting format mentioned on equation (3.20), equation (3.18) can be simplified

as follow:

equ

=(4x,,+BV,) + ASX  + ASX+AX  (321)

5}(=AX+BV]=(A1 +A))(X,, +6X)+BV,

—_— N
).( =0 Small quantity =0
:A15X+A2Xeqﬂ
- ar ) o T Ty _
s fo c0zfon] | Lew
L
il + Ed
. (1-D,.) 1 v
Vel | C ROV, |—5*
) ) (3.22)
ol,
SV, = [0 1} +[0][v,]
oV,

The small signal model (linearized model) of the DC-DC boost converter is given by
equation (3.22). The achieved small signal model is linear (constant matrix A), the controller is

designed to handle only the small signal.

I11.2.3. Transfer functions and controllers’ design

Once the linear state space models of the buck and the boost converters are determined,

transfer functions are calculated as follow:

X = (s] — A" BU = % _ C(sT - A BU (3.23)

Where, the C matrix determine the controlled variable (output variable), for example:

1
- To regulate the inductor current I : {TFIL = 1(8) / C= [1 OJJ

(5)

<&

- To regulate the capacitor voltage V, : [TFIL = dC((‘;) / C= [O IJJ
s

Applying numerical values depicted on the table (3.1), numerical transfer functions of both

buck and boost converters are given as follow:
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(2.4 * 101“)

TF. (s) =
R 5+ (8.333%10")s + 107

B

(3.24)

- . (-1.2%10%)s +(3710°)
Boost—V,(*) = § +(2:5%10%)s +(6.25*10°)

Once the transfer functions are calculated, we use the MATLAB function (Tune) to design

the PI controller parameters, these parameters are summarized on table (3.2).

Tab.3.2. PI Controllers’ parameters and control sample time of the closed loops.

Kp Ki T (control sample time)
Buck converter 2,33*10° 46,65 10™ (S)
Boost Converter 8,32*%10 16,64 10* (S)

ITI1.3. SIMULATION RESULTS

Closed loop simulation results of the buck and boost converter are depicted below on

figures (3.11) and (3.12) respectively.

1
£ 0.8
o)
£ 2
% E 0.6
? z
e = L
= A 0.4
z
2,
S 0.2
0 ‘ ‘ 0 ' :
0 0.01 0.02 0.03 0 0.01 0.02 0.03
tls] t[s]
(a): Output voltage Vs (red) and Vi (b): Appropriate duty cycle of the buck
(blue) of the buck converter. converter.

Fig.3.11. Simulation results of output voltage control of the buck converter.
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From the simulation results (Fig.3.11 and 3.12), the closed loop dynamic is satisfied, which

confirms the effectiveness of the design method.
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(a): Output voltage Vs (red) and Vi (b): Appropriate duty cycle of the boost
(blue) of the boost converter. converter.

Fig.3.12. Simulation results of output voltage control of the boost converter.

SUMMARY

In this chapter we derived the average models of both buck and boost power converters,
in order to exploit them for the controllers’ design. In the case of the buck converter the large
average signal model was linear, so, directly use to derive the transfer function, where the large
signal of the boot converter wan nonlinear, therefore, we were need to linearize it around an

equilibrium point (small signal model). The closed loop simulation results confirmed the

effectiveness of the designed controllers.
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Chapter IV Power Management and Coordinated Control of the SAAPG.

INTRODUCTION

This current chapter presents the centrepiece of this thesis. It is about the simulation of the
Stand-Alone Active PV Generator (SAAPG). The SAAPG’s sources are connected together to
power supply an isolated agricultural area. In addition to the fact that the load is unpredictable
type, this farm is characterized by their dynamic loads: immersed pumps, water pumps and cold
room’s compressors. The DC-link voltage drop is used to estimate the necessary DC power value
to bring back the DC-link voltage around its reference. A Hierarchical Management and Control
Structure (HMCS) strategy of the SAAPG is adopted, it is essentially formed by two units: Power
Management Unit (PMU) which calculates each power source reference according to some
management criteria, and the Automatic Control Unit (ACU) ensuring all power converters
control laws. Simulation results and discussions are given to prove the feasibility of the proposed

system [55].

IV.1. STUDIED SAAPG DESCRIPTION

The Standalone Active PV Generator (SAAPG) studied in this chapter [55] is intended to
supply 15kW isolated agricultural farm. It is composed of four sources: PV generator as a
renewable energy source, Lead-acid batteries as an energy storage element, ultra-capacitors as a
transient power compensator and Diesel generator which present the emergency reserve generator.

The delivered powers from all sources are controlled by DC-DC converters: bidirectional
converter (buck & boost) for both batteries and ultra-capacitors, boost converter to control PV
source power, however, the DG is coupled in the DC side via a three phase bridge diode rectifier
with boost converter, as detailed below. All DC-DC converters are controlled and managed in
coordination to regulate the DC-link voltage.

The management algorithm generates separately every power reference as a function of
batteries’ SOC (State of Charge), considering the dynamic response of each source, and therefore,
ultra-capacitors absorb all transient current spikes instead of batteries and diesel generator in
order to increase their lifetime (batteries and DG) [10, 11, 30].

A three-phase DC-AC PWM inverter supplies the loads through an LC output filter, the
system description is depicted in Fig.4.1(a), control system with their inputs/outputs are depicted

as a block diagram in Fig.4.1(b).
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Fig.4.1-(a). Structure of the Studied SAAPG and (b) Block Diagram
of the Energy Management System.

The management algorithm elaborated in this chapter, is based on two essential criteria:
cost price (because it is a quite expensive system) and lifetime (minimizing curative maintenance

frequency, since the system is located in an isolated area.). In this work, these two criteria are
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reached by taking into the account the two following suggestions: Disparity of source dynamics

and Source coupling structure.

IV.2. MANAGEMENT STRATEGY
IV.2.1. Disparity of sources

In order to optimize the lifetime of batteries and DG, one of the most important parameters
to consider is the response time [21]. To respond to this criterion, the power management unit
(PMU) shares the Balance Power Reference (BPR: equal to the difference between the DC-link
power reference and the actual PV power, Fig 4.2) between the remaining sources according to
their dynamic response as follows:

- The low frequency component (LFC) of the BPR is designated to the DG;
- The medium frequency component (MFC) of BPR is designated to the batteries;
- The high frequency component (HFC) of BPR is designated to the UC.

Figure 4.2 shows the distribution of power references according to each source dynamic for
a typical case, where the DG is operating. In order to generate these power references (LFC,
MFC, and HFC), two first order Low Pass Filters LPF1 and LPF2 have been used. The lifetime
of lead acid batteries can also be enhanced by respecting a specified maximum DOD (Depth of
Discharge) value, 75% as cited in [21] and [22]. Therefore, the battery State of Charge (SOC)
must be maintained in the range of [0.25, 1].

I:)dg_ref

—

BPR
—» LPF, |—> LPF,
I @ l I:’bat_ref

Pov LV_ L‘Y‘

I:)storage_ref I:)uc_ref

I:’dc_ref

Fig.4.2. Distribution of power references according to source dynamics.

For a supplementary minimization of the cost, a local management algorithm destined to

the diminution of the UC capacitance value is proposed. The objective of this sub-algorithm is to
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Chapter IV Power Management and Coordinated Control of the SAAPG.

maintain the UC level within a suitable hysteresis band (Levmax > Lev > Levmin), and this

condition must be satisfied after each transient, Fig.4.5.

IV.2.2. Coupling Structure

All active PV generator (APG) sources (PV, UC, and batteries) are inherently DC sources;
however, the DG is an AC source. Thereby, two coupling structures are available: the usual AC
side coupling structure (ASCS) and a DC side coupling structure (DSCS) as proposed in [18].
According to our application (unpredictable dynamical load), several drawbacks of the ASCS can
arise as below:

e When a sudden load variation occurs, a strong resistive torque will be applied across the diesel
engine shaft, making this one stall. Generally, this problem is avoided by oversizing the DG by
increasing its rated power, this will increase the global installation cost and decrease enormously
the DG efficiency in the steady state. The reason is that in the steady state, the DG will provide
a power value very lower than its rated capacity.

e An AC coupled DG requires a wound rotor alternator (WRA) type, which needs an automatic
voltage regulator (AVR) to regulate the output line voltage, which will increase the maintenance
time period and therefore the cost.

In this work, the two mentioned drawbacks cited above can be bypassed by using a DC side
coupling structure (DSCS) as explained below:

e The dynamic of the DG will be well controlled smoothly via the DC/DC boost converter, and
thereby, no mechanical stresses are transmitted to the diesel engine;

e An adequate and appropriate sizing (avoiding an oversizing) of the DG reduces the installation
cost and enhances its efficiency;

e Using a PMSG instead of WRA will increase the DG efficiency and minimize the maintenance

frequency.

Important Note

In practical cases, two essential requirements must be considered: The first one is the
utilization of a Power factor corrector (PFC) or a three-phase AC-DC PWM converter instead
of a three-phase diode bridge rectifier, because of high current spikes (big Crest Factor value)
imposed on the DG by the output capacitor filter of the three-phase bridge rectifier. The
second is that, as shown in detail in Fig II1.4, the DG can operate at 60% of its rated power,
which decreases its efficiency [18], two small DGs can be used instead of one, such that the

rated power of each one should be equal to 50% of the big one. These two points are not

considered in our case study.
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IV.3. POWER MANAGEMENT AND COORDINATED CONTROL

One of the most common structures adopted in power management strategies is the
hierarchical structure [10-14]. The hierarchical power management structure (HPMS) used in
microgrids is commonly composed of three levels, primary, secondary, and tertiary level control.
The first two (primary and secondary) are responsible for power sharing of references to
distributed energy resources (DERs) and maintaining stable voltage and frequency, respectively,
while the tertiary level control is designed for economic and environmental optimization [23, 24].
The tertiary level control is out of our study.

Unlike grid-connected case, the SAAPG has no reference power coming from any operator.
However, the value of the DC-link voltage drop reflects the rate of the electricity supplied load
from the DC or AC bus. Thereby, the power reference (Pdc-Ref) provided to PMU will be
generated by a DC-link PI controller. According to the value of Pdc-Ref, battery SOC (State of
Charge), and UC level, the hierarchical management and control structure (HMCS) manage the
SAAPG as depicted in Fig.4.3.
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Fig.4.3. Hierarchical Management and Control Structure (HMCS) strategy of the SAAPG.
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IV.3.1. Power Management Unit (PMU)

Once the DC-link power reference is calculated, the PMU splits Pdc-Ref value on four power

references as inputs to the Automatic Control Unit (ACU) designated to DC-DC power

converters. The calculation of each power reference is mainly based on the dynamic and ability of

each source, Fig.4.2. For the PV power, any dynamic is imposed on it, and its instantaneous value

is subtracted from the Pdc-Ref value. In order to respond to the HMCS, the management
flowchart of the SAAPG is shown in Fig.4.4.
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Fig.4.4. Power sharing and management flowchart of the SAAPG.

First, a balancing UC level subroutine is elaborated as a local management algorithm to

maintain the UC level around an average value (49% < Lev < 51%). After each UC level deviation

from its allowable range (30% < Lev < 70%), the balancing UC level algorithm brings back the

UC level around 50%, giving it the ability to intervene during the next transient. This algorithm

allows us to under-size the UC value and consequently the installation cost. This local

management algorithm is depicted in Fig.4.5.
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Fig.4.5. Flowchart of the UC Balancing Level.

The four modes that manage the SAAPG are: Normal mode (NM), PV limitation mode
(PLM), Batteries recovering mode (BRM) and full load power DG mode (FLPDM).
IV.3.1.a. Normal Mode (NM)

This mode is chosen when the batteries’ SOC value is in the normal range (between Socmin
and Socmax), the PV source operates in the MPPT mode, and the Energy Storage System (ESS)
has the ability to supply the load or absorb the excess energy to maintain the DC-link value

around its reference.

IV.3.1.b. PV Limitation Mode (PLM)

When the PV power is greater than the load demand and the batteries are fully charged
(Soc > Soc-max), then the generated PV power must be limited to a specified reference value
lower than Pmpp. This mode is called the Least Power Point tracking (LPPT) or PV limitation
mode. In this mode, the UC plays a significant role in compensating the PV production in real
time since the PV operating point is chosen at the right of the MPP (Maximum Power Point)
[10,27-29].
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IV.3.1.c.

Battery recovering mode (BRM)

If the batteries’ SOC comes down to Socmin and the power demand is lower than 60% of

the DG maximum capacity, the DG will turn on with a rate of 60% of its capacity, allowing DG

to operate at an acceptable efficiency and to charge batteries in coordination with the PV

generator until 70% (SOC=70%).

IV.3.1.d. Full load power DG mode (FLPDM)

This mode is enabled when SOC comes down to SOCmin and the power demand exceeds

60% of the DG capacity, DG will deliver all its rated power, in this case, batteries will be charged

by PV generator and remaining DG power (difference between DG rated power and demand).

IV.3.2. Automatic Control Unit (ACU)

In order to ensure the stability of the system as well as the power converters controllability,

the DC-link voltage regulation is a necessity.
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Fig.4.6. DC-DC power converters and their Automatic Control Laws.
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This task is accomplished by a simple PI controller, generating Pdc-ref by considering the
load power value as a disturbance, which will be compensated by the integral action. The
operating point of the PV source is chosen by its output capacitor voltage value; this voltage
reference is generated by an MPPT (P&O) or PLM algorithm (sliding right compared to the
MPP) exactly as in [10, 25].

Two cascaded PI controllers are used to bring back V., to its reference Powers of the storage
elements are controlled by controlling their input/output current. DG power is controlled by
inductor current value taking into account the bridge output capacitor voltage, the detailed of
the ACU is depicted above in Fig.4.6. Once the DC-link voltage is well regulated around its
reference, the DC-AC three phase PWM converter consider it (DC-link) as a fixed voltage source.
The inverter is controlled to fix the AC bus voltage independently from DC side as shown in

Fig.4.7.
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Fig.4.7. Automatic control of the three-phase DC-AC PWM converter.

All PI controllers” parameters of the Automatic Control Unit (K, and K;) are summarized

below in table 4.1.

All Matlab codes elaborated in the present simulation program are summarized and given

in Appendix B.
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Tab.4.1. PI Controllers’ parameters of the ACU.

Controller DC-Link PI Batteries PI UC PI DG PI PV PI Inverter PI
parameter Controller Controller Controller Controller Controllers Controllers
Voltage Kp 0,1556 / / / 0,1131 0,0042
Voltage Ki 5,5 / / / 32 1,8
Current Kp / 16,9706 12,7279 4,2426 14,1421 42,4264
Current Ki / 36000 27000 2250 20000 180000

IV.4. SIMULATION RESULTS, DISCUSSION, AND SYSTEM BENEFITS

IV.4.1. Simulation Results and Discussion

In order to validate the management algorithm and the automatic control laws mentioned

above, a 110 seconds simulation of the global system is done by Matlab-Simulink.
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Fig.4.8. Irradiation profile used throughout the simulation.

The irradiation profile used is illustrated in Fig.4.8 and all sampling times used in the

simulation are summarized in Tab.4.2.

Tab.4.2. Simulation sampling times.

Parameter Designation Value
TSS Sample time of physical system 10°8
Ty Sample time of measurement and control 107" 8

TSMPPT Sample time of the MPPT algorithm 10°°8
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IV.4.1.a. NORMAL MODE (NM)

This operating mode appears during three time intervals: [0s — 28s], [44s — 60s] and [95s —
110s]. In the first one, the active power demand (Fig.4.12.a) is lower than the PV power
(Fig.4.9.a), storage elements absorb this power excess; each one according to its dynamic (Fig.4.9.b
and Fig.4.9.c), and hence, UC level and batteries’ SOC values are growing (Fig.4.10.a) and
(Fig.4.10.b) respectively. At time 8.9s, the UC level value achieve its maximum limit (70%), the
Puc_ balance takes the value of 500W (Fig.4.11.a) instead of OW to discharging the UC and bring
back its level at 51% at time 23.7s, at this moment, the cancellation of Puc balance begets a
slight disturbance on the battery power value (Fig.4.9.b at 23.74s), henceforth, batteries will
compensate the 500W delivered before by the UC. At 44" second, PV power decreases to a lower
value than that of the load, Batteries, and UC compensate this power gap.

At a time of 53.4s, the UC balance algorithm intervenes this time unlike the first, the
Puc_balance takes the value of -500W in order to charge the UC until the time 62.1s (Fig.4.10.
a and Fig.4.11. a). In the time interval [95s — 110s], the SAAPV resumes the normal mode, after
the batteries, SOC reaches 70% and the DG is turning OFF (Fig.4.10.b and Fig.4.9.d). Recall
that; the MPPT mode is selected in Fig.4.9.a by a zero value of the PV power reference (red

color).

IV.4.1.b. PV LIMITATION MODE (PLM)

PMU switches to this mode by checking two conditions: the first one is satisfied when the
batteries are supposed full (SOC > 95%), the second one, it is about PV power, it must be greater
than the power demand, the time interval of this mode is [28s — 44s|. During this mode, it is clear
that batteries power is null (Fig.4.9.b) and the PV power is equal to the load power (Fig.4.9.a
and Fig.4.12.a). The PV operating point in PLM is located to the right of the MPP, where the
PV power deviation is almost zero, what justifies; the difference in the ripple of the PV power
between this mode and the MPPT or normal mode (Fig.4.9.a). The intervention of the UC has a
major importance in this mode, it ensures the compensation of the power ripple caused by the PV
source. At the time 44s, the insolation decrease until the power demand becomes greater than the
PV power, the PMU changes the mode from PLM to the normal mode, even if the batteries are
full (Fig.4.10.b).
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IV.4.1.c. FULL LOAD POWER DG MODE (FLPDM)

Once the batteries SOC achieved its lower limit value (SOC < 25%) a critical situation
occurs, thus, the DG turn on. As discussed above (Fig.4.4), from 60" to 75" second, the DG
operates at 100% of its capacity (15 kW) because of the power demand value is greater than 60%
(Fig.4.12.a) of the DG rated power. On Fig.4.9.d, we notice that the DG has a smoothly start-up
with a slow dynamic, it does not reach the steady state until after 6 or 7 seconds. Therefore, no

sudden mechanical stresses on the Diesel Engine shaft are applied.

. . . , 850 —
500 1 759.6
— 800
= . 700
=~ @
2 e
5 ) = 750 75.065
z =
o c
p_;_) 5 I I I 11 .
= 700 ——r I
f—
-500 'l L L L 650 i ' L L L L ' I I 1
0 89 23.7 53.4 62.1 0 10 20 30 40 50 60 75.065 90 100110
t [s] t s
(a) (b)
Fig.4.11. (a) Balance power of the ultra-capacitor active (b) DC link voltage.
10
2.5 Pl — 12000
ol g 10000
= = 8000 F
g 15} 5
g - 6000
< z
miy - =000 (—
= N
< S 2000
0.5 <
a Or
0 I 1 I L L 1 I 1 _2000 L 1 L L L L L ' L
0 10 20 30 40 50 60 75 90 100110 0 10 20 30 40 50 60 75 90 100110
t [s] t [s]
(a) (b)

Fig.4.12. Active (a) and reactive (b) power of the SAAPG.
IV.4.1.d. BATTERY RECOVERING MODE (BRM)

Since the batteries SOC value has not yet reached 70%, this mode is selected instead of the

FLPDM according to demand power value. It is enabled during the time interval: [75s — 95s], at
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the 75" second, it is seen that the load falls to 5 kW (Fig.4.12.a), which is lower than 60% of the
DG rated power. The power lack during transient regime caused by the slow dynamics of the DG,
is compensated by the storage elements, therefore, waveforms of their power dynamics (UC &

Batteries) at 60s and 75s are exceptional comparing them to other transient regimes (Fig.4.9.b and

Fig.4.9.c).
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Fig.4.13. Three phase currents (a) and voltages (b) at the output of the inverter.

The Dc-link voltage value is well maintained around its reference in spite of load fluctuations,
due to the storage elements intervention. At time t=75.065 s, the SAAPG endures the maximum
load variation from 15kW to 5kW (Fig.4.12.a), which corresponds to an acceptable overvoltage
of 8.5% (V,. = 759.6V) as depicted in Fig (4.11.b). The line to line AC output voltages are almost
sinusoidal and stable (400V / 50Hz), besides some spikes due to load or climatic variation
(Fig.4.13.a). The output Ac currents are nearly sinusoidal and they reflect exactly the load

variation rate (Fig.4.13.b).
IV.4.2. System benefits

Following the obtained simulation results, in this paper, the proposed topology with the
energy management algorithm has many advantages which can be pointed out by the following:
IV.4.2.a. System efficiency improvement

The efficiency of the system has been improved further due to the fact that the UC supports
all power transients instead of batteries (Fig.4.9); as a consequence, the energy storage system
(ESS) losses will be decreased, as it was cited [31, 32] that for the same electrical load profile, the

energy losses in the case of Batteries/UC-based configuration are less than those in the case of
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batteries only; indeed, these losses are caused by increasing the battery internal resistance value
when absorbing or generating spike currents [33]. Furthermore, the system efficiency has been
improved by enhancing the DG yield to the maximum. Unlike DG AC side coupling where the
operating point is imposed by the load, the DC side coupling leads to impose the operating point
close to the nominal via the DC-DC boost converter, Fig.4.9.d.

IV.4.2.b. System profitability

By considering the high cost of the fuel, DG DC side coupling indeed reduces fuel
consumption, which contributes to system profitability. Referring to Fig.4.9.d, it is found that the
DG operates under a fixed speed delivering a smooth and constant power, which means that all
undesirable acceleration torques are avoided (according to the Newton second law), saving the

fuel cost budget compared to the DG AC side coupling case.

summary

The simulation results of the management algorithm proposed in this chapter, validates the
effectiveness and the accuracy of this work. During all the simulation time, the DC-link voltage
value was maintained almost constant, which confirms that the automatic control laws are fair
and effective. The simulation results also assert that the PMU shares the power references
according to each operating mode, as it was conceived in the elaborated management algorithm,

confirming that the management strategy adopted in this work is practicable.
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GENERAL CONCLUSION

This thesis presented the energy management and the coordinated control of a
stand-alone active PV generator, dedicated to supply an isolated area, by contributing

to both topology and management algorithm of the system.

The first chapter, an overview on renewable energy based active PV generators
is elaborated, explaining some important terms in the literature: Active PV generator,

microgrid and off-grid notions, smart grid management levels etc.

The second chapter, contained a necessary task in the whole work, it is about the
realistic electrical design of the power converters. Likewise, inductance and capacitance
values according to the permissible current and voltage ripple respectively and switching

frequencies.

The third chapter took care about the modeling and the automatic control of the
DC-DC buck and boost power converters. Firstly, the large average signal models were
derived from the instantaneous models. Secondly, linearization of the boost model was
achieved to elaborate the small signal model (linear model), once the linear models of
the power converters are determined, PI controllers were easily designed. Simulation

results of the closed loop system validated the automatic control system.

Finally, a power management and coordinated control of SAAPG for isolated
agriculture area-case study in the south of Algeria is simulated with Matlab software.
The simulated SAAPG was composed of four sources (PV, Batteries, Ultra-Capacitor
and Diesel Generator) coordinated together in order to supply an isolated agriculture
area characterized by its high dynamic loads (water pump, immersed pump, cold room
compressor). During all the simulation time, the DC-link voltage value is maintained
almost constant, which confirms that the automatic control laws are fair and effective.
The simulation results also assert that the PMU shares the power references according
to each operating mode, as it was conceived in the elaborated management algorithm,

confirming that the management strategy adopted in this thesis is practicable. Recalling
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that, all simulation parameters values are acceptable, they have been carefully chosen

for a future practical realization.

At the end of this thesis, some perspectives have been well appeared during this

work, thus we propose:

v' A techno-economic study about fuel gain of the DG with and without UC, when this
last one supports all transients;

v' Experiment validation of the present simulation without batteries, in fact that diesel
price is less expensive in Algeria, comparing to batteries cost and their relatively short

lifetime than PV panel or diesel generator.

At the end of this conclusion, we hope that any reader enjoys the content of this

modest work while paying for his owner.
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APPENDIX A

A.1. PV Subsystem parameters

The Fig (A.1) depicts the PV subsystem composed of the PV field and the DC-DC Boost
converter. It contains two passive parameters to size:

- The PV boost inductor va

- The output PV capacitor C,,
PV Field

DR
L]

oAl S Cne

»
Vs

Fig A.1. PV subsystem.

Vbe

During the time interval [O,DT] :

Vv Vv
i,() = =5t 1(0). for t = DT, = i,(DT,) = 1 4-3(0)

: : 4
=i,(DT,) —i(0) = - DT,

V...D
= Ai,,, = —1—
fSLPV
The DC-link voltage should be regulated around VDC%f =700V , the minimum and the

maximum values of V,, are:

14
=432V = D =1--"2 =382

~V
PV —min mpp |G=1000 W /m*
T=25°C

=2 DC
v
VPmeaX ~ VOC‘gZégggW/WQ = 540V = Dmin =1~ % = 07228
- DC

Remind that f, =20kHz, for Ai,  =5%1  =2A (Table II.3), the minimum inductor

m pp

value corresponding to Ad, (Peak to peak ripple current) isL,, .
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V. D V D
LPV*min — P.V mpp  max — 4712 mH
fSAZL

N

LPP—max

—Inax

The PV subsystem can operates in two different modes, in MPPT or in PV limitation

mode (PLM). The PLM consists to maintain V,, between V, , and V, according to the PV

power reference. The maximum peak-to-peak ripple voltage should be very small because of the

dP
big slope —~ at the right of the MPP. So for minimizing the PV power value in the PLM,

PV
the value of AV, should be very small, thereby, for AV, =01V, ,and Ai, ~=2A
, the C,,  wvalue is calculated as follow:
Ai Ai
A vafmax = L CPmein - LI s - 125 ,LLF
8fSCPV*miH 8f5A VPV—max
Theoretical value Value used in Simulation
PV inductor | L,, .. =412 mH L, =5mH
PV capacitor | Cp, . = 125 uF C,, =200uF
A.2. Energy storage Subsystems (UC and Batteries)
The minimum and the maximum values of V, = are:
Vi
Bat—min =~ Bat e 162V = Dm.lx =1— at—min __ 07 768
- " 1 Cut—off €
DC
|
otma =V, =216V = D =1t — (691
Full—SOC e
The worst case appear at maximum voltage value of the batteries bank and Aj, =24
, where the L, s calculated as follow:
Vv D
LBaf,min — Bat—m-ax min __ 3, 7314 mH
. fSAZLfmax

The minimum and the maximum values of VUC are:
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v,
=250V = D =1— —UCmx — () 642

UC—min e ‘ UC—Level at 100%
DC

| /AN
V ~ V — 125V = Dmax — 1 _ _UC—min — O, 821

UC'—max UC‘ _Level at 50%
UC—Level at 50% VDC
In raison of the fast dynamic of the UC subsystem, the switching frequency of the switch

in this case is doubled (f, , . = 40kHz). The worst case appear at maximum voltage value of

the UC(Ai, ~=2A), where the L . 1is calculated as follow:
Omin = —V;CA“;"D‘H“‘ = 2,00625 mH
S L—max
Theoretical value Value used in Simulation
Batteries inductor | Ly, .. = 3,7314 mH Ly, =4 mH
UC inductor L, . = 200625 mH L, =3mH

A.3. Diesel Generator Subsystem
Concerning the DG Subsystem, it consists to size:

- The output capacitor filter C, , of the three phase diode bridge rectifier;

- The DG boost converter inductor.

Lpe Doa
t * fm_._[>|_._.
i E ‘- ]
..! I ! { Three phase
= l . diode Tbllridge Voe-na | A< Cpa _:_| ‘SDG Cpe =< | Voo
- rectifier >
Vs
Dies‘;l Generator ¢ ¢ ¢ ® ®
(50 Hz / 380 V /
15 kVA)
The output capacitor filter C , can be easily sized by the fundamental equation:
i =C AVDO—DG —~ (0 = ZCDGAT
CDG DG A T DG A V
DC-DG
Where:
AV, .. 1s the peak-to-peak DC voltage ripple;
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- AT is the periodic time interval of the capacitor discharge, for the worst case it can be

T 20mS
considered as the one sixteenth of the period: AT = G = o =3,34mS.

- 4, is DC current mean value of the load: i, = P _ 15000 =27,94

o e VDCfDGfmaz 380 * \/5

Generally, the DG works at its rate power to improve its efficiency and the output voltage

of the rectifier can reach important values (540 V), also, the sample time of the controller

10™*S , which means that V.

o pe can oscillate in larger interval allow to reducing C, , value.

For a 20% voltage ripple AV =20% of V,

DC-DG

=108 V the value of CDG can be

C'—DG—max

evaluated as follow:

i, AT *
Coe 3,34 27,9_86

C = = =862 uF
%6 AV, 1000 * 108 :
The minimum and the maximum values of V,, . are:
|74 74 =540V =D =1 Vias _ 0,228
DC—DG-min ' max at the amplitude - min VDC -
Vv 74 =454V =D =1 Vi = 0,351
DC—DG-max " min V. AV - max -

ma DC

The worst case appear at the minimum voltage value of DC diesel generator and

Ai,_=2A , where the L, is calculated as follow:
L, .= VDC*DG?’““D‘“&X = 3,983 mH
5Bl
Theoretical value Value used in Simulation
DG boost capacitor Choin = 862 uF C,, =1000 pF
DG boost inductor | Lpg ... = 3,983 mH L,,=4mH

A.4. DC-AC THREE PHASE PWM CONVERTER

The DC-AC three-phase inverter contains two passive parameters to size:
- The DC-link capacitor value ;
- The LC output filter.
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Reminding the equation (II1.33) which determine the DC-link capacitor value:

C

DC—min — 1
2
[m v, +2M;C]
For a safer case, taking four or five control delay period of the DC-DC converter instead

of once control delay period cited in [N, O], where T, =5*T .

The compensation of the power value AP__absorbed from the DC-link, is the task of the

UC DC-DC boost converter, in fact that it is the faster subsystem. For the control delay of the

UC PI controller T = 10* S and AV, =1% of V,, =7V the DC-link value should be

DC—link
estimated as follow:

T *AP
TC :5]‘; :>C — c max

DC—min 1 1
VAV, +=AV:  700*7+ -7
C C 2 C 2

~ 5*10" *15000

= 1523 pF

For the LC output filter L, and C ; » they were adjusted by tuning in simulation with

Matlab to the values: L,=5mH and C, =100 pF .
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APPENDIX B

Matlab codes of some blocs inside the system

B.1. Parameters script file

clc ; clear ; close all ;
%**************************************************************************

% —mmmm—m———————— Sample time and physical system parameters----------------
%**************************************************************************
Tc = le-4 ;

Ts mppt = 10*Tc ;
Ts = le-6 ;

Tsc = 10*Tc ;
DeltaVpv ref = 1 ;
x1 = sqrt(2)/2 ;

%**************************************************************************

All Controllers sample time ;

MPPT Sample Time ;

Ts = Td Uc/25 All Real system sample time ;
Out of Memory, Before all scopes if necessary;
step incre/decre of PLM or MPPT mode ;

o° o° o o° oo

e et inverter Parameters —----——---————-—————————————
%_*************************************************************************
Wg = 100*pi ;

fd poteuse = 2le3 ;

Td port = 1/fd poteuse ;

L inv filter = 5e-3 ;

o)

C inv_filter = 5e-6 ; % the real value in the simulation is 100e-6

tr ved = 5e-3 ;

Wn_ ved 3/tr _ved ;

Ki ved = C inv filter* (Wn vecd) "2 ;
Kp ved = 2*xi*C _inv filter*Wn vcd ;

tr vcq = tr vcd ;

Wn_vcq = 5/tr_veqg ;

Ki veq = C inv filter* (Wn vcq) "2 ;
Kp veq = 2*xi*C _inv filter*Wn vcqg ;

tr iLd = tr _ved/10 ;
Wn_ilLd = 3/tr_ilLd ;
Ki iLd = L inv filter* (Wn_ iLd) "2 ;
Kp iLd = 2*xi*L inv filter*Wn ilLd ;

tr ilg = tr _vecd/10 ;
Wn iLg = 5/tr ilqg ;
Ki iLg = L inv_filter*(Wn iLqg) "2 ;
Kp iLg = 2*xi*C_inv filter*Wn iLg ;

parameters inverter =
[Tc,Wg,C_inv_filter,L inv_filter,Kp vcd,Ki vcd,Kp veq,Ki veq,Kp iLd,Ki iLd,Kp iLqg,

Ki iLg] ;
%**************************************************************************
5 .

R e e DC Link ---=-==-="=""""""——————— = ——

%_*************************************************************************

vVdc_ref = 700 ;
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Vdc_init = 650 ;
Cdc = 2200e-6
tr dc = 60e-3
Wn dc _ ;

Ki dc (Wn_dc) "2 ;

Kp dc = 2*xi*Cdc*Wn_dc ;
%**************************************************************************
B mmmmm e PV Part --——=-——————
%**************************************************************************
fd pv = 20e3 ; % Sample frequency of IGBT in PV converter ;

Td pv = 1/fd pv ; % Sample Time of IGBT in PV boost converter
Vpv_initial = 380 ;

Cpv = 200e-6 ;

Lpv = 5e-3 ;

%********************************

o
aw
(O
Q
¥R
Q
Q

% PI-pv current regulator gains *
%********************************
tr i pv = 1.5e-3 ;

Wn pv i 3/tr 1 pv ;

Ki i pv Lpv* (Wn_pv i) "2 ;
Kp i pv = 2*xi*Lpv*Wn pv 1 ;

O A A A AAAA A A AR A A A A A A A A A A A A A A A A A Ak kK

% PI pv Voltage regulator gains *
%********************************
tr v. pv = 5*tr i pv
3/tr v_pv
Cpv* (Wn_pv_v)"2 ;
Kp v pv = 2*xi*Cpv*Wn_pv_ v ;

PI PV Ctrl Parameters = [Kp v pv;Ki v pv;Kp i pv;Ki i pv;Tc;Vdc ref;Ts];

©°
%**************************************************************************

’
’

= =

F 5

<o
<

o)

3 <

o

T Battery Part ----——-----------------———

%‘k*k‘k‘k*k‘k‘k*k‘k‘k*k‘k‘k*k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k*k‘k‘k*k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k*‘k‘k‘k*‘k‘k*‘k‘k*‘k‘k*‘k‘k*‘k‘k*‘k‘k*‘k

fd Bat = 20e3 ; Sample frequency of IGBT in Battery converter ;
Td Bat = 1/fd Bat ; Sample Time of IGBT in Battery boost converter ;
L bat = 4e-3 ; Battery boost converter inductance value ;

Tau bat = 1.5 ; % Time constant of the battery

% PI control gains :

tr bat = le-3 ;

Wn_bat = 3/tr _bat ;

Ki Bat = L bat* (Wn bat)"2 ;

Kp Bat = 2*xi*L bat*Wn bat ;

% Bat CTRL _PI Parameters = [Kp Bat,Ki Bat,Tc];

% R R IR I S b b b b b 2SR b b Sb S b S Sh b db Sb b 2 Sh b b S b b S Sh b db b b 2 Sh b b dh b b 2 Ih b b S b b db b b dh b b e db b db Sb b 2 db b b Y

o o oe

& T Uc Part —-—-—-——————————— -
%**************************************************************************
Uc Value = 2
fd Uc = 40e3 ;
Td Uc = 1/fd _Uc ;
L Uc = 3e-3 ;

% PI control gains :

tr Uc = le-3 ;

Wn Uc = 3/tr Uc ;

Ki Uc L Uc* (Wn_Uc) "2 ;
Kp Uc = 2*xi*L Uc*Wn Uc ;

%**************************************************************************

o N

Sample frequency of IGBT in Uc converter ;
Sample Time of IGBT in Battery Uc converter ;
UC converter inductance ;

o e oe

§ mmmm - Diesel Generator part —------------—-———————-——-——-———
Grrhkhkkhkrhhhhhrhhhhrhhhhhrhhhhrrhhhhrrhhhdrhhhhrrhhhdrrhhhrrhhhbrrhhkrrhkhkhkx
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[o)

% Efficiency vs load
http://www.dieselserviceandsupply.com/Diesel Fuel Consumption.aspx

% Diesel Engine *
%****************

Hd = 2.35 ; % J=Jd+Jm / H=(J*W ref”2)/2*Sref ;inertia in pu
Dd = 0.015 ;
S = 20e3 ; % Rated power in kVA / Rfererence : APD20A
st = 4 ; % 4 for a four-stroke engine (moteur a 4 temps);
N = 1500 ; % 1s the engine nominal speed
ncyl = 4 ; % 1s the number of cylinders
Tau dl = 20e-3 ;
Tau d2 = (60*St/(2*N*ncyl)) + (60/(4*N)) ; % delay developing mechanical torque =

0.03 ;

%******************

% PMSG Parameters *
%******************
Wdg ref = 157 ;
Sref = 18e3 ;

o

in (rd/Sec) or 1500 in (tr/min)
S = sqgrt(3)*V*I in (VA)

o
o

p dg = 2 ; % poles pair number

% Vn = 380 ; % Rated Voltage in (V)

$ In = 27.38 ; % Rated Current in (A)

phi dg = 1.05 ; % Flux Linkage established by magnets (V.S3)
% P pmsg = 15.8 % Mechanical mower

% T pmsg = 102 % in N.m Mechanical Tork

R dg = 0.46 ; % Resistance of PMSG stator

L dg = 12.5e-3; % Ld = Lg
%**********************************

% Boost DG and control parameters *

%‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k*‘k*‘k*‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k*‘k*‘k***

fd dg = 20e3 ;

Td dg = 1/fd dg ;

Cdc_dg = 1000e-6 ; % Three phases full bridge rectifier output C filter
L boost dg = 4e-3 ;

% PI speed diesel engine parameters

tr speed dg = 4e-3 ;

Wn speed dg = 3/tr speed dg ;

Ki boost dg L boost dg* (Wn_ speed dg) "2 ;

Kp boost dg = 2*xi*L boost dg*Wn speed dg ;

%‘k‘k*k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k*k‘k‘k*k‘k‘k‘k‘k‘k*‘k‘k*‘k‘k*‘k‘k**‘k‘k*‘k‘k*‘k‘k*‘k‘k

o\°

Diesel Engine speed PI gains model and parameters *
R R I b b b S b b b 2 b b b 2h S b ah b b 2h Sh b 2 Sh b b Sh Ih b 2 Sh b b 2h Sh b b Sh Sb b 2 dh b b 4b Sb b g4

oe

oe

tr speed dg = 3e-3 ;

Wn speed dg = 3/tr speed dg ;

ki dg speed = Hd* (Wn_speed dg) "2 ;
kp dg speed = 2*xi*Hd*Wn speed dg ;
kp dg _speed = 26.3 ;

ki dg speed = 3.25 ;

k dg dr = 0 ;

%*************************************

o° oo

oe

% Diesel Engine model and parameters *
%*************************************

ad0 = 2/ (Tau_dl*Tau d2) ;

adl = (Tau d2 + 2*Tau dl)/(Tau dl*Tau d2);
ad0l = kp dg speed*ki dg speed*k dg dr;
bd0 = ad0 ;

bdl = -1/Tau dl ;

bd01 = kp dg speed*ki dg speed* (1-(kp dg speed*k dg dr));

%************************************************



% State space matrices of the system DG turbine *

R b b b b b b b b b b b b d b I b b b b b b b b db b db b b b db b b I b ab b I b I b b b b b b (e 4
Matrix A

all = 0 ; al2 = -ado ;  al3 = bdo ;  ald

oe

oe

= -bdO0*kp dg speed ;

a2l =1 ; a22 = -adl ; az3 = bdl ; a24 = -bdl*kp dg speed ;
a3l =0 ; a32 = 0 ; a33 = -adol1l ;  a34 = -pbd01l ;
adl = 0 ; a42 = 1/(2*HJ) ; a43 =0 ;  a44 = -Dd/ (2*Hd) ;

% Matrix B

bll = bd0*kp dg speed ; bl2 = 0 ;
b21 = bdl*kp dg speed ; b22 = 0 ;
b31 = bd01 ; b32 =0 ;

b4l = 0 ; b42 = -1/ (2*Hd) ;
% Matrix c

cl1 =0; Cl2=0; Cl3=0; Cc14 =1 ;
C21 =0 ; C22 =1 ; C23 =0 ; Cc24 =0 ;
% Matrix d

dll =0 ; dl12 = 0 ; d21 =0 ; d22 = 0 ;

% Matrix U

% ul = Wd ref ; u2 = Te ;
% Matrix Y

vyl =Wd ; y2 = Td ;

DG parameters = [Ts] ;

Adg = [all,al2,al3,al4d;a2l,a22,a23,a24;a31,a32,a33,a34;a4l,a42,a43,a44];
Bdg [b11,b12;021,b22;031,b32;b41,b42] ;

Cdg = [Cl11,Cl2,C13,Cl4;C21,C22,C23,C24] ;

Ddg = [dl11,d12;d21,d22] ;

%**************************************************************************

T —mmmTm oo Mode Choice parameters —-------—--—-—-—-—————————-—————
Grrhkkkkrhhkhkdrhkhkhrrhhhhrhhhhrrhhhhrrhhhrbrhhkhhrhhhhbrhhkhrrhkhhrhkkktrrkhkhkx

Soc_min = 25 ;

Soc_intermediate = 70 ;
Soc_max = 95 ;
Pdg 60 = 9e3 ;
Lev min = 30 ;
Lev_max = 70 ;

%‘k*‘k‘k*‘k‘k*‘k‘k*‘k‘k*‘k‘k**‘k**‘k‘k*‘k‘k‘k‘k‘k‘k‘k‘k*‘k‘k*‘k‘k‘k‘k‘k‘k‘k‘k*‘k‘k**‘k************************

T Management parameters —--——-—--—--------———————————————
PR I R o I o A O I S S O O I S S I S e S R O O S O I e O R I S o I I S R O i
Vn _uc = 250 ;

Soc_init = 36.05 ;

Vuc_init = 0.57*Vn_uc ;

Taux dg = 1.5 ;

Taux bat =1 ;

%**************************************************************************

T Load parameters ----———-—-—-————-—————————————————-
%*k~k~k~k~k~k***k*k*k*k*k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k***k*k*k*k*k~k~k~k~k~k~k~k~k~k************************
Pmax = 15e3 ;

Taux load = 100e-3 ;

%**************************************************************************

% —mmmmmmm oo All inputs constants vector --------—---——-—-——————-——-
Grrhkkkkrhhhkhrhhhhrrhhhhrhhhhrrhhddrrhhhdrhhhhrrhhhdrrhhhrrhhhbrrhhhbrhkhkhdx
PI PV Ctrl Parameters = [Kp v pv ; Ki v pv ; Kp i pv ; Ki i pv ; Tc];
parametres PI Dc = [Tc,Kp dc,Ki dc,Vdc ref];

Bat CTRL PI Parameters = [Kp Bat,Ki Bat,Tc];

Uc CTRL _PI Parameters = [Kp Uc,Ki Uc,Tc] ;

Dg PI parameters = [Tc,Kp boost dg,Ki boost dg] ;

Mode choice parameters=[Soc_min, Soc_intermediate, Soc_max,Pdg 60,Lev_min, Lev_max]

Manag ref parm = [Tc;Taux bat;Taux dg;Pdg 60] ;
load parameters = [Tc ; Taux load] ;

’
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B.2. PV array model

function Ipv = Pv _Model ASMS 180M(Vpv,G,T)

Pmpp max Module = 180 ; % Pmpp at 1000 W/m2 ;

Voc Module = 45 ; % Open circuit voltage ;

Vmpp_ Module = 36 ; % Maximum power point voltage ;
Isc_Module = 5.5 ; % Short circuit current ;

Immp Module = 5 ; % Maximum power point current ;
Ms = 12 ; % Number of Series Modules ;

Mp = 8 ; % Number of Parallel Modules ;
% Pmpp = 17,28 kW ; % Pmpp at 1000 W/m2 ;

% Voc = 540 V ; % Open circuit voltage ;

% Vmpp = 432 V ; % Maximum power point voltage ;
% Isc = 44 A ; % Short circuit current ;

% Impp = 40 A ; % Maximum power point current ;

Ns = 72 ; % A revoilr A revoirA revoirA revoirA revoirA revoirA revoir
Rs = 0.69467 ;

Rsh = 160.0579 ;

Ki = 0.038982 ;

= -0.36491 ;

a = 1.0163 ;

=~
<
|

Gn = 1000 ;
g = 1.6e-19 ;
K Boltz = 1.38064852e-23 ;

Tr = 298 ;
delta T = T - Tr ;
Vt = (Ns*K Boltz*T)/q ;

Vpv_m = Vpv/Ms ;

Iph n m = (Rsh + Rs)*Isc Module/Rsh ;

Iph = (Iph n m + Ki*delta T)*G/Gn ;

Io = (Isc_Module + Ki*delta T)/(exp((Voc Module + Kv*delta T)/(a*Vt))-1) ;
% Solving NL equation Newton's method X(k) = X(k-1)-f(x(k-1))/f" (x(k-1))
Ia = 0 ;

for j=1:5

Ish = -(Vpv_m + Rs*Ia)/Rsh ;

Id = -Io*(exp((Vpv._m + Rs*Ia)/(Vt*a)) - 1) ;

f Ta = Ta - Iph - Id - Ish ;

f prime Ia = 1 - (Rs/(Vt*a))*Id + Rs/Rsh ;

Ia = Ia - f Ia/f prime Ia ;

end

Ipv m = Ia ;

if Ipv.m < 0
Ipvm = 0 ;

end

Ipv = Ipv. m * Mp ;



B.3. Ultra-capacitor controller

P4 Simulations_Results * - Simulink
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Ready View diagnostics 186% FixedStepDiscrete

% Matlab code:

function[D Charge Uc,D Discharge Uc]=PI UC(P uc ref,ilL Uc,V Uc,Uc CTRL PI Parameter

s,Vvdc) ;

[o)

% Local memory variables Declaration
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persistent Int Ei0 ; if isempty (Int EiO) ; Int Ei0 = 0 ; end ;
persistent P uc ref0 ; if isempty (P uc ref0) ; P uc refO0 = 0 ; end ;

% Uc CTRL PI Parameters = [Kp Uc,Ki Uc,Tc] ;
Kp Uc = Uc CTRL PI Parameters(l) ;

Ki Uc = Uc CTRL PI Parameters(2) ;

Tc = Uc _CTRL PI Parameters(3) ;

iL Uc ref = P uc ref/v Uc ;
if iL Uc _ref > 600
iL Uc ref = 600 ;

end
if iL Uc ref < -600

iL Uc ref = -600 ;
end

if (P_uc ref*P uc refl) < 0
Int Ei0 = 0 ;

Ei = iL Uc ref - iL Uc ;
Int Ei = Int Ei0 + Ei*Tc ;
A uc p = Kp Uc*Ei ;
A uc i = Ki Uc*Int Ei ;
VL ref = A uc p + A uc i ;
Vs = V Uc - VL ref ;
D = 1-(Vs/Vdc) ;

if iL Uc ref == 0
D Charge Uc = -0.1 ;
D Discharge Uc = -0.1 ;
Int Ei = 0 ;

elseif iL Uc ref > 0
D Charge Uc = -0.1 ;
D Discharge Uc = D ;

else
D Discharge Uc -0.1 ;
D Charge Uc = 1-D ;

end
Int Ei0 = Int Ei ;
P uc ref0 = P uc_ref ;



B.4. Management algorithm

3 Simulations_Results/Manegement Algorithm - Simulink = X
File Edit View Display Diagram Simulation Analysis Code Tools Help
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Ready 104% FixedStepDiscrete

% Matlab code:
function Pdc_ref = PI Vdc(Vdc,parametres PI Dc)
persistent Int E vdcO ; if isempty (Int E vdc0O) ; Int E vdcO = 0 ; end

%**************************

* Parameters extraction *
kA hkhkkhhkhkkhkhkhkhkhkhkhkhkhhkhkxkhkkhk*xk*x%k

o o o°

parametres PI Dc = [Tc,Kp dc,Ki dc,Vdc_ref] ;
c = parametres PI Dc(l) ;

Kp dc = parametres PI Dc(2) ;

Ki dc = parametres PI Dc(3) ;

Vdc ref = parametres PI Dc(4) ;

[

BRI e A I dh b I A b a4

PI Vdc Regulator *

R I I I b b b b I b S S b b b 4

~vdc = Vdc_ref - vdc ;

Int E vdc = Int E vdcO + E vdc*Tc ;
Kp A = Kp dc*E_vdc ;

Ki A = Ki dc*Int E vdc ;

ic ref = Kp A + Ki A ;

if ic ref > 200

ic_ref = 200 ;

o° 0P oP

[Eal

end
if ic ref < -200
ic ref = -200 ;
end
Pdc ref = ic_ref*vdc ;

%*k*k************************

% Local Variables storage *
%**************************

Int E vdcO = Int E vdc ;
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APPENDIX C

The following table depicts technical data of the loads mentioned on Fig.4.1-(a).

Nominal characteristics

Power

Load type Rpm n% Cos(p) In(A)@380V | Tn (N.m)
(kW)
Cold room
2.2 2885 83.3 0.86 4.43 7.3
Compressor
Emerge water pump | 3 2900 84.7 0.86 5.94 9.9
Water pump 4 2920 86 0.88 7.63 13.1
lighting 0.4
Auxiliary (Air
1.1 2860 79.8 0.81 2.46 3.7

conditioner)
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APPENDIX D

During the preparation of the present Ph.D. thesis, some scientific works have been

reached as the following;:

1) Samir GASSAB and Hammoud RADJEAI, « Simulation d’une Chaine de Conversion
d’Energie Eolienne de Petite Puissance (600 W) a base d'un GSAP », International Conference
on Electrical Engineering CIGE-2013, university of Bechar, Algeria.

2) Samir GASSAB and Hammoud RADJEAI, « Simulation d’un Systéme de Conversion
d’Energie Photovoltaique Connecté au Réseau », International Conference on Electrical

Engineering CIGE-2013, university of Bechar, Algeria.

3) Samir GASSAB and Hammoud RADJEAI, « Une Simple Approche d’Identification des
Parameétres du Modéle d’une Cellule PV a cinq Parameétres », Third International Conference
on Industrial Engeneering and Manufacturing ICIEM-2014, University Hadj Lakhdar of Batna,
Algeria.

4) Samir GASSAB, Hammoud RADJEAI and Adel Choudar, « Study and Simulation of a
Grid Connected Active PV Generator (APG) », Third International Conference on Information

Processing and Electrical Engeneering ICIPEE-2014, University of Tebessa, Algeria.

5) Samir GASSAB, Hammoud RADJEAI, Saad MEKHILEF and Adel CHOUDAR, « Power
management and coordinated control of standalone active PV generator for isolated agriculture

area-case study in the South of Algeria”, J. Renewable Sustainable Energy 11 (2), 2019.
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Abstract: This thesis aims to elaborate a local energy management and coordinated control system of a 15
kW Standalone Active PV Generator (SAAPG) supplying remote farm in southern Algeria. The SAAPG
is constituted of four sources: PV, Batteries, Ultra-capacitor (UC) and diesel generator (DG), all these
sources are coupled together on the DC-link (Vdc-ref = 700V). Unlike usual, a DC side coupling of the DG
is proposed in order to ensure two dominant advantages: the first one is to slow the dynamics of the DG
output power, allowing a low maintenance frequency in the diesel engine by reducing thermo-mechanical
stresses in diesel engine cylinder heads due to transients. The second one, guarantees both efficiency and
cost effectiveness of the system by operating the DG near to its rated power either in transient or steady
state conditions, thus, a such oversizing of the DG will be avoided unlike the AC coupling case. All sources
are managed in coordination, according to their dynamics, to maintain the DC-link voltage value regulated
around its reference.

Keywords: Active PV Generator, Batteries, Ultra capacitor, Diesel Generator, power Management,

coordinated control, isolated area, Dynamic load.

Résumé : Cette thése a pour but d’élaborer un systéme de gestion d’énergie locale et control coordonné
d’un générateur PV actif isolé (GPAI) de 15 kW assurant ’alimentation électrique d’une ferme isolée dans
le sud algérien. En effet, ce GPAI est constitué de quatre sources : PV, Batteries, UC est un groupe
électrogéne (GE), toutes ces sources sont connectées ensemble au niveau du bus DC (Vdc-réf = 700V). Un
couplage du GE coté DC est proposé afin d’assurer deux avantages : le premier consiste & imposer une
dynamique lente au GE, permettant de diminuer toute contrainte mécanique sur le moteur thermique du
GE. Le second, garantie une bonne efficacité et rendement du GE du fait que son point de fonctionnement
est imposé par le convertisseur boost prés de son régime nominal, contrairement au cas d’un couplage AC
du GE. Les sources sont gérées en control coordonné, chacun selon sa dynamique, afin de maintenir la
valeur de tension du bus DC bien régulée autour de sa référence.

Mots clés: Générateur PV Actif (GPA), Batteries, Super condensateur, Groupe électrogéne, Gestion de la

puissance, Controle coordonné, Site isolé, Charge dynamique.
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