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Abstract

In this thesis, we present a Hierarchical control of Hybrid Power Systems (HPS) that
consist of a Wind Turbine, Photovoltaic Panels, connection to the AC utility, a Battery Bank,
and a zonal model of a load. The hierarchical control system consists of lower level
controllers for each generation and storage component developed using Sliding Mode
Control (SMC), and Model Predictive Control (MPC). The supervisory controller objective is
to supply the energy demand while maximizing usage of renewable sources, minimizing
connection to the grid, and effective use of the available battery storage. The performance
of the system is studied by means of simulations. The thesis presents HPS model
development, control design and simulation results under different operating scenarios. The
simulation results of the proposed hierarchical control shows a good performance of the

system.



Resumen

En esta tesis, se presenta un control jerarquico para un Sistema Hibrido de Potencia
(SHP) que consiste en una turbina de viento, un panel solar, conexién a la utilidad AC, un
banco de baterias y un modelo zonal de la carga. El nivel inferior del sistema de control
jerdrquico esta constituido por controladores con el objetivo de controlar cada sistema de
generacion de energia y de los componentes de almacenamiento; las técnicas que se
utilizaron en este nivel de la jerarquia son control por deslizamiento y control predictivo
basado en modelos. En el nivel superior se encuentra el control supervisor cuyo objetivo es
suplir la energia demandada por la carga mientras maximiza el uso de las fuentes
renovables, minimiza el uso de la utilidad AC y maneja de una forma efectiva el
almacenamiento de la energia de la bateria. El comportamiento de todo el sistema es
estudiado a través de simulaciones. La tesis presenta el modelo del SHP, el disefio del
control y los resultados de simulacién bajo diferentes escenarios de operaciéon. Los

resultados obtenidos del sistema propuesto muestran un buen comportamiento del sistema.
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Chapter 1

1.Introduction

1.1 Justification

Hybrid Power Systems (HPS) are power systems that combine different electric
power energy sources. One of the main problems of the HPS is related to the control and
supervision of the power distribution system. The dynamic interaction between the grid
and/or the loads and the power electronic interface of renewable source can lead, to new
system, critical problems stability and power quality that are not common in conventional
power systems.

Electronic Power Distribution Systems (EPDS) are power distribution systems where
the electric power flow is controlled using power electronic converters. EPDS are present in
many applications such as ship power systems, electric hybrid vehicles, hybrid power
systems among others. Advanced control techniques can improve the performance of such
systems by improving energy management capability and its capability to adapt to faults and
other significant changes in operating conditions.

The purpose of this research is to develop control strategies for a hybrid EPDS using

Sliding Mode Control (SMC), and Model Predictive Control (MPC); SMC is very robust with



respect to system parameters variations and external disturbances; MPC has shown to be a
very good control methodology for process control and other applications. MPC has been
applied in conventional power systems and to hybrid vehicles but no applications to HPS

EPDS is known.

1.2 Research Objectives

The main objective is to design and implement a Hybrid Power System Controller for
energy management.
Additional objectives of this work were:
e Toimplement the model of a Hybrid Power System using Matlab.
e To compare the performance of Hybrid Power System with Sliding Mode Control against
other control methodologies.

e To validate the proposed scheme using simulations.

1.3 Summary of Contributions

Here, we expanded the works of [1] and [2] in control of Hybrid Power Systems. In
[1] the supervisor control developed had three modes of operation and did not result in an
acceptable performance of the battery bank. The latter [2] proposes a control for the
battery bank but the developments of other control strategies are not evident. Here, we
include other subsystems as traditional generators and add local shedding schemes when

there is insufficient generation.



The main contribution of this work is the development and validation of a
hierarchical control with two levels. The highest level is an on-line Supervisor control for a
modular Hybrid Power System with five modes of operation. This controller determines the
mode of operation of the all subsystems of the HPS. It is also easy to implement.

Other contribution is the MPC control of the PV array in the lowest level of the

hierarchical structure.

1.4 Thesis Structure

Chapter 2 provides a literary review and it is arranged in five subtopics: Hybrid Power
Systems (HPS), Sliding Mode Control, Model Predictive Control, Energy Management in
Power Systems, and Hierarchical Control. Chapter 3 depicts the information related to the
model of the HPS describing the general construction of each subsystem. Chapter 4 shows
the control design of the HPS using Sliding Mode techniques, the modes in which the system
operates, and simulation results. Chapter 5 provides the control design of the Photovoltaic
Subsystem using Model Predictive Control techniques, and simulation results. Finally,
Chapter 6 presents the conclusions of the study and some recommendations for future

work.



Chapter 2

2.Literature Review

2.1 Overview

This section is divided in five sub-sections; the first part, gives a brief overview about
hybrid power systems — that includes their configurations, operation strategy, limitations,
and control requirements. The second part shows an examination of Hierarchical Control
and the different levels of control. The third part explains Sliding Mode Control Technique
and its applications in Power Systems, and Power electronics devices. In the fourth part a
review of model predictive control and its applications in power systems is presented.

Finally, the fifth part discusses Energy Management theory applied to Power Systems.

2.2 Hybrid Power Systems (HPS)

Hybrid power systems are a combination of traditional generators, like diesel
generator, with renewable source energy such as wind turbine and photovoltaic panels. The
main objective of these systems is to extract maximum power at low costs with good power

quality, low pollution, and reliable supply [3].



2.2.1 Hybrid Power Systems Classification

HPS are classified in two categories: (i) grid-connected HPS, which are connected in
parallel with the utility grid and can be used at any location; and (ii) stand alone (or off-grid),
HPS, which are used to attend loads at remote places because they are independent of the
utility grid [4,5].

The Grid Connected HPS generally use renewable generation power units as
photovoltaic panels and wind turbines, a battery bank (rarely used) as a backup source, and
the ac source is the utility grid. The basic configurations are Plant-oriented or central
converter concept, module-oriented or string converter concept, and module-integrated
converter concept [6].

Stand Alone HPS are designed and sized to attend specific loads. The power units
commonly used are photovoltaic panels (DC source), wind turbines, and Diesel Generators
(AC sources), batteries are often used for backup power. Other power electronics
components like rectifiers, converters, and inverters are used to match the ac and dc
generation source with the voltage and frequency requirements of the load [5]. The basic
bus configurations of stand-alone systems are presented on Table 1.

The control system for HPS configurations should minimize fuel consumption by
maximizing power from the renewable sources. However, there are power fluctuations by
the variability of the renewable energy, which cause disturbances that can affect the quality

of the power delivered to the load [3].



Table 1 Basics Configuration on Hybrid Power Systems

quality problems.

e Need 10% to 18% more
electrical energy from the
genset than AC/DC
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E inverters to match the voltage | change the AC source to DC | loads are connected to a DC bus
8 and frequency requirements of | source [5]. [5].
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maintain the voltage and affects its efficiency.
" frequency of the system and
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S introduced into the system by
S the use of inverters, which
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The control system should take control actions to maintain the power quality
conditions and power balance — with the generators in combination with their energy
converters, the solar and wind generators could be controlled to supply maximum power or
provide the power necessary to preserve the power balance at the load. The solar and wind
generation are controlled in two ways — Maximum power conversion and Power regulation,

according to the generation conditions and the load [1].

2.2.2 Elements of Hybrid Power Systems

Next we will describe the different elements in a HPS. It is divided into Wind Energy

Conversion System, Photovoltaic Panels, and the Battery Bank.

2.2.2.1 Wind Energy Conversion System (WECS)

The purpose of WECS is to extract the power from the wind and convert it to electric
power. The principal elements of typical WECS are the wind turbine, a generator like a
synchronous generators, permanent magnet synchronous generators, induction generators
(including the squirrel-cage type and wound rotor type), or an interconnection apparatus as

power electronics converters, to interconnect the system to the bus [7].

Wind turbines are classified into the horizontal axis type (with two or three blades,

operating either up-wind or down -wind), and the vertical axis type [7].



\ DC/DE '
1 Pmsg | . Converter [N N

| Wind Turbine Rectifier {"".rr DC bus Loads

Figure 1 structure of a typical Wind Energy System.

The wind turbine could be designed for a variable speed or fixed speed operation.
Constant speed wind turbines can produce 8% to 15% less energy output as compared to
their variable speed counterparts. Nevertheless, they require power electronic converters
to give a fixed voltage power and fixed frequency to their loads [7]. Controls are included to
hold or regulate rotational speed, and one of the principal objectives is to maximize power.

On other hand, winds turbines typically have at least three different control
actuators: blade pitch, generator torque, and machine yaw. Blade pitch is the most effective
method of controlling aerodynamics loads [9].

The nonlinear behavior of a wind turbine can make control design difficult. In pitch
control, the control inputs gains are typically the partial derivative of the rotor aerodynamic
torque with respect to blade pitch angle. These input gains vary with rotor speed, wind
speed, and pitch angle. If the control of a wind turbine is designed at one operating point,
may give poor results at other operating points. In fact, the controller possibly will result in
unstable closed-loop behavior for several operating conditions. To avoid this, for each
turbine operating points, regional controllers could be designed, and switched from one
region to another. This generally uses as switching parameter wind speed or pitch [9].

The study of switching between controllers for wind turbines was done by Kraan in

[10]. Several problems such as undesirable switching transients were reported. However,
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Bongers in [11] describes the use of controller conditioning, in which the switching
transients are minimized because the next controller to be activated is arranged for this task.

The adaptive control, investigated by Freeman and Balas in [12] and Bossanyi in [13],
is another method to control the wind turbine, in which are adapted to changing conditions;

the authors reported acceptable simulations results.
2.2.2.2 Photovoltaic Panel

The photovoltaic panels are the principal component to convert solar energy into
electrical energy. The expression photovoltaic denotes the operating mode of a photodiode
in which current through the device is totally due to the transduced light energy [14]. The
solar cells produce direct current, so when they are used for grid connected power
generation, they must be linked by an inverter to convert the DC to AC.

Cells could be electrically connected together to form a photovoltaic module, and
several modules could be put together to form arrays. Figure 2 shows the basic structure of
a typical solar energy conversion system [14].

Sun Light (T, Ei)

Y hd v w PV i
" R L
p - N DC 4
™ N
it +
PVM ui

Figure 2 Structure of a typical solar energy system connected to a DC bus [50]



The electric characteristic for a PV cell is presented on Figure 3, Points A and B
correspond to operation under sufficient power generation conditions for a given reference
power; on this mode, is desirable to operate on the right hand side of the PV array
characteristic (point B) because it allows a wider range of power regulation. Point C
represents the Maximum Power Operation Point (MPOP), so the system keeps the stored

energy as much as possible; the PV work on this point when the isolation regimes are
insufficient [15].
Current-Vaoltage Curve of PV Cell
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Figure 3 Electric characteristic for a PV cell.

2.2.2.3 Battery Bank

Batteries convert the chemical energy stored inside into electrical energy. Battery
applications are huge, that’s the reason that they are available in different sizes, voltage,
amp-hour ratings, liquid or gel, vented or non-vented, etc [16].

The battery bank is supposed to be designed so the batteries do not discharge more

than 50% of their capacity on a regular basis. Discharging up to 80% is acceptable on a
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restricted basis, such as an extended utility outage. Completely discharging a battery can
reduce its effective life or damage it [16].

The charged period of the battery bank could differ depending upon the availability
of other charging sources, the nature of the load and other factors. If renewable energy
(wind, solar, etc) powered the system, the charged period of the battery depends on the
weather or seasonal variations among others. However, the batteries are not just used for

storage; they are too a buffer for all the charging energy which is brought into them [16].

2.3 Hierarchical Control

The hierarchical system theory goes back to 1970s by Mesarovic, Macko, and
Takahara's in which the main characteristic is the fact that the decision-making process has
been divided. There are a number of decision-maker units in the structure, but only some of
them in a straight line access the control system. The decision-maker units that define the
tasks and coordinate are at a higher level on the hierarchy; the lower levels have direct
contact with the process [17].

The designed control for HPS developed in this thesis is a kind of hierarchical control

with four decision maker units.

2.3.1 Control levels

The control problem of a complex system can be divided into different levels; each

level has different control objectives that are handled by different controllers. When a
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disturbance occurs, the objective is typically to bring the entire system safely back into
normal operation as quickly as possible [17].
Figure 4 shows a hierarchical control structure with three different levels of

functions.

Tactical level Tactical level
(Supervisor (Supervisor
control) control)

s

Operational level | | | Operational level Operational level
(Individual (Individual (Individual
\_| Control Unit) Control Unit) I_| Control Unit)

Figure 4 Multilevel control of a system.

The control strategy developed in this work, is over two lower level; the make
decision units to decide the operational mode of the HPS are over tactical level, and the

control units to each power generation subsystem is over operational level.

2.3.1.1 The Strategic Level

This is the highest level of the structure; this level made the decisions concerning
overall operation. The operating condition of the system can be characterized as “start-up’,
‘production’ or ‘shutdown' [17], and the time constants are typically in the range of hours to

days [18].
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2.3.1.2 The Tactical Level

This level takes the local decisions concerning the local operation. This level acts like
a supervisor control which switches between different operations modes or could shut down
the controlled subsystem. Typically, the time constants at this level are in the range of

minutes or seconds [18].

The operation of a supervisor in hierarchical control has two steps. First, an
observation step which collects information concerning the controlled system and its
environment. Second the decision step which uses this information and prior information

with the purpose of select desirable control [17].

2.3.1.3 The Operational Level

On this level the actual control of the plant is being performed; the control objectives
for each operation mode have to be defined. Typically the time constants are in the range of
milliseconds [18]. Over this level, we developed the individual control units for each

subsystem in the EPDS using Sliding Mode Control or Model Predictive Control.

2.4 Sliding Mode Control (SMC)

The basics concepts and definitions presented in this section come from Sliding Mode
Control theory developed 30 years ago in Russia by [19] , and to applied to on power

electronics converters 20 years ago by [20,21].
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Before discussing SMC techniques it is necessary to understand Variable Structure
Systems (VSS), as implied by the name, are systems whose structures are changed
deliberately through the transient, according to a predetermined structure control law, to

accomplish the control objectives [22].

2.4.1 Basics Concepts of SMC

Sliding Mode Control is a type of Variable Structure Control characterized by a set of
feedback control laws and a decision rule, and could be seen as an arrangement of
subsystems, where each subsystem has a predetermined control structure and is applicable
for specified regions of system behavior, on this control scheme, the feedback is not a

continuous function of time [23].

The sliding mode control operates in a basic method as follows: a sliding surface is
defined with the equilibrium point, and the system is forced to be held into the sliding
surface (existence condition), and then the system must reach the equilibrium point
(stability) [24]. This control scheme implies a selection of a surface such that the system
trajectory exhibits desirable behavior when confined to this surface and the selection of
feedback gains so that the system trajectory intersects and stays on the surface [25]. The
existence condition and stability must be verified to guarantee the correctly operation of the

controlled system.

The main idea of the SMC is illustrated in Figure 5. First, drive system to stable

surface (reaching phase), then slide to equilibrium (sliding phase).
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Sliding mode control has two advantages: the dynamic behavior of the system may
be tailored by the particular choice of switching function, and the closed-loop response

becomes insensitive to an external disturbance and parameters variations [23].

Sliding manifold

Figure 5 Sliding Mode Idea [23]

2.4.2 SMCin Power Systems

The application of the sliding mode control technique in Power Electronics devices
such a DC-DC converters shows that this control approach could give good results in terms of

robustness toward load and input voltage variations, while maintaining a dynamic response.

SMC was used in Hybrid Power Systems to control a photovoltaic array in [15], and a
wind turbine in [26] by Valenciaga et al. The objective was to control the operation of the
wind subsystem to complement the photovoltaic generation, so the power demand is

satisfied.

2.4.2.1 DC/DC Converters of a Variable Structure system

DC/DC converters are affine nonlinear systems described by [27]:
x=fx)+gx)u (2.1)
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The control signal u is discontinuous, and could take two values (0 or 1). Its
discontinuous points correspond to changes on converter structure, for this reason, DC/DC

converters are a variable structure system [27].

The principle of the switching control law is to force the nonlinear plant’s state
trajectory against a pre-specified surface S in the state space and to preserve the plant’s
state trajectory on this surface for following time [28]. The control switching law is defined

as follow:

(2.2)

_(lifs(x)=0
u_{Oifs(x)<0

Where s(x) is called the switching boundary and it’s determined by a surface of n-1

dimension, and n is the state dimension.
S={xeR"s(x) =0} (2.3)

S is the switching surface, which is also called a sliding surface [22].

The most important task is to design a switched control that will drive the plant state

to the switching surface and maintain it on the surface upon interception.
2.4.2.2 SMC in DC/DC converters

On this section, we are going to explain how to control with SM technique the output

current of a DC/DC converter (Figure 6).
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Figure 6 DC/DC Converter.
To create a sliding surface, in order to achieve the control objective, we choose the
switching function as [27]:

Sx) =i, - ioref (2.4)

where i, is the desired output current.

We suppose that the system has an equilibrium state X, with i, = i,,.s for a u value

between one and zero.

To create a sliding mode regime the conditions to be satisfied are [27]:

ds  di, di )
2o T c0ifu=1 (2.5)
dt dt dt

ds _ di, di _
S =20 5 0jfu=0
dt  dt  at

2.5 Model Predictive Control (MPC)

The MPC method is based on a prediction model of the system response to obtain
the control action optimizing the future behavior of a plant by minimizing an objective

function in an on-line mode [29].

There are many applications areas where MPC is successfully in use at the present
time such as the process industry like chemicals, automotive, food processing, metallurgy,
aerospace, pulp and paper, and power systems [30,31] among others. The good
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performance of these applications shows the capability of the MPC to accomplish highly

efficient control systems able to operate during long periods of time [32].

MPC can be used to integrate issues of optimal control, control of processes with
time delays, stochastic control and multivariable control. The advantages over other

methods are [29,32]:

The concepts are very intuitive and the tuning is relatively easy.

It introduces feed forward control to compensate measurable disturbances.

MPC permits constraints, and these can be included during the design process.

On-line computation with lower computational requirements.

Drawbacks are [32]

e The need for an accurate model of the process.

e All the computations have to be carried out at every sampling time.

2.5.1 MPC technologies

This section shows the model predictive control technologies that are commercially
available and that have large impact on the industrial world, the various MPC algorithms
differ among themselves in the model used to represent the process and the noise model

and cost function to be minimized.
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The history of industrial MPC began with the Linear Quadratic Gaussian (LQG)
Controller, in which, the process can be described by a linear state-space model driven by

Gaussian noise, and the initial state is assumed to be Gaussian with non-zero mean.

Xk+1 = Axy, + By, + Gwy, (2.6)
Vi = Cxp + &
The objective function includes separate state and input weight matrices Q and R to
allow for tuning trade-offs and penalizes expected values of squared input and state

deviations from the origin.
T T
] = Zj.;1 xk,+jka+j + uk+jRuk+j (2.7)
The optimal input uy, is computed using an optimal state feedback law u;, = k. x

where K. is calculated by solving a matrix Riccati equation [33].

The LQG controller has stabilizing properties. In LQG theory, it is not simple to

include constraints on the process inputs, states and outputs [33,34].

Grieder et al. in [35] presented an algorithm to calculate the solution to the
constrained infinite-time, linear quadratic regulator (CLQR) combining reachability analysis
with multi-parametric quadratic programming to get the optimal piecewise affine (PWA)
feedback law. The algorithm reduces the time necessary to compute the PWA solution for
the CLQR when compared to other approaches making CLQR an attractive solution even for
fast processes. This situation leads to the expansion, in industry, of a general model based
control methodology, called now MPC, in which the dynamic optimization problem is solved
online at each control interval [36].
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Process inputs are calculated so as to optimize the outputs over a time interval
known as the prediction horizon [37]. The process model, that describes the plant dynamic,
could take any mathematical form, and is used to predict the future plant outputs, based on
current and past values and on the optimal proposed future control actions. The optimizer
calculates these actions taking account the constraints and the cost function, that’s the
reason because the future constraints violations could be predictable and prevented. This

structure is show in Figure 7, [33].

Referencs
Trajectory

Pastinputs
and Outputs
—

Predicted
Tutputs

Model

Future
Inputs

O ptimizer

Co=t Fun c:tich T Constraintz

Figure 7 Basic structure of MPC [10].

The MPC control action at time k is obtained by solving the optimization problem

given by
Np N,
oBin, ) Cell), u(l)) = ;[ﬁ(k +jlk) —w(k + )I? + ;A(]’) Au(k+j— D2 (28)
Subject to

Umin < Uy < Umax
—Au < Auy < Au

Ymin < ka < Ymax

x(k + 11k) = Ax(k + j|k) + Bu(k + jlk)
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where w is the reference trajectory, A is the control weighting factor, the predicted outputs
Yy depend on the future control signals u, and on the known values up to instant k (past
inputs and outputs), which are those to be sent to the system and to be calculated. The first
input of the optimal control sequence is sent to the process at the same time as the control
signals' calculated are rejected, and the problem is solved again at the next time interval

using updated process measurements [32,33].

Figure 8 shows the state of a SISO MPC system that has been operating for many
sampling instants. The current instant is represented by the integer k, y represents the

measured output and u shows the control effort [32,37,38].
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* measured e estimated e past moves e planned moves

Figure 8 Controller state at the kg, sampling instant adapted from [39].

In the late seventies, various articles appeared showing an interest in MPC by
industry. Richalet et al. presented the first description of MPC control applications in 1976

[33]. His publications presenting Model predictive Heuristic Control (MPHC) and the

! The number of control intervals over which the manipulated variables are to be optimized is called the control
horizon [37].
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software that developed was named IDCOM (ldentification and Command), which permit
input and output constraints, impulse response model for the plant, quadratic performance

objective over a finite prediction horizon [32].

In 1979, Cutler and Ramarker presented the Dynamic Matrix Control (DMC) as an
unconstrained multivariable control. This algorithm uses the linear step response of the
plant. Optimal inputs are calculated as the solution to a least squares problem using a
guadratic performance objective over a finite prediction horizon [32,33]. In 1982, Garcia and
Morari showed that the DMC algorithm was closed-loop stable when the prediction horizon

was set long enough to include the steady state effect of all computed input moves [34].

In 1983, Cutler et al. described the Quadratic Program DMC (QDMC) in which input
and output constraints appear explicitly, and the solution can be accomplished readily via

standard commercial optimization codes. This algorithm represents a second generation of

MPC [33].

The second generation did not permit the combination of multiple objectives into
one objective (function), and did not allow the designer to reproduce the correct
performance requirements. These are the reasons why third generation of MPC appeared
with IDCOM algorithms. The third generation MPC used two separate objective functions,
one for the outputs and one for the inputs [40]. Hard and soft constraints were
incorporated, and the quadratic output objective function was minimized subject to

constraint degree [37].
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The Shell Multivariable Optimizing Controller (SMOC) proposed by (Marquis &
Broustail, 1998; Yousfi & Tournier, 1991) combines state-space methods with the constraint
handling features of MPC. This algorithm is equivalent to solving the LQR problem with
input and output constraints, except that it is still formulated on a finite horizon, but it does

not have the stabilizing properties of the LQR algorithm [33].

The fourth generation is represented by DMC-plus and Robust Model Predictive
Control (RMPCT), which present an automatic way for tuning. The user could enter directly
the estimates of model uncertainty, and compute the tuning parameters to optimize the
performance for the worst-case model mismatch. This generation provides some
mechanism to recover from an infeasible solution, distinguishes between several levels of
constraints (hard, soft, ranked), allows for a wider range of process dynamics and controller
specifications, and addresses the issues resulting from a control structure that changes in

real time [33].

2.5.2 MPCin Power Systems

There are several studies of model predictive control in power applications such as

area power networks, and vehicular electric power systems.

Camponogara et al. in [30] presented a power system application of SC-DMPC in two
or more autonomously controlled areas (see Figure 9), each area usually consist of various
generators and loads, for studying Load Frequency Control (LFC). They assign MPC

controllers to control the generator power output. The purpose of LFC is to keep the
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frequency deviation of the system at zero and to preserve the variation of the power flow

through the tie-line at zero.

Control m Control
Area i Xtiej Area |
Figure 9 Two area power network
Venkat et al. in [41] use the same example to compare the performance of
centralized MPC, communication based MPC, and Standard Automatic Generation Control

(AGC). They show that the performance benefits obtained with centralized MPC can be

realized throughout distributed MPC strategies.

Hines P, et al. in [42] and [43] show a new application of DMPC methods, using
agents, to the problem of arresting cascading failures in power systems. On this strategy,
one agent is at each node of a power network to control a single variable using MPC and
cooperate with its adjacent subsystems in making its decisions. Their results imply that the
strategy is successful as long as the time among MPC iterations is sufficiently large that the
neighbor network arrives at a steady state before the next control action occurs. The
experiments also revealed the value of even simple collaboration schemes in agent

networks.

2.6 Energy Management (EM) in Power Systems

The main goal of Energy Management is to minimize costs or maximize benefits;

others secondary objectives are to improve energy efficiency and to reduce energy use,
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develop and keep efficient monitoring, report, and management strategies for intelligent

energy usage, and reduce the impact interruption in energy supplies [44].

The function of Energy Management is to prioritize real time power demand from the
loads and distribute power resources available from the generation and storage devices in

an optimized approach for maximum efficiency and performance [45].

The power management system could be divided into the following subsystems:
power generation, energy storage, power bus, electrical load, power electronics, and Power
Management Controller (PMC). Figure 10 shows a generic power/energy management and
distribution system. For a particular configuration, not all components or subsystems are

required, and some small changes in the system topology might be necessary [45].

Figure 11 presents the principles of the energy management. The major task for the
power an energy management system is to prioritize the load-power request and to allocate
limited power resources. It is not practical to offer a permanent power capacity higher than
the average power demand. Supply and storage must meet brief peaks in power needs [45],
which are the reason why in each time interval of optimization, the management determines
the operation mode of all components of the power system. It is best if the objective

function becomes minimal [46].
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2.6.1 Energy Management in Hybrid Power Systems

Energy management is performed in HPS determining online the operation mode of
generation subsystems, switching from power regulation to maximum power conversion;

the energy balance depends of total demand, and generation [1].

Valenciaga and Puleston in [1] designed a supervisor control, using robust sliding-
mode control, with three modes of operation: in mode 1 the wind subsystem is in power
regulation against the solar subsystem is off, and the battery bank is in recharge cycle; in
mode 2 the wind subsystem is in maximum power conversion at the same time as the solar
subsystem is in power regulation, and the battery bank is in recharge cycle; in mode 3, both
wind and solar subsystems are in maximum power conversion, and the battery bank supply
power to the load. On this scheme, the objective is to control the operation of the wind
subsystem to complement the photovoltaic generation, so the power demand is satisfied. In

this work, the State of Charge of the battery bank and load shedding are not considered.

The control of wind turbine and the photovoltaic array was developed before in [26]
and [15] respectively using sliding mode techniques. However, MPC has not been applied to
control of HPS, but West M. et al. in [47] applied MPC techniques for EM in hybrid-electric
vehicle (HEVs) drive-train incorporating numerous energy/power sources. This strategy is
used to control the power drawn from a battery pack and a super-capacitor peak power
buffer, to provide an all-electric drive-train. The scheme used is shown in Figure 12. Similar

studies to control the electric power system with energy management for HEVs have been
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proposed by Koot et al. in [48] to reduce the fuel consumption and emissions over a driving

cycle.
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Figure 12 Electric Vehicle Power Flow.

On this technique, the design procedure starts defining the cost function, such as
minimizing the fuel consumption and emissions over a driving cycle. To find the optimal
control, they used a variant of MPC employing zone control, and adding an additional slack

variable ¢ into the cost function of general predictive control given by

Np N
J, k) = Z [k + jlk) —w(k + ) + 8k + )I* + ZM}')[Au(k +j-DP @9
J=N¢ j=1
Subject to
(k) < P(k)
[6(Kk)| < Smax

where (k) < (k) include all the inputs, outputs and the states constraints, and

|6(k)| < Omax is an additional constraint on the slack variable [47].



Chapter 3

3.HPS Simulation Model

The first step is the implementation of a simulation model of Hybrid Power System
using Simulink; this software was selected because it is a special package for modeling,
simulating, and analyzing dynamic systems, supports linear and nonlinear systems, modeled

in either continuous time, sampled time, or both [49].

All models were selected from different sources: the wind turbine model is presented
in [26], the photovoltaic panels model was developed by Ortiz-Rivera in [50], the battery
Bank was presented in [51], and the load model is the DC Zonal Electrical Distribution System
(DCZEDS), which is the DC part of the an Integrated Power System (IPS) in [52], all

subsystems of the load have a local controller.
3.1 Hybrid Power System

The Electric Generation Hybrid System (EGHS) that will be used on this work
combines wind energy, solar sources and traditional sources. Each unit constitutes one
subsystem to control; the overall system is show in Figure 13. The hybrid power system to

be studied here can be divided in six components; power generation (Wind turbine, PV
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Panels, and the Grid), energy storage (Battery Bank), power bus, electric load (three zone

EPDS), power electronics (DC/DC converters), and the Power Management Controller (PMC).
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Wind

Turbine PV panel

DC Bus

AC Utility Inverter UbG

ib iLoad
e

Battery
Bank

Figure 13 Hybrid generation System

The wind generation unit comprises a windmill, a multipolar permanent-magnet
synchronous generator (PMSG), a rectifier, and a dc/dc converter to interface the generator
with the dc bus. The solar unit comprises several panels coupled to the dc bus through a
DC/DC converter. The dc bus collects the energy generated by both units and delivers it to

the load and, if necessary, to the battery bank.

The voltage of the dc bus is set by the battery bank, which comprises lead-acid
batteries coupled in a serial/parallel array; the converters control the operation point of the

wind turbine and PV Panels.
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The loads served consist of three similar zones. Each zone is connected to the bus by

a DC/DC converter.

The PMC is a central control unit for the power/energy management and distribution
system to control and coordinate the system. This controller sends to the power converters

the control signals and receiving the sensor signals and the status report from these units.

Figure 14 shows the MATLAB/SIMULINK simulation model of the HPS; a lot of sub
models are put together to compose the main model. To put into practice the EM we have

to control the overall system and implement the general EM algorithm on the PMC.
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Figure 14 Matlab/Simulink Simulation model of the HPS.
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3.2 Wind Turbine

The wind turbine model used in this work was proposed in [26] by Valenciaga et al.
On this model, the turbine is linked to the battery bank through a diode bridge rectifier and

a DC/DC converter. Figure 15 shows the MATLAB/SIMULINK simulation model of the wind

subsystem.
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Figure 15 Simulink model of the wind subsystem.

The mechanical power generated by a turbine is proportional to the air density (p),
the power coefficient of the rotor (Cp), the cube of the wind speed (v), and the swept area
(A) as show below.

P, = C,(1)pAv3 (3.1)

The power coefficient value, depends upon the aerodynamics of the rotor blades, the
blades angle, and the wind velocity, and could be described in terms of the tip-speed ratio 4

which is given by:

1=%m (3.2)
v

where, 7 is the blade length, and w,, is the angular shaft speed.
The wind turbine torque is given by:

P, 1
T, = —— = = C,(1) pArv> (3.3)
w 2

m

32



Cp(D)

where, C;(1) = 2

, is the torque coefficient of the turbine.
The expression of the electrical angular speed, corresponding to the minimum shaft
speed below which the system cannot generate is given by:

Vs
We 1im = ¢_
m

(3.4)
where, ¢,, is the flux linked by the stator windings, and V; is the line voltage on the

Permanent Magnet Synchronous Generator (PMSG). Figure 16 depicts the

MATLAB/SIMULINK simulation model of the wind turbine.

1

Vw 1/2*u[1]*3*rho *pi *R"N2*u[2]
Reul2yut TSR Cp Mechanical Power &
TSR Cp Vs TSR %

: b M

Wm l:l Divide
—>
Cp

Figure 16 Simulink model of Wind Turbine.

The PMSG dynamic model in a rotor reference frame is given by the following

equations [26], and the Matlab/Simulink simulation model is shown in Figure 17.

. Rs . . we¢m 7-’:vbiqux
lg == lg = Wela +—— = 35)
3vV3L /ig +i2
. Ry . TTVplqUy
A T 36
3V3L [i2 + i3
. P 3P
W, = Z(Tt - Ez(ﬁmlq) (3.7)
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where i, and i, are, respectively, the quadrature current and the direct current; L and Ry
are the per phase inductance and resistance of the stator windings; P is the PMSG number of
poles; J is the inertia of the rotating parts; ¢,,is the flux linked by the stator windings; and

U, is the control signal.

The voltage V; is externally imposed by the DC/DC converter as a function of the duty

cycle, and is described by:

4%
V=—2Lu (3.8)

S 3\/§x

If we assume an ideal static conversion, the current at the output of the DC/DC converter

could be determined as shown in the next equation.

= —— iz 412 (3.9)
ly =—— |1 ldu .
w 2\/§ q X
1
—> W s
iq_dot equation integrator a

> ow L e

id

id_dot equation Integrator 1

) W

we_dot equation Integrator 2

1
B

ig 1

a fuy ——»(1) wm

; Is change
magnitude wm

id 1 calculation

Figure 17 Simulink model of Permanent Magnet Synchronous Generator.
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The parameters used in the simulations are in Table 2.

Table 2 Wind turbine and PMSG parameters.

5KW
PMSG nominal power

P 28

Rs 0.3676Q

L 3.55mH
bm 0.2867Wb
J 7.856Kg m?
R 1.84m

3.3 Photovoltaic Panel

The photovoltaic power model that we used in this work was proposed in [50]. This
model depends on several cell parameters an on variable environment conditions such as
the temperature over the solar panel T, the characteristic constant for the I-V curves b, the
percentage of effective intensity of the light over the solar panels a, the open circuit voltage
Voo, the short circuit current I, and a shading linear factor y. This model was selected
because it uses the electrical characteristics provided by the solar panel data sheet, and its
electrical behavior could be modeled by a nonlinear current source connected with the

intrinsic cell series resistance. In this model, the |-V and P-V relation of the solar panel are:

. ( Tpy 1) (3.10)

lpy =X LnaxTi—% IpaxTi€ b(ya+1-y)(Vmax+Ty) b :
( oy 5) 3.11
Py = V.ipy =0 L VT— Ly V7€ \PO@FT) Uimax ) B (3.11)

Where

Ei (3.12)

a=— .

Ein



(3.13)

The shading linear factor is the percent of maximum voltage loss from a
maximum to minimum intensity of light. The open-circuit voltage mark of the solar panels

array for an effective intensity of light less than 20% over the solar panel is [50].

(3.14)

- (3.15)

(3.16)

The PV panel is developed around a DC bus and it is connected through a DC/DC buck

converter which is described by the following equations [15]:

- — (3.17)

— — (3.18)
where  is the battery voltage, is the current injected on the DC bus, is the voltage

level on the PV panel array terminals, and is the control signal.

Figure 18 shows the MATLAB/SIMULINK simulation model of the solar panel.

b maz:
b
ma:

apha I-Eﬂ «
+

Figure 18 Simulink model of the solar panel.
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The datasheet for the SLKEGOMG6 panel is presented in appendix A, and summarized on
Table 3. The maximum power generated by the panel is 279.7W; the array that we used

have two panels in series to set the voltage and two panels in parallel to set the current.

Table 3 Photovoltaic Module Specifications.

SLK60M6

Isc 7.52A

Voc 37.2V

lop 6.86A

Vop 30.6V

b 0.07292
TCi 2.2mA/eC
TCv -127mv/eC
Vmin 32.55V
Vmax 37.312V

The total power generated by the PV array is 559.48W, the maximum current is 15 A,

and the maximum operation voltage is 74.4V as shown in Figure 19.

Current-“oltage Curve of PV Array
16 T T T T T T

..........................................................................

Current (A)
[=2a)

1 3 1(zerie iz Parallel) [
2xl
ar 1x2
2xl i i H H
1] T T T v | | |
0 10 a0 30 40 50 60 70 80
Yoltage (V)

Figure 19 Current-Voltage curve of PV array
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3.4 Battery Bank

The battery model that we used was developed by [53]. This model is capable of

modeling the steady state and the dynamic behavior of the battery.

The battery model is modeled by two circuit diagrams which are coupled via a

current controlled current source and a nonlinear voltage controlled voltage source as

shown in Figure 20.

Vsoc R RTs RTL
. \\/ AAAS AAN o
+
’ l j | l )}
Coar —— v M Cts Crt Vb
BT ] Vectvsoo) b
<<_ <«

Figure 20 Battery Model adapted from [53].

The state of charge (SOC) of the battery is represented by a large capacitor in
the left hand side circuit; the model of the transient behavior and voltage-current

relationship of the battery was represented by two RC circuits and series resistance on the
right hand side of the diagram.

The state space model of the circuit is given by [51]:

(3.19)
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where Cr; and Ry, are the capacitance and resistance in the long transient RC circuit, Crg
and Ry are the capacitance and resistance in the short transient RC circuit, Ry is the series
resistance, g is the nonlinear SOC function. The input u is the current entering the battery,

and the output y is the voltage across the battery terminals.

The model was implemented in Simulink as shown in Figure 21. The relationship of
nonlinear SOC was implemented via a lookup table with a set of ten values range from full

charge to complete discharge [51].

SoC

1/Ccap | r
X P - Vsoc VSOC

J ‘ -
Lookup Table

soc

b 1/Cts

nl

Yy

nl

Al

X

O

v

’_>+ -1/Rts

Yy

vl

o

1/Ctl

<
Lyl
’_>+ -1/Rtl

Figure 21 Simulink model of Li-lon Battery.

nl e

All the parameters in the model are multivariable functions of SOC, current, cycle
number and temperature, and can be calculated following the next equations [53].

Ccap = 3600 * Capacity * f;(cycle) = f;(temp) (3.20)
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where Capacity is is the nominal capacity in Ahr and f;(cycle) and f,(temp) are cycle number

and temperature dependent correction factors, respectively. For this simulation model, the

fi(cycle) and f(temp) are set to one, and the battery capacity is 22 Ahr.

The open-circuit Voltage Voc is changed to different capacity levels.

Vocesoe) = —1.031e73559C 4 3,685 + 0.215650C — 0.117850C? + 0.3201S0C° (3.21)

All the extracted RC parameters are constants around 20%-100% SOC and vary

exponentially surrounded by 0%-20% SOC caused by the electrochemical reaction inside the

battery.

Rssocy = 0.1562e~243750C 1 0,07446
Rrsisocy = 0.3208e~291450C 1 0.04669
Crssocy = —725.9¢7135150C 4 7036
Rrysoc) = 6.603e7155259C 4 0.04984

CTL(SOC) - _60566_27'1250C + 4475

The parameters used in the simulation of the Battery bank are in Table 4.

Table 4 Parameters of the Battery Bank

Ccap | 80000 F
Crs 600 F
Cn 5000 F
Rs 0.05Q
R 0.05Q
Rs 0.05Q
Vsoco | 48V
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Chapter 4

4.Hierarchical Controller for a HPS

The main objective of the HPS is to satisfy the requirements of the electrical loads at
the same time as maximizing the utilization of renewable energy sources while optimizing

the operation of the battery bank and the conventional generators.

The developed control strategy consists of a hierarchical two level structure:
individual control units for the individual energy conversion systems and a supervisory
controller which determines the reference currents for the DC/DC converters and the SOC of

the battery bank for energy management.
4.1 Individual Control Units

Each energy conversion system has an individual control unit in order to operate it
according to the system needs. The system energy requirements are delivered to these
units through signals coming from the supervisory controller. However, the supervisory
controller takes into account the limits of the energy conversion systems to which it is

delivering a command signal.
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On this work, there are three different individual control units. The wind and the
solar subsystems are controlled using SMC following [15,26]. The control strategy for the

battery bank was developed in [2].

4.1.1 SMC for a Wind Turbine

The wind subsystem acts under supervisor control commands whichever supplying
the total load or tracking the operation point of maximum power conversion. This
subsystem is turned on in all modes of operation because is designated as the principal
energy source. The impulse for this design choice was that it was taken from the perspective
of applications in geographical areas with affluent wind regimes. However, we could
considerate the solar subsystem as the main generator source and the wind subsystem as

the secondary role.

4.1.1.1 Sliding Mode controller Design

The main objective is to control the power produced by the wind subsystem into the

DC bus to satisfy the total demand (the load and the battery charge requirements I,,..f) [26].

In this case, the control is just used to reject the unwanted internal forces that draw

the system apart from the sliding surface.
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4.1.1.2 Modes of Operation

For this subsystem, there are two modes of operation as described in [26]. The first
occurs when the wind subsystem could generate enough power to satisfy the total power

demand.

Pwrefl = Vb(iL + Ibref) (4.1)

The second mode of operation occurs when the maximum energy captured from the
wind is not enough to satisfy the total demand. For this case, we make as a power reference

the optimum power extracted by the turbine minus losses.

Pwrefz =Py opt — Posses

3 (4.2)
Pwrefz = Koptwgn - E (lé + lé)rs
where

Aope is the tip speed ratio that maximizes the power extracted to the wind.

The boundary between the operation modes of the wind subsystem is given by the
angular shaft speed of the boundary point, and is obtained by equating the mechanical
power references of both modes of operation (Equation 4.1 and 4.2), that is:

3., ..
Py res1 + E(lé + i) = KoprWm sw° (4.4)

resulting the following function for the delimiting electrical angular speed:
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3/, .
Py res1 + 5 (15 +i2)r (4.5)
K,

Wmsw =
pt
Figure 22 shows the operation points of both sliding surfaces. The decision to work in

one mode of operation or the other can be taken by comparing the measured speed with

the boundary speed w,, sy as follow:

Wy = Wy sw = First mode of operation

Wy < Wpmsw = Second mode of operation

1
'
Sz . operation
| mode |

i

..... -

0 10 20 30 40 50 60 70 80
@D, radss

Figure 22 Operation Points of both sliding surfaces [54].

a) Sufficient Wind Regime

On this mode of operation, the main objective of the wind subsystem is to regulate

the power produced by the wind turbine following Py, ;¢ 1.

To accomplish this objective, the sliding surface h,was written in terms of currents

on the battery bank.
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hy = Pwrefl —-PB, = Vb( Ibref +i, - iw) (4.6)

The switched control signal produces an unwanted deviation in Te, and a high ripple
on the current of the DC/DC converter. To avoid this problem, following [26], we added an
integrator to the input u,, channel turning uy into a new state variable and the integrator
input signal w becomes the new input to the system. In consequence, the algebraic

dependence between the input of the system and the sliding surface is broken.

The dynamic model of the extended system is shown in Equation 4.7 [26] and the

block diagram is presented in Figure 23.

DC/DC
‘ Converter
Wind Turbine Rectifier
Ux
Pw'ref ‘
Po | SMC g /
\\\._‘ /-".

Figure 23 Block diagram of controlled wind subsystem

e=[al=ltl+ [
o] =

where the electrical torque of PMSG is given by T = K(w, — Wepim)and the switched

(4.7)

P
Z (Tt - Telin)

+[(1)]w

control law is given by:
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(. -6 [ ~18L2¢2u,w, + 2mV3LAU2 P, ’

wit +1| ifh, >0
L ! 4 |V3D¢Rs + 9PZRZ — 36C + 10B — 24 l f
- 2

X 18122 u, w, + 2mV3L2uzp,, v
1_=|f1()|[ d)mxe xd)mb +1I ifh1<0
4 |V3D¢, R, + 9pZR2 — 36C + 10B — 24

where
A = m?L2viu?
B = nV312¢,,v,w,u,
C = Pgho
D = 27¢2R2 — 108C + 24B — 4A

b) Insufficient Wind Regime

(4.8)

On this mode, the system is not able to operate on the sliding surface hy, and it is

necessary to incorporate a secondary sliding surface h, whose main objective is to extract

the maximum power available from the wind turbine.
h, =R, — Pwrefz
and the switching input signal is given by

_{W2+>0 if h,=0
S lwy <0 if h, <0

4.1.1.3 Simulation Results

(4.9)

(4.10)

In order to test the operation of wind subsystem, two scenarios were simulated and

evaluated. Over the first 25 seconds, there is a sufficient wind for the wind turbine to work

well (the minimum wind speed recommended for this turbine is 10 m/s), between 30 and 38
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seconds the wind speed was reduced to simulate insufficient wind power mode (See Figure

24). For all scenarios, the load is a variable current source.

wiind Speed

40 1] 20 100
Titne (sec)

Figure 24 Wind Speed

Figure 25 depicts the power coefficient of the wind turbine. If the wind speed was
reduced under the operation limit of wind turbine, the power coefficient decreases to zero
for a few seconds until the wind speed increases again, in other words, the rotation of the

rotor would stop because the wind speed at the rotor front would reduce to zero.

Power Coefficient Cp

0.45 r
0.4
0.35
0.3
0.25
0.2
015+

01

0.o0s

u] 20 40 B0 a0 100
Titne (sec)

Figure 25 Power Coefficient of wind turbine

Figure 26a shows that the power reference of the wind turbine to follow the first
generation mode, and Fig. 26b to follow the second generation mode. Figure 27 presents the

decision criteria to change the mode of operation; if the angular shaft speed of the boundary
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point w,, sy is higher than the angular shaft speed w,, , the mode of operation is mode 2 or

insufficient wind generation; else, the mode of operation is mode 1.

scans frennnamesrrsnnmanaes s bnnnnmndsssgfanfancasoiqnnnnassd

Time (gec]

k)

Figure 26 Power Reference of wind subsystem. a) Mode 1 b) Mode 2

Angular Shaft Speed

0 10 20 ao 40 50 60 70 a0 30 100

Titne (sec)

Figure 27 Angular Shaft Speed
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Figure 28 shows the sliding surfaces of both modes of operation of wind subsystem;
Fig 28a presents the evolution of the sliding surface h1, and Fig. 28b shows the evolution of

h2; the sliding surfaces must be zero for their respective mode of operation.

4000 . Slllch'g Sl!nl'ace h‘li
3000 - : .
2000 . : t - : :
0
-1000 : : : :
1 S S S S— .
1000 Shding Swuiface h2
Aoook.. ... Lod ........ — L ....... N ...... 4
2ok ....... ....... , ........ ....... ....... ....... ........
Ak ....... ........ ........ ....... ....... ....... ...... ......
Aoon k... e ........ ....... ....... ........ SR ....... ........ heeod
-S00n 0 '|ID 2ID ?:[i 4II] ﬂl] E.[I ._-"IU Eiﬂ SID 100
Time (sec)
k)

Figure 28 Sliding surfaces of wind turbine. a) 1* mode b) 2" mode of generation.

Figure 29 shows the control signals for the wind subsystem; Fig. 29a presents the
signal u,, Fig 29b shows the switching signal w; due to the design based on passivity
considerations, exist the variation of the switching control values w;" and ws’,. Fig 29c
presents the switching signal w,, the reaching time depends on the tuning of the switching
control values w," and w,". Finally Fig 29d depicts the total control signal w. It is important
to mention that such minimum effort switching control law result in a chattering reduction

of the output current of the DC/DC converter.
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b}
Switching Signal w2

30 40 50 B0 70 a0 a0 100
Time (sec)
)
Figure 29 Control signals of wind subsystem

Finally, Figure 30 depicts the currents present on the DC bus. Fig. 30a presents the
wind current, we could observe when there is not enough power from the wind source, and
the wind turbine can’t follow the set-point. Fig. 30b shows the PV current, it was set to a

constant current of 10A, on this case, the wind subsystem is complementing the
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photovoltaic generation. Fig. 30c shows the load current, which when added to the battery
reference (20A) makes the total demand. Fig. 30d illustrates the current on the battery
bank, we could observe when there is enough power to supply the total demand it is on
recharge cycle and set the current to 20A, but when the power is insufficient, it supplies

power to the load. This happens between 22 to 38 seconds and between 70 to 83 seconds.

“Wind Current
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Figure 30 DC bus Currents (Wind subsystem)
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4.1.2 Power Control of a Photovoltaic Array using SMC

The solar subsystem acts under supervisor control commands using whichever
regulating power or tracking the PV to maximum power operation point. This subsystem
starts its operation when the wind power generation is not enough to satisfy the total
demand. This subsystem is functioning on all modes except mode 1, because it is

established as secondary energy source.

4.1.2.1 Sliding Mode Controller Design

The main objective of SMC is to control the power generated by the PV array to
satisfy the total power demand (The load and the Battery Bank). For an efficient recharge
and to maximize the battery life, the recovery cycle is expected to be done under a given

constant current lp,.qr.

4.1.2.2Modes of Operation

For the PV array, we set two modes of operation following [15]. The first occur when

the PV array is capable of generating enough power to satisfy the total power demand.

Prey = Ub(iL + Ipref — iw) (4.11)

The second mode of operation occurs when the Panel is unable to generate enough
power to supply the power reference. In this mode, the PV operates on the Maximum

Power Operation Point (MPOP).
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In MPOP, the instantaneous and incremental conductance of the array has different

sign and the same absolute value. This condition arises from [50]:

oP,, V=0 VpayT;

bv __

av B lpv B b(ya +1- y)(Vmax + Tv)

(4.12)

The previous equation is the derivative of Equation 3.11 with respect to the voltage.
Taking the derivatives of equation 3.10 we obtained the dynamic equations for Current of
the PV array [50].

aip,, _ ipv_oc ImaxTi
oV bya+1—y)Vpex +7)

(4.13)

The decision to work in one mode of operation or the other is taken by comparing

the power that the array would generate if operating at the MPOP and P,.¢. This is

a1 _
V%, in the
pv

illustrated on Figure 31, and could be expressed as a fictitious power Py = — oo
following way [15]:
Pr = P..f = First mode of operation

Pr < Proy = Second mode of operation

a) Sufficient Power Generation Conditions

In this mode, the cell temperature and the isolation are sufficient to satisfy P..r. To

accomplish this objective, the sliding surface was written in terms of currents on the battery

bank [15].

hy =i, + Lyref — by — i (4.14)
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Figure 31 Zones of operation for control modes under sufficient power generation conditions [15].
and the switch control signal is:

1ifh, =0
u={ if hy =2

0ifh, <0 (4.15)
b)

Insufficient Power Generation conditions

The control objective is to operate the PV cell at the MPOP because the cell

temperature and the isolation are insufficient to satisfy P..¢. In order to satisfy the Equation

4.12, the sliding surface must be [15]:

ol I
h, =224+ 22 4.16
2 anv+va (4.16)

and the switched control signal must be:

_{ovhzzo
“=Wifh, <0 (4.17)

in this case, the battery bank recharging is made at [, instead of [ ;..

54



4.1.2.3The control Law

The final control law comprises the two modes of operation that could be

summarized as follow [15]:

with hl = iL + Ibref — Ly

4.1.2.4Simulation Results

.o Oy
(f pv;)zv—Pref
1lfh120
u_<then{0.fh1<0
. 0Ly
lf pv;)2v<Pref
0lfh2>0
| then {1 ifh, <0
_i — Oy | I
i, andhz_avp,,-l_vpv'

(4.18)

The performance of the PV controller was evaluated through computer simulations.

Figure 32 shows the fictitious power against the power reference.

If the fictitious power is

lower or equal to reference power, the PV controller acts in mode 2 else it acts in mode 1.

Power (W)

Figure 32 Power signals to decide mode of operation of solar subsystem.
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Figure 33a depicts the sliding surfaces h1 for the first mode of generation, and Fig.
33b shows h2 for the second mode of generation. We could observe the mode of operation

by looking at the sliding surfaces.
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0

258
Time (sec)
bl

Figure 33 Sliding surfaces of solar subsystem.

Figure 34 shows the control signals of the PV array. Fig 34a shows the control signal
ul for the PV array when it is under first mode of generation and Fig 34b shows control
signal is u2 for the second mode of operation. Fig 34c shows the signal u corresponds to
total control action of PV array (u1+u2). The reaching mode operates, keeping the switched

in a permanent position, closed or open, so that the fastest rate of convergence is assured.
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Figure 34 Control signals of solar subsystem.

Finally, Figure 35 depicts the currents present on the DC bus. Fig. 35a presents the
wind current fixed at 20A, on this case, the solar subsystem is complementing the wind
generation. Fig 35b shows the PV current, we could observe the second mode of operation
because the reference signal is higher than the generated signal, and it means that is not
enough power from the PV array to satisfy the power demand. Fig 35c shows the load
current, which adding the battery reference (20A) makes the total demand. Fig 35d
illustrates the current on the battery bank, we could observe that when there is enough
power to supply the total demand, it is on recharge cycle and set the current to 20A, but

when the power is insufficient it supplies power to the load.

4.1.3 Control Strategy for the Battery Bank and the Grid

The main objective of this control unit is to make the decision to charge, or discharge

the battery bank, and to manage the current provided by the grid.
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Figure 35 DC bus currents

Here, the reference bank current [,..r could take two values. If the battery bank
current [, is positive, it charges the battery bank and Iy,.f is set to a positive value. If the

battery bank is fully charged, I,,,..; must be reduced to zero [2].

When the battery bank current is negative, it means that the battery bank is

supplying energy. If the energy available on the BB is insufficient, the Grid is able to supply
the power needed by the load [2].
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4.1.3.1Controller Design

First, we have to define the magnitude of the charge and discharge currents; they
always have to be less or equal to these values. Second, the State of Charge (SOC) of the
Battery Bank is supposed to always stay within defined upper and lower limits. These limits
are given by:

Ipref+ = Maximun Charging Current
Ipref— = Maximun Discharging Current
Qmax = Upper Limit of SOC

Qmin = Lower Limit of SOC
4.1.3.2 Modes of Operation

For the Battery Bank, we set two modes of operation. The first occurs when the
battery current is positive (charging mode), and the second occurs when the battery current

is negative (discharging mode).

a) I, is positive

In this mode, the power generated by the renewable energy system is higher than

the power required by the load, so the extra power is handled as follow [2]:

e The extra power will be stored in the Battery Bank as long as SOC is less than

Qmax and I is a smaller amount than I,c 5.
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b)

If I, > Iprer+, then the Battery bank is charged by Ip,.r4, and the extra power is

reduced from the PV and wind subsystems through the individual control units.

If SOC = Qpqx, means that the battery bank is fully charged and the extra
power must be reduced from the PV and Wind subsystemes, i.e. the reference for

the controllers is set to zero.

I, is negative

In this case, the load demand is higher than the power available from the Wind and

PV subsystems, so the battery bank and the Grid must supply the extra power needed.

Depending upon the SOC of the Battery Bank and the magnitude of I, supplying the extra

demand is complete according to the next hierarchical order [2]:

Only through the Battery Bank as long as these conditions are satisfied:

S0C > Qnin (4.19)

|Ib| < Ibref—

Through the Battery Bank and the Grid: this occurs when the load demand is

higher than the battery discharge limitations, so the Grid is able to provide the

extra current. The conditions that has to be satisfied are:

SOC > Qumin (4.20)

Il > Ipref-
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Only through the Grid: if the battery bank is completely discharged, this

is SOC = Quin, the Grid must supply the extra power needed. The strategy
implemented is called slope-on strategy (see Figure 36), in which the grid start
level occurs when the SOC is equal to a level higher than Qu, defined by the
battery; when that level Qm,-,,*X is reached, the grid starts taking the load
progressively from the battery. The grid current starts increasing with the same
slope so that the total current contribution from in cooperation battery bank and
the grid making I, = 0 [2].
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Figure 36 Implementation of slope-on strategy adapted from [2].
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4.1.3.3Simulation Results

The performance of the Battery Bank and the Grid was evaluated through Matlab

simulations. For this results, the upper and lower limit of SOC are:

Qmax =1

Qmin = —1

But, we are going to consider that the battery is fully charged at 76% of SOC and the

Diesel Start Point is at -0.76% of SOC, that is:

Qmax = 0.7613

Qmin * X = —0.7613

The maximum charging current, and the maximum discharge current was set to these

values:

Ibref+ = 204

Lyres— = —204

Figure 37(a) shows the Battery Bank current, Fig. 37b shows the Grid current and Fig.
37c shows the State of Charge of the Battery Bank. On this example, the Battery was totally
discharged, and the Grid supplies the extra power demand; on recharge cycle, the battery
was recharged until 20A. At 3.8, 8.5, and 13 seconds, the battery bank starts to discharge;

the grid is able to supply energy at 4, 8.7, and 13.5 seconds because the battery bank

62



reaches the maximum discharge current. At 0, 5.8, and 10.1 seconds, the grid supply energy

because the SOC is Q,,,;n * X or lower.

Eattery Current

OFE12

07E14 -

07816

Time (sec)
cl

Figure 37 Battery Bank and Grid currents when the battery is discharged.

Figure 38a shows the Battery Bank current, Fig. 38b the Grid current and Fig. 38c the
State of Charge of the Battery Bank. On this example, the Battery was fully charged, and the
grid suppies energy only when the battery bank reaches the maximum discharge current.
Between 1.6 to 3.5 seconds I,=0 and the renewable generators only produce the power
necessary to satisfy the load demand (Battery is not a part of the total demand), when the

SOC is lower than Qnqqx, the battery is recharged at 20A.
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Figure 38 Battery Bank and Grid currents when the battery bank is fully charged.

4.1.4 On- Off Control for the Load

This control was developed by us to connect or disconnect a particular load or zone
from the total power demand. The main reason to do that is to protect the generation

sources when there is insufficient generation capacity to meet the demand.

If the total demand is higher than the total generated power, the loads will be

disconnected on a sequence order depending of some priorities established a priori.

4.1.4.1 The control law

In our simulation, the lowest priority load is zone three, and the highest is zone one
(zone one always needs to stay connected).
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DG qx is the maximum current generated by the Grid. The Load currents for each

zone are ijq, iy, andi;s.

The criteria to disconnect load three is described as follow:

lf( iLl + iL2 + iLS) - igen > DGmax

Load; = Of f
else
Load; = On

The criteria to disconnect load two is described as follow:

lf( iLl + iLZ) - igen > DGmax

Load, = Off
else
Load, = On

lp — lgen < DGmax

4.1.4.2 Simulation Results

In this example, the grid only could generate 20A, so if the total demand is higher

than the maximum current generated, the load zones will be disconnected.

Figure 39 shows the control signals for each load zone; Fig 39a is always zero,

because the first zone is on all the time; Fig 39b depicts the on-off signal for zone two, the
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signal is set to one only if the third zone is already off. Fig 39c presents the on-off control

signal to third load zone, if the signal is set to one, the load is turned off.

] uZone 1
n 5
_ 1 1 1 1 I 1 1 I 1
1 2
] usone 2
17 "ERE-SUUI LN R ............................. 4
I:l 1 1 1 1 blj 1 1 1 1
] uZone 3
neL. ................................................ H
|:| I 1 1 1 1 1 1 I 1
1] 2 4 B a 10 12 14 16 18 20
Titne (zec)
c)

Figure 39 Control signal for load zones.

Figure 40a shows the Grid current; for this example, the grid was turned on all the
time. Fig. 40b depicts the total demand (without control techniques), and the total current

demand present on the system. Fig. 40c presents the current demanded for each zone.

4.2 Supervisor Control Strategy

The system is composed by a wind subsystem, a solar subsystem, a connection to te
grid, a battery bank, and loads as described before. The main objective of the supervisor
control is to satisfy the load power demand and to maintain the state of charge (SOC) of the

battery bank.
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Figure 40 Grid and Load currents.

The supervisor control determines the operation mode of each generation
subsystem. Fundamentally, these operation modes are determined by the energy balance
between the total demand (load and battery bank) and the total generation (wind, solar, and

grid).
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To design the supervisory controller, we select the wind subsystem as the main

generator role; the complementary roles are in charge of solar subsystem and the grid

respectively.

The complete diagram of HPS including the interaction with the supervisory
controller is presented in Figure 41. The supervisor inputs are measure variables as the
currents and voltages outputs of the subsystems in the HPS and the SOC of the battery bank.
The supervisor outputs are the signals to activate or deactivate each subsystem. The general

scheme for inputs and outputs is shown in Figure 42.
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Figure 41 Supervisory controller interaction model.
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Figure 42 Scheme for inputs and outputs in the supervisor control.

4.2.1 Modes of Generation

To accomplish the objective, we select five modes of operation as follow. The main
idea of the first three modes was proposed in [1], the latest two modes were added to
accomplish the supervisor technique of HPS, and was proposed in [2]. Mode 3 was modified
to match the battery bank control strategy with the supervisor control. Mode 4 and mode 5
were modified because they were proposed for Diesel generators, but we changed it by

connection to the grid.

4.2.1.1 Supervisory controller: Mode 1

Mode one occurs when the wind generation is enough to satisfy the total demand.
The solar subsystem and the grid are inactive even as the battery bank is in recharge mode

at maximum charging current if it is discharged or at zero current if it is fully charged, and
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the wind subsystem is set to power regulation. This mode is running until the maximum

available wind power is exceed by the total power demand [1].

Power Regulation

Pwrefl = Vb(iL + Ibref)
Solar Subsystem — Inactive

Wind Subsystem — {

Mode 1: if {wy = Omsw Recharge Cycle

Battery Bank -

Y { | bref+
Grid — Inactive
Zone Load — Inactive

4.2.1.2 Supervisory Controller: Mode 2

On this mode, the wind generation is not enough to satisfy the total demand, and it is
set by the supervisor control to operate at the point of maximum energy conversion. The
solar subsystem is set to follow a power reference required to complement the wind
subsystem and together satisfy the total power demand. The battery bank is part of the
total power demand, because is in recharge cycle, and its current is always the battery

reference current [1].

Maximum Power C onversion

Wind Subsystem — , .
wrefz optwrsn __(LZ + ld)rs

{ Power Regulatwn

Wy < Wmsw Solar Subsystem -
o ™ Y Psrer = Vi (is + lpres — iw)

Mode 2: if {_ Olpy V2 >p ;
e

Recharge Cycle

pv = I'r
Wy Battery Bank - { I
bref+
Grid — Inactive
Zone Load — Inactive

4.2.1.3 Supervisory Controller: Mode 3

On this mode, the wind and the solar subsystems are set to operate at their
maximum energy conversion points, and the battery bank is set to supply power to the load
instead to receive energy. This mode is maintained as long as the state of charge of the
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battery is greater than a minimum

maximum discharging current [2].

( Wy < Wmsw

0lpy, V2

< P,
gV, pv ref
Mode 3: if pv

|1b| = Ibref—

required [1] or the battery current is higher than the

Maximum Power Conversion

Wind Subsystem — P vegs = Kopetols — ;(ié i)
MPOP tracking
Solar Subsystem —{ Olpy oy _
Wy Vo
Battery Bank — Able to supply power to the load
Grid - Inactive
Zone Load - Inactive

4.2.1.4 Supervisory Controller: Mode 4

In this case, the load demand is higher than the power available from renewable

sources, and the battery bank current is equal or higher than maximum discharging current.

The supervisor control turns on the grid to provide the extra current [2]. On this mode, the

battery current is always the maximum discharging current.

On this mode, the On-Off control for the load may be activated if the total current

demand is highest than the total current generated by the renewable energy and the grid.

Wm < Wmsw
oL,y
v,
IIbl > Ibref—
soc > Qmin

> lgen

szv < Pref
Mode 4: if

l

Maximum Power Conversion
Wind Subsystem — 3 .
Y P, ref2 = Koptwrsn - E(lé + lzzi)rs

MPOP tracking

Solar Subsystem — alpv Ipy _

—+—=0

Wov Voo

Supplying power to the load
Battery Bank - I
bref—

Grid — Able to suply power to the load
Zone Load - Active

4.2.1.5 Supervisory Controller: Mode 5

On this mode, the total demand is more than the power available from wind and

solar subsystems, and the battery bank is discharged. The supervisor control allows the grid

71



to starts taking the load gradually from the battery to supply the power demand [2]. On this
mode, the battery current is always zero.
The On-Off control for the load may be activated if the total current demand is

highest than the total current generated by the system.

Maximum Power Conversion

Wind Subsystem — 3., .
Y {Pw ref2 = Koptwrsn - E(lczy + Lé)rs

MPOP tracking

al
__PVy2 Solar Subsystem - { 0y  Ipy
Vs <P, o Y. _pv pY _
Mode 5: if ! Wy, PV { ty =0

( Wy < Wmsw

S0C <Q Vo Vo
YL = Cmin Completely Discharged
l i > igen Battery Bank - { I, =0
Grid — Active
Zone Load — Active

4.2.2 Operation Strategy

The operation strategy for the supervisor control of the HPS is shown in Figure 43 as

a state transition diagram for each mode of the supervisory controller.

50C £ Qmin
Wm < Wy SW Pf < P""f | Ip| > "l‘;r'r-f— . S0C < Quyp
Mode "*l : v Mode Mode I-‘"' Mode "'-l _— ‘ Mode |
. 1 ) 2 3 —_———————— \ 4 = \ 5 J
\\“ ——7-'// wm Z i.u'm_ sw sz P!‘f'f | If" < Ibi'(“f‘— \\.k_,./’/ s0C > anﬁ'n \\_ _/’/
_— e
S0OC > Qumin

Figure 43 Mode transition criteria for the supervisor control.

The supervisory controller can shed some loads if the total power demand is higher
than what the overall system could supply. This strategy was not included as an operation
mode because it depends basically of the load demand and not on the availability of the

generation sources. Figure 44 shows the transition criteria to apply shedding load. This
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criterion occurs only if the system is operating in mode 4 or mode 5. Figure 45 shows the

Matlab/Simulink diagram for the supervisory controller.
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Figure 44 Load shedding scheme
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Figure 45 Matlab/Simulink Model of supervisory controller.
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4.2.3 Simulation Results

This section presents the results of the full system including all modes of operation,
all Individual Control Units, and the Supervisor Control. Two scenarios were evaluated to
represent all the possible situations on the system behavior. First scenario was simulated
with the battery bank fully charged and the second scenario with the battery bank totally

discharged.

Both scenarios were simulated with the same parameters and perturbations to
compare the performance of each subsystem and to evaluate the behavior of Supervisor

Control.

Figure 46 shows a) the wind speed, with variations between 10-12 m/sec, and b) the
cell temperature of PV array which varies between 30 — 50 2C. The three zones of the load

were selected to force the HPS and the Supervisor Control to operate in all possible modes.

wind Speed

20 il 40 A0 =] T an a0 100
Time [zec)
2]

Figure 46 a) Wind speed and b) Cell temperature variations
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4.2.3.1Battery Bank Fully Charged

This corresponds to the first scenario to evaluate. The initial condition of the battery
bank is fully charged (SOC = 0.7616); the upper limit to considerate a fully charged battery is
0.7613, so when the SOC of the battery is higher than this value, the battery reference

current for the renewable source to charge the battery is zero.

Figure 47 shows a) the battery bank voltage and b) the SOC of the battery bank, on
this graph we could observe the battery fully charged before four seconds, after this time,
the battery still charged, but not at its maximum capacity. If the slope is positive, means

that the battery bank is on charging mode, also it is on discharging mode.

Figure 48 depicts the current of each load zone. As we said before, the highest
priority zone is the zone 1. The interruption on the current means that the corresponding

zone was disconnected.

Battery Voltage
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Figure 47 Battery Voltage and SOC (Battery Bank Fully Charged).
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Figure 48 Load current divided by zones (Battery Bank Fully Charged).

Figure 49 shows a) the wind turbine and b) the Photovoltaic panel control signals.
We could observe that PV array is not controlled when the HPS is in mode 1. The individual
control signals and sliding surfaces of solar subsystem and wind subsystem are shown in
Figure 50 and Figure 51 respectively.

Wind control zignal L
I':I T T T T T ] T T T

&)
P contral signal u

10 20 30 40 50 &0 o 80 a0 1

Time (gec)
2]

oo

Figure 49 Control signals of Wind Turbine and PV array (Battery Bank Fully Charged)
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Figure 50 Control signals and sliding surfaces of PV array
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Figure 51 Control signals and sliding surfaces of Wind Turbine

Figure 52 shows the DC bus current of HPS. Fig. 52a presents the wind current (Set-

Point and generated current), at time 1.2 to 6.8, 13.8 to 35, and 60 to 81 seconds. It can be
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observed that the reference signal is equal to generated signal. This means that the system
is operating at mode 1 as shown in Fig. 52f; the maximum current generated by the wind
subsystem is 75A. Fig. 52b presents the solar current. When the reference signal is equal to
a generated signal and both signals are different from zero, it means that the system is
operating at mode 2 else, system operates at mode 3 as shown in Fig. 52f. The maximum
current produced by the panel is 17A. Fig. 52c shows the battery bank current. Because the
battery initial condition was fully charged, when there are sufficient generation conditions,
the battery reference current is set to zero, also is set to 20A. If the battery current does not
exceed the maximum discharging current (-20A), it means that the system is working within
the three first modes, else it is working on mode 4 as shown in graph six. Fig. 52d shows the
grid current. This signal is activated only if the maximum discharge current of the battery
bank was exceeded. This happens under this scenario because the battery bank is fully
charged. The maximum current that the grid could produce is 25A, so when the grid
reference is higher than this value, the on-off control made by supervisor control is activated
to turn off one zone of the total load demand as shown in Fig. 52e. Fig. 52f presents the
operation modes of supervisor control. On this scenario, mode five is impossible because

the battery bank is fully charged.
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Figure 52 DC bus currents and operation modes (Battery Bank Fully Charged).
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4.2.3.2 Battery Bank Totally Discharged

This corresponds to the second scenario to evaluate. The initial condition of the
battery bank is totally discharged (SOC = -0.755); the limit to allow the grid generation
because the battery is considered discharged is -0.755, so the battery reference current for
the renewable source to charge the battery bank is the maximum charging current, in this

case 20A.

Figure 53 shows the battery bank voltage and the SOC of the battery bank. On this
graph we could observe the battery totally discharged. If the slope is positive, means that
the battery bank is on charging mode, also it is on discharging mode. If the slope is constant,
means that SOC is at lower limit so all the extra power needed by the load is given by the

Grid, and the battery current is zero.
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Figure 53 Battery voltage and SOC (Battery Bank discharged)
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Figure 54 depicts the current of each load zone. As we said before, the highest
priority zone is zone 1. The interruptions on the current signal means that the respectively
zone was disconnected. Figure 55 shows the wind turbine and the Photovoltaic panel

control signals.

o 10 20 30 40 &0 &0 7o a0 30 100
Titne (zec)

Figure 54 Load current divided by zones (Battery Bank Discharged).
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Figure 55 Control signals of Wind Turbine and PV array (Battery Bank Discharged)
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The individual control signals and sliding surfaces of solar subsystem and wind

subsystem are shown in Figure 56 and Figure 57, respectively.
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Figure 56 Control signal and sliding surfaces of solar subsystem
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Figure 57 Control signal and sliding surfaces of wind subsystem
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Figure 58 shows the DC bus current of HPS: Fig. 58a presents the wind current (Set-
Point and generated current). Between 2 to 6, 16 to 22, 24 to 31, and 64 to 81 seconds, we
can observe that the reference signal is equal to generated signal. As shown before, that
means that system is operating at mode 1 as presented in graph six. Fig. 58b illustrates the
solar current with the same behavior of the previous example. Fig. 58c shows the battery
bank current. Because the initial condition was totally discharged, when there are is enough
generation from the renewable sources, the battery reference current is set to maximum
charge current (20A), and the system works under the first three modes. If the battery
current exceeds the maximum discharging current (-20A), the system works on mode 4. If
the SOC of the battery is under Quin, it means that the system works under mode 5 as shown
in Fig. 58f. Fig. 58d shows the grid current. This signal is activated only if the maximum
discharge current of the battery bank was exceeded or the SOC of the battery bank is charge
to Qmin. The maximum current that the grid could produce is 25A, so when the diesel
reference is higher than this value, the load shedding control is activated to turn off one or
two zones of the total load as shown in Fig. 58e. Fig. 58f presents the operation modes of
supervisor control. This scenario activates mode five because this mode depends on the

lower limit of SOC of the battery.
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Figure 58 DC bus currents and operation modes (Battery Bank Discharged).
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4.2.3.3 Sufficient power generation

In this example, we set a constant wind speed (12m/sec) and a constant cell
temperature (30 2C) to simulate sufficient power regime for all system. The SOC of the
battery bank is totally discharged as shown in Figure 59. The behavior of the overall system
is similar to that described before. The main difference is that supervisor control moves
between the three first modes. The grid only generates power in the beginning because the

wind generation was not enough.
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Figure 59 SOC of Battery Bank (Sufficient power regime)

Figure 60 shows the DC bus currents, the order of the graphs are the same as the
previous example, and have a similar performance. Figure 61 presents the power of the PV
array. If fictitious power is lower or equal to the reference power means that system is
working in mode 3. Figure 62 shows the angular frequency of wind subsystem, as described
before, it acts like a decision criteria to work in mode 1 or turn on the PV array to work in

mode 2 or 3.
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Figure 60 DC bus current of HPS (sufficient power generation)
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Figure 61 Power reference and fictitious power of PV array (sufficient generation power)
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Figure 62 Wind subsystem decision criteria (sufficient power regime)
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Figure 63 and Figure 64 depict the PV array control signals for each generation mode,
and their respective sliding surfaces. Figure 65 shows the control signals of renewable

sources.
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Figure 63 PV array control signals (sufficient power generation)
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Figure 64 PV array sliding surfaces (sufficient power regime)
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Figure 65 Renewable energy control signals (sufficient power regime)

4.2.3.4 Zonal EPDS

In order to evaluate the supervisory controller behavior with a real load, we simulate
the controller with a zonal EPDS, which is the DC part of the Integrated Power System (IPS) in

[52].

Here, there were two zones. The first zone has a motor drive, and the second zone
has a constant power load based on the classical buck converter. The power electronics
converters control the power flows among the sources, loads, and power buses, following

the commands of the PMC.

After the load there is a Boost converter in order to increase the operation voltage to

the load. On this example, we simulate two scenarios: a) the battery bank is totally
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discharged, and b) the battery bank is fully charged. Figure 66 shows the battery voltage and

SOC of the battery bank for each case.
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Figure 66 Voltage and SOC of Battery Bank (a) totally discharged, (b) fully charged

Figure 67 shows the control signals for wind and solar subsystems for each state of
the battery bank. In Fig. 67a the battery bank totally discharged, and the wind control signal
is higher than Fig. 67b (battery bank fully charged), this means that in case a, the wind

subsystem has to generate more power to satisfy the total demand.

“wiind contral zignal L« “wind control signal =

P control zignal u P control zignal u

0 o] 10 15 a g 10 15

Time (sec) Time (sec)

1] LY

Figure 67 Control signals of wind and solar subsystems with the battery bank (a) totally discharged, (b) fully
charged

90



Figure 68 shows the sliding surfaces of wind subsystem. The second mode of
operation only was activated if the battery bank is discharged, because the reference current
for the wind turbine is higher than the case b. The angular shaft speed graph and Figure 69

confirms this statement.
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Figure 68 Sliding surfaces and angular speed of wind subsystem with battery bank (a) totally discharged, (b)
fully charged

On other hand, Figure 70 and Figure 71 show the sliding surfaces and control signals
for the solar subsystem, respectively. Only for the left side case, the supervisory control has

to extract the maximum power from the PV subsystem.
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Figure 69 Control signals of wind subsystem with battery bank (a) totally discharged, (b) fully charged.
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Figure 70 Sliding surfaces solar subsystem with battery bank (a) totally discharged, (b) fully charged
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Figure 71 Control signals of solar subsystem with battery bank (a) totally discharged, (b) fully charged.

Figure 72 shows the DC bus current of HPS. This example works between modes one
and three, because the total demand is satisfied by the renewable energy. The battery bank
does not supply energy to the load. In case g, the battery bank is in recharge mode at
maximum recharging current (20A). In case b, the battery bank is fully charged, so the
battery current is 0. The operation mode in case b is one, because the wind subsystem

generate less power (the reference is lower than case a).
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Figure 72 DC bus current of HPS. The Battery Bank is (a) totally discharged, (b) fully charged.
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4.2.3.5 Changing source priority on supervisory controller

In this example, the hierarchical structure of the operation modes of supervisory
controller was changed. The main generation role is in charge of the PV array and the
second generation role is in charge of the wind subsystem. The simulations were made with

the same simulation parameters of section 4.2.3.2.

Figure 73 shows a) the battery voltage and b) SOC of the battery bank. Figure 74
shows a) the control signal ul of PV array on first mode of generation, and b) the control
signal u2 to the second operation mode of PV array. Figure 75 shows the wind turbine
control signals for a) first mode of generation b) second mode of generation, and c¢) the total
control signal w. Figure 76 shows the control signals for the renewable sources a) wind

turbine, and b) PV array.
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Figure 73 Battery bank signals a) Voltage b) State of Charge
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Figure 75 Wind turbine control signals
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Figure 76 Renewable sources control signals

Figure 77a shows the wind current, which in this case is the complementary
generation source. Fig. 77b is the PV array current. In this case, it is the main generation
role, so always is operating at MPOP to satisfy the demand. Fig. 77c is the battery bank
current. The behavior is the same as described in previous examples. Fig. 77d is the grid
current. Fig. 77e is the total demand current, and Fig. 77f shows the operation mode of the

supervisory controller.
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Figure 77 DC bus current
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4.2.3.6 Changing source priority on supervisory controller (4 PV panels)

In this simulation example, the hierarchical structure is the same as the one
presented in the previous section. The main difference here is that the simulations were
made with four panels in series and four panels in parallel in order for the PV to satisfy the

load demand by itself.

Figure 78 shows a) the battery voltage and b) SOC of the battery bank. Figure 79
shows a) the control signal ul of PV array on first mode of generation; note that the solar
subsystem is operating in both operation modes. Fig. 78b shows the control signal u2 to the
second operation mode of PV array. Figure 80 shows the wind turbine control signals for a)
first mode of generation b) second mode of generation, and c) the total control signal w.
Figure 81 shows the control signals for the renewable sources a) wind turbine, and b) PV

array.
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Figure 78 Battery bank signals a) Voltage b) State of Charge
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Figure 79 PV array control signals
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Figure 80 Wind turbine control signals
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Figure 81 Renewable sources control signals

Figure 82a shows the wind current, which, in this case, is the complementary
generation source. Note that there is a time delay between when the wind turbine starts
delivering energy to the system and when the generation command is given. Fig. 82b is the
PV array current. In this case, it is the main generation role, so always is operating at MPOP
to satisfy the demand. Fig. 82c is the battery bank current. Fig. 82d is the grid current.
While the turbine starts, the deficiency in generation is supplied by the battery and the grid.
Fig. 82e is the total demand current, and Fig. 82f shows the operation mode for the

supervisory controller.
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4.3 Conclusions

This chapter presented the performance of a HPS controlled by a Hierarchical Control

capable of managing all the energy resources of the system.

The results presented on the previous section, demonstrated that the designed
control is capable to determining the operation mode of each subsystem presented on HPS.
The criteria, to make the decisions, were based on measurable system variables such as

shaft speed, currents, SOC, and power.

To accomplish the different control objectives (i.e., power regulation or maximum
power conversion) in both (wind and solar subsystems), we use sliding mode control laws,

for the energy management of the battery bank we used the SOC of the battery.

In the supervisory control scheme, we assumed that the main generation role would
be carried out by the renewable energy, i.e., wind and solar subsystem respectively, while

the traditional generation play a complementary role.
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Chapter 5

5.Control for a HPS using Model Predictive

Control

As described on previous section, the main objective of the HPS is to satisfy the
electrical loads at while as maximizing the use of renewable energy sources at the same time

that the operation of the battery bank and the grid are optimized.

The control strategy is the same as described on chapter 4. It consists of a
hierarchical two level structure: The main difference is that the PV individual control unit
was controlled using MPC techniques, while the wind subsystem was controlled using SMC

as shown before. The overall results are shown in section 5.3.

5.1 Dynamic Matrix Control (DMC)

In 1979, Cutler and Ramaker developed DMC; this type of MPC used as prediction

model the step response [29]. The predictor will be

k
(& + klt) = ZgiAu(t k=D +fE+k) (5.1)
i=1

where, Au(t)=u(t)-u(t-1), f(t+k) is the free response of the system, and G is the dynamic
matrix given by
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g() 0 cee 0 -
g1 Yo 0
G = gN;—l gN.C—Z éo (5.2)
_ng—l ng—Z e ng_Nc_

The objective function and the input constraints are given by

Np Nc¢
J(Np Ne) = D 19 + KIE) = w(e + 0T + ) A [Bult + k = DI (53)
k=1 k=1

subject to

Umin < uk|t < Umaxr» t <k

in vector notation, the objective function is given by

] =uT[GTG + Mu — 2elGu + ele, (5.4)

where u is the control signal, G is the Dynamic Matrix, A is the control weighting factor, and

e, is the error between the predictiony, and the reference trajectory w.

If there are no constraints, the control law is calculated by deriving the cost function

and setting it to zero.

6]
— = 5.5
3 0 (5.5)

and the control law is given by
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(5.6)

Put in practice, the regular method to use MPC is to calculate the control law using

(5.6) and apply it to the process. If u violates the constraints it is set to its limits [32].

5.2 PV Controller Design using DMC

This section will discuss the control strategies for the different operation modes. This
controller is part of the operational level, and the control objective for each operation mode

has to be defined.

We have to define different operation points because the PV array behavior is non
linear, for that reason, the different control objectives are controlled by a multi objective

controller as shown in Figure 83.
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Figure 83 Multi-objective controller.

The dynamic matrix G is built from the elements of the step response, the main
difference on this strategy is that the matrix G needs to be calculated several times because

the step response of a nonlinear system varies depending on the operating point.
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Essentially, identical algorithm employed in linear systems can be in use, but G has to be
updated every time the process characteristics change. On this scheme, the prediction

matrix G is supplied by the step response selector.

The flow diagram of the constrained DMC algorithm implemented is presented on

Figure 84.

Minimize cost
function
]
Calculate Contrel
signal u

Figure 84 DMC flow diagram including constraints on control signal.

We set seven operation points, each one is part of a different control objective, to
develop the DMC controller for the PV array; this set of points was selected from I-V curve of

the panel shown in Figure 3.
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The power reference occurs when the PV array is capable of generating enough
power to satisfy the total power demand and is given by equation 4.11, whilst the set point

is given by the power generated by the PV panel given by the equation 3.11.

5.2.1 Simulation Results

Figure 85 shows the duty cycle of the DC/DC converter for the PV array. When the
panel operates at maximum power conversion, the duty cycle is set to 0.8, because this

point correspond to MPOP, a lower duty cycle means that the panel is going to generate less

power.
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Figure 85 DMC Control signal of PV array.

Figure 86 depicts the currents present on the DC bus. Fig. 86a presents a constant
wind current fixed at 20A, on this case, the solar subsystem is complementing the wind
generation. Fig. 86b shows the PV current. We could observe when there is not enough

power from PV array to satisfy the power demand, so the system works on second mode of
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operation, also the PV follows the reference. Fig. 86¢c depicts the total demand (load
current, and battery reference current (20A)). Fig. 86d illustrates the current on the battery
bank. We could observe when there is enough power to supply the total demand it is on
recharge cycle and set the current to 20A, but when the power is insufficient, it is able to

supply power to the load.
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Figure 86 DC bus currents (PV array with DMC)
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5.2.2 MPC-PV against SMC-PV

The natural behavior of SMC for DC/DC converters include the switching signal of
PWM, in other words, it is not necessary to include a PWM before the DC/DC converter.
Furthermore, MPC work with the model; if the predicted model does not have the PWM, the

controller can’t predict the behavior of the system.

On other hand, we have to considerate the PWM restrictions for the MPC controller,
because the control signal could not be faster than switching frequency of PWM, so we have
to limit the bandwidth for the control. In SMC the switching frequency is inherent to the

model.

Both examples (SMC and MPC) were simulated under the same circumstances. The
control signal of MPC-PV has not a switching form; it sets the average of the duty cycle of the

DC/DC converter as shown in Figure 85. On the other hand, the SMC-PV control signal has a

switching for to generate the duty cycle of the DC/Dc converter as shown in Figure 34.

The behavior of MPC controller and SMC controller for the PV array is similar, the
main difference occurs at 3 seconds. The MPC controller for PV array does not follow the
reference current. This situation is presented because the MPC controller is not an optimal

control, and the transition states between operation points are not been considered.
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5.3 Wind Controller using DMC

We have to define different operation points because the wind turbine behavior is
the most non linear in the system, for that reason, the different control objectives are

controlled by a multi objective controller as described before.

We try to do the same technique described in the previous section to control the
wind subsystem, but we had several problems to get the prediction matrix G because the
subsystem step response has a time delay with a lot of noise that produce a bad behavior of

the control system (see Figure 87).

Wind Step Response

Q.5 10 10.5 11 11.5 12 125 13 13.5 14

Figure 87 Wind Turbine Step Response

The controller designed does not work appropriately, only works under some

operation points.

5.4 Supervisory Controller

The performance of the PV controller was evaluated through computer simulations in

two scenarios. The first scenario presents the PV panel controlled by a DMC with the
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supervisory controller (wind subsystem was controlled by SMC), and the Battery Bank is fully

charged. The second scenario has the battery bank totally discharged.

5.4.1 Supervisor Control with battery bank fully charged

The initial condition of the SOC of the battery bank is SOC = 0.7616, this means that
the battery bank is fully charged, so the fifth operation mode of the supervisory controller
must never be activated. Figure 88 shows the battery bank voltage and the SOC of the

battery bank.
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Figure 88 Voltage and SOC of Battery Bank.

Figure 89 shows the wind control signal with SMC techniques, and the solar control
signal using DMC method. On this graph we can observe that the PV control signal is more

softly, and the control effort is lower than the PV control signal with SMC techniques.

112



Wind contral zignal Us

E ] 10 12 14 16

Figure 89 Control signals PV (DMC) and WT (SMC).

Figure 90 depicts the currents present on the DC bus. Fig. 90a presents the wind
current. On this case, the wind subsystem is controlled by SMC controller. Fig. 90b shows
the PV current, the solar subsystem is complementing the wind generation and it is
controlled by a DMC controller. Fig. 90c illustrates the current on the battery bank. We
could observe that when there is enough power to supply the total demand, and the battery
bank is fully charged, it is on recharge cycle and set the current to OA or 20A. However when
the power is insufficient, it is able to supplies power to the load. Fig. 90d shows the grid
current. The grid supply power to the load only if the battery discharging current is higher
than 20A. Fig. 90e depicts the total demand (load current, and battery reference current

(20A)). Fig. 90f shows the operation modes of the supervisory controller.

The main difference between PV controller described in section 4.2.3.1 and this, is
the PV array generated current using this control technique, the ripple on PV current is
avoided. The principal reason is that the duty cycle is sent to the DC DC converter in an
average form and not as a switching signal.
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Figure 90 DC Bus current of HPS (PV controlled by DMC)
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5.4.2 Supervisor Control with Battery Bank Totally Discharged

This corresponds to the second scenario to be evaluated. The initial condition of the
battery bank is totally discharged (SOC = -0.755); the battery reference current for the
renewable source to charge the battery bank is the maximum charging current, in this case

20A.

Figure 91 shows the battery bank voltage and the SOC of the battery bank. Notice on
this graph that the battery is totally discharged. The battery behavior is the same as

described in previous sections.
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Figure 91 Voltage and SOC of the Battery Bank

Figure 92 shows the control signal of wind subsystem using SMC techniques and the

duty cycle of the DC/DC converter for the PV array using DMC techniques.

115



Wind contral zignal Ux

Figure 92 Control signals of HPS

Figure 93 depicts the currents present on the DC bus. Fig. 93a presents the wind
current. In this case, the wind subsystem is controlled by SMC controller. Fig. 93b shows the
PV current, where the solar subsystem is complementing the wind generation and it is
controlled by a DMC controller. Fig. 93c illustrates the current on the battery bank. It is
observed that when there is enough power to supply the total demand it is on recharge
cycle and set the current to 20A, but when the power is insufficient, it is able to supply
power to the load. Fig. 93d shows the grid current. The grid supplies power to the load in
two cases: (i) if the battery discharging current is higher than 20A, or (ii) if the SOC of the
battery bank is under Qqin. Fig. 93e depicts the total demand (load current, and battery
reference current (20A)). The sixth graph shows the operation modes of the supervisory

controller.
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5.5 Conclusions

The control implemented to PV array with DMC is a suboptimal control, because the
strategy proposed here is an adaptation of a linear method; over each operation point the

control strategy is linear, the transient between one point to other is not considered.

The battery behavior does not change if we use DMC technique to control the PV
array, because the control laws are the same as described in section 4.1.3 so using one

technique or other the battery bank acts in the same form.

On other hand, the DMC control is later than SMC for the same simulation, but the

control effort is lower.

We try to do the same control technique with wind subsystem, but we had several
problems to get the prediction matrix because the subsystem step response has a time delay

with a lot of noise that produce a bad behavior of the control system.

To solve the optimization problem and to predict the process output in a nonlinear
MPC, elevated computational capacity is necessary. This makes the approach not practical

in a number of applications.
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Chapter 6

6.Conclusions and Future Work

6.1 Summary of the work

On this work we developed a Hierarchical Control of two levels. The highest level is a
supervisory control with five modes of operation and a load shedding scheme in case of
insufficient generation, in this case, we expanded the work of Valenciaga and Omari. The
lowest levels have local control units to control the wind turbine, PV panels, and the battery

bank using SMC and MPC techniques.
6.2 Conclusions

A simulation model for a Hybrid Power System was developed to facilitate the study
of the dynamics of HPS, and help in the development of control strategies to manage the
system power flows under different generation and load conditions. The simulation model is
modular in nature; each component is represented as a self-contained module (Wind
Turbine, PV panels, Grid, Battery Bank, and Loads). The balance of energy is maintained by
the controller to keep the system stable. The subsystems could be connected to form a

complete HPS.
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The wind speed and PV array cell temperatures can be modified to simulate the day
variations. The Battery Bank was simulated in two states (charged or discharged). The load
was a variable current source to force the system to operate in all modes. Different control

strategies (SMC and MPC) were implemented to achieve the objective.

The control strategy for the EPDS is a hierarchical structure with two levels; the
highest level is the supervisory controller which proved to be capable of handling and
synchronizing the operation of the subsystems that compose the HPS. The lower level is

compound by the local control units for each subsystem.

Sliding Mode Control and Model Predictive Control techniques have been considered
to accomplish the control objectives at the subsystem level, particularly wind and solar
subsystems. Nevertheless the applicability of the decision framework of the supervisor
control is not limited to those particular control laws. In contrast, this technique is general,
and allows the inclusion of any other local control law appropriate to attain the

abovementioned control objectives.

On this work, the principal generation role was in charge of wind turbine, but this is
not at all a rigid restriction of the control scheme. The decision algorithm of the supervisor
control could be easily changed to set the solar subsystem as the main energy source and
the wind subsystem as the secondary. The traditional generation sources either a fuel

generator or AC utility is always going to play a secondary role.
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6.3

Future Work

Future work can be committed towards:

Implement a robust model of wind turbine, because the model used here had several
inconsistencies. The model that we used is a linear model of the nonlinear wind
turbine in order to apply the modern control design theory. However, the full model
was reduced under some practical assumptions, for example, a factor omitted from
the design modeling is the wind shear (the effect that rough terrain has on the

turbulence on the wind)

To develop the dynamic models with multiple resolutions to study different time

scales over the HPS.

0 Testing the supervisor control using a larger version of a zonal system to
represent the total demand. The supervisor control was tested with three ideal
variable current sources, and the average zonal system, which not forced the

supervisory to work in all operation modes.

Introducing Power Quality issues as part of the decision making process of supervisor
control. The supervisory controller must required quality of the supply, in terms of
variations of voltage, frequency, and probability of loss of load. It is an essential

condition for the choice of which generators should be in service.
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0 The load management (added or removed from the system) could be based on

frequency variations.

0 The load management must be more sophisticated Include control over the load

(variable demand) by the supervisor.

0 Avoid starting utility grid or diesel generators in situations of fast variations of

power.

e Evaluate strategies where the HPS supplies power to the grid and net metering, and

include it as an extra operation mode.
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Appendices

A. PV array Data Sheet

Module Datasheet : 13
Type SLK60MG6 75'1'1@'”

Quality
Siliken photovoltaic modules are produced with

components of the highest quality and in tightly
controlled processas. These processes are based
on successful techniques known in  the
production as  Kaizen-techniqua. This allows
Siliken to manufacture high quality modules for
a good price because of lower rejection ratic in
production. Therefore  Siliken suppliss  its
modules with a 10 vears limited warmanty on
| 0% of the power output and 25 years on B0%.

Manufacture Characteristics

The used sclar cells ara kept in place by several
layers of EVA behind 3.2mm thick tempered
glass. High sfficiency monoorystalline 150x150
mm? cells with antireflection coating are being
used, The slectrical conductors are mads of
copper with tin and silver in order to improve
conductivity, The conductors are welded by
multiple points, which minimises the tansion.

Junction box, SOLARLOK system from
Tyco

Tyco junction box with
anti-error + and -
connactor. It is possible
to connect cables up to
& mm* [(AWG 8]
Includes threa bypass
dicdes, these can sasily
be replaced. The
SOLARLOK System
does not use welded
junctions, to minimise
possible welding errors.

Certifications

This module has been designed and
manufactured according ko IEC 61215 and
=safety standards of class I1.

Models Type SLKGOPG
SLKSOME-210Wo-30Vmoo

Siliken S.L.
Massamagrell, 40 - P.1. L'Horteta
E-46138 - Rafelbunyol - walencia - Spain
Infpisiiken.oom - wiw, siliken.com
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Module Datasheet

Type SLK60MG6

Electrical Diata

?

—
p—] &

Power max. (+£3%) Frin 210 Wp
Voltage mpp Vg 30.6 W
Current mpp Impp 5.86 A
Open Circuit Voltage - 37.2V
Short Circuit Current 1 7.52 A
Daita reiated to standard et condrians (STC): 1000w NP radation, spectnam AR 1.5 and cell lemperaboe 2500

Dimensions

Dimensions (tolerance £2mm) 955x1580 mm?
Thickness with frame, including junction box 40 mm
Approximate weight 17 kg
Module temperature coefficients

Nominal Operation Cell Temperature MNOCT 4342 oC
Power coefficient T (Po) -0.43%,/0C
Cpan circuit voltage Tie (Voc) -127m\foC
Short circuit current Tie (Isc) +2.2mAJoC
WOCT Rorninal cperation cell temperature; Radiation S00W, M, amblent femperature 200, wind speed 1§ mys.

Operation Limits

Maximum systemn voltage 730 Vac
Cparation temperature -400C 3 +352C
Wind resistanca 200 km/h
Hailstone max. diametar 25 mm
Hailstone speed impact 23 mfs

Module plan

I-V characteristics, radiation and call

Siliken S.L.
Massamagrell, 40 - P.I. L'Horteta
E-46138 - Rafelbunyol - Valencla - Spain
nfofsiiken.com - www. sliken.com
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