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Abstract
This thesis presents an approach to design and implementation of a Renewable Power Complex (RPC)
containing several intermittent sources. The purpose of RPC is to improve the poor rural distribution
network voltage portfolio which can be traced back to the typical long distance radial lines.
With the purpose of improve system overall voltage, iterative studies are conducted to calculate the
requirements of RPC in terms of capacity. Afterwards, the proposed approach is verified at a test
system.
From implementation perspective, the capacity of the inverter interfacing the generation unit is a
bottleneck that limits the possible dimension of the RPC. Consequently, the RPC is actually composed
by several atomic units with a much smaller scale. The software where the potentials of intermittent
generation sources can be estimated given the geographic information is used to optimize the size of
RPC atomic units. Finally, the thesis tackles a high level design of automations system under which the
RPC is operated. The functionality described are all compliant with commonly accepted IEC 61850
standards with the intention to ease the future implementation.
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Abbreviations
Abbreviation

Write-out

RPS

Renewable Power System

SCADA

Supervisor Control And Data Acquisition

HMI

Human Machine Interface

SAS

Substation Automation System

WT

Wind Turbine

PV

Photovoltaic

PWM

Pulse Width Modulation

ECP

Electrical Connection Point

CCP

Common Connection Point

LN

Logical Node

SCSM

Speciﬁc Communication Service Mapping

TNPC

Total Net Present Cost
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1 Introduction
1.1 Background
The integration of Distributed Energy Resources (RPC) sources locally into the electricity grid gives new
challenges to the power system steady. Indeed, the transmission and distribution networks must progress to
optimally exploit these new components.
The integration of RPC into low voltage electrical networks can provide valuable stability to locations
where the existing distribution infrastructure is undeveloped, degraded or damaged as a result of natural
disasters or wars. A small deployable hybrid energy system including Wind Turbine (WT), Photovoltaic
(PV) and storage system can be a solution to provide in terms of improving the power quality to the local
distribution networks.
Newton-Raphson method is used to analyze the stability of the power systems. The steady state of the
power system will be monitored by carrying out the initial data to the Newton-Raphson method, which will
be a tool to estimate the power demand of integration from the renewable power system.
The introduction of IEC 61850-7-4 and IEC 61850-7-420 standards affects the data communication
solutions for transmission system, distribution system and RPC, including the structure and naming of
information.

1.2 Outline
1. Introduction
A General description of the background related to the topic and the current situation of the RPC system,
which shows the proposals of the projects as well.
2. Goals
The project objectives is announced in this chapter, further the framework of the project based on the goals
will be given to achieve the goals.
3. Method
A total view of the methods carried out in this project is presented in this chapter, as well as how to
implement the method under the project objectives.
4. Theory
The general theory of this research area used to get sufficient knowledge support concerning the aim
subjects.
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5. Power flow calculation
In this chapter, an analysis about the power demand is conducted based on the electric power engineering.
The information of the typical power networks will be introduced in this chapter, including the basic data
used in the following analysis.
6. Dimension the renewable power complex
This chapter introduces a renewable power system to supply the required power compensation to the grid.
7. Design the automation systems
The analysis of data communication process is indicated in this chapter.
8. Conclusion
Followed by the research work, the conclusion is linked to the goals of the project, ensuring fulfillment of
the goals.
9. Future work
A discussion about the results of this study together with probably long term prospects are carried out for
the further investigated.
10. References
Literature which has given the inspiration support as well as the knowledge supply is listed in this chapter.
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2 Goals
2.1 Project Goals
The aim of this master thesis is to investigate various such deployment scenarios with in scales of
renewable power system. This is fulfilled under a number of set goals. The goals are to:
Goal 1:
Suggest methods for stabilizing and protecting the distribution systems, and identify it in a special case.
Goal 2:
Study the components of a renewable power complex, including the optimal sizing method for installation,
and the power dispatch rule within the system to supply the required power to the grid.
Goal 3:
Suggest information model throughout the reference system to describe the low level structure and
functions, collaborated by the logical nodes described in IEC 61850-7-4 and IEC 61850-7-420.

2.2 Limitation
The master thesis is aimed towards an overview priority about the integration of the renewable power to
compensate the certain amount of power. While, the method conducted in this project is verified in a typical
case. With the purpose to study the stability of the method, it should be implemented in more networks to
have a better verification.
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3 Methodology
The project introduces 3 general parts, as the ―Power flow calculation‖, ―Dimension the renewable power
complex‖ and ―Design the automation systems‖. By combining these three methods into the power system,
the system can maintaining the power quality based on the automation systems.
The workflow in this project is described in Figure 3.1. The figure aims to give a clear view about the
working hierarchy of the project. The final result is based on the research process through all these steps.

Figure 3.1 Workflow of the project
The workflow includes Project Establishment, Theory Study, Data Collection, Power Flow Calculation,
Dimension Renewable Power Complex, Design the Automatic Systems and the conclusion. Each of these
domains is seen as one part in this report, intending to make the report easier for the reader to follow.
The inspiration comes from the fast development of renewable power technology, which will be described
in ―introduction‖ by giving a general view. The theory domain mentioned about the key knowledge needed
in the project. The data collection part has a description of the typical network and the relevant data. Then,
the project will emphasize the power engineering, aiming to have a simulation about the typical network. A
data communication mapping will be given in the chapter 7. The methods are introduced as followed.
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3.1 Power Flow Calculation
This domain aims to improve the power flow calculation to calculate the power demand from the renewable
power complex.
- Design a method to calculate the active power needed from the renewable power complex to the
distribution system to support the system in power balance.
- Design a method to maintain the voltage in steady state by calculating the reactive power integration.
- Verify the method above in a reliability test networks found in the previous literature.

3.2 Dimension the Renewable Power Complex
In this domain, a renewable power system is designed with different components to support the power
demand. The method contains:
- Design the architecture of the renewable power complex
- Dimension the optimal sizing of the renewable power complex by Homer
- Design the dispatch rule among the generators in the renewable power complex
- Design the control system of the PWM inverter to confirm the power output in good quality, both in
frequency and power amount.

3.3 Design the Automation Systems
In order to improve the data communication, IEC 61850 is used to map the data exchange process.
The standard is used to collect real time data in the transmission, distribution and the renewable power
system. Different components in the renewable power system need different mapping. And the
configuration between different hierarchies is quite important. After the mapping in the simplified model, a
data communication model for the whole system will be carried out as well.
- Design the data exchange model by IEC 61850 in the substation.
- Design the data exchange model by IEC 61850 in the generation systems.
- Design the data exchange model by IEC 61850 in WT, photovoltaic, energy storage system, and the
control system of the RPC.
- Carry out a data communication map for the power networks to combine all the components in the grid.
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4 Theory
Followed by the goals and analysis process, four theories and methods are used to have the further study.
- Power flow calculation
- IEC 61850 standard
- Components of renewable energy
- Optimal sizing for dimensioning RPC

4.1 Power flow calculation
In the power system, more than one generator are integrated into the system as the power source. As well, a
large number of loads in the system will make the system analysis as non-linear. Several power flow
calculation is used in the power flow control system. By the Newton-Raphson power flow calculation, the
system can be pre-analyzed to keep the system to be steady.

4.1.1Load flow and bus features
The technique of determining all bus voltages in a network is usually called load flow. When knowing the
voltage magnitude and voltage angle at all buses, the system state is completely determined and all system
properties of interest can be calculated, e.g. line loadings are line losses. [1]
With the purpose to calculate the whole parameters in the power system, the buses are divided into 3
categories; different type of bus has different features.
a) PQ-bus, Load bus:
For this bus, the net generated power PGDk and QGDk are assumed to be known. The name PQ-bus is based on that
assumption, On the other hand, the voltage magnitude U k and the voltage phase angle Ɵ k are unknown. A
PQ-bus is most often a bus with a pure load demand.

b) PU-bus, Generator bus:
In a PU-bus, the net active power generation PGDk as well as the voltage magnitude U k are assumed to known.
This gives that the net reactive power generation QGDk and the voltage angle Ɵ k are unknown.
6
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In PU-bus some sort of voltage regulating device must be connected since the voltage magnitude is independent
of the net reactive power generation.

c) UƟ -node, Slack bus:
At the slack bus (only one bus in each system), the voltage angle is chosen as a reference angle Ɵ k , (often
0 degree) and the voltage magnitude is assumed to be known. Unknown quantities are the net generation of both
active and reactive power. At this bus, a voltage regulating component must be present. Since the active power
is allowed to vary, a generator or an active power in-feed into the system is assumed to exist at this bus.
Assume a system contains N buses and that M of these are PU-buses. A summary of the different bus types is
given in Table 4.1.

Table 4.1 Bus types for load flow calculation
PGD and QGD are the active power and reactive power output from the bus.

4.1.2Newton-Raphson method
The Newton-Raphson method is the most commonly used technique for solving equations numerically.
Like other differential calculus, it is based on the idea of linear approximation. The Newton Method,
properly used, usually homes in on a root with devastating efficiency. [1]
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Start

Input Y matrix

Assume the
initial U, θ

Set loops K;
Assume k=0

Calculate error
∆U, ∆θ

If ∆U<∆Uset,
and ∆θ<∆θset

Yes

Calculate Q in PV
buses, and P, Q in slack

No

No

Calculate JAC
matrix

Calculate U and θ

k=k+1

If k>K

Yes

End (Failure)

Figure 4.1 Flowchart of Newton-Raphson method
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Consider a power system with N buses. The aim is to determine the voltage at all buses in the system by
applying the Newton-Raphson method. All variables are expressed in p.u.
Consider the parameter below
bkj 0  B

g kj  jbkj 

1
1
R
X

 2j 2 
Z
Z kj R  jX Z

g kj 

R
Z2

bkj 

X
Z2

(4.1)

Based on (4.1), the power flow within the line is shown as following

Pkj  gkjU k2  U kU j [ gkj cos(kj )  bkj sin(kj )]

(4.2)

Qkj  U k2 (bkj 0  bkj )  U kU j [ gkj sin(kj )  bkj cos(kj )]

(4.3)

The current through the line and the loss in the line can be calculated by

I kj 

Pkj  jQkj

(4.4)



Uk

Plkj  Pkj  Pjk

(4.5)

Qlkj  Qkj  Q jk

(4.6)

Let Y=G+jB denote the admittance matrix of the system (or Y - matrix), where Y is an N  N matrix, i.e. the
system has N buses. The relation between the injected currents into the buses and the voltages at the buses is
given by I=YU. Therefore, the injected current into bus k is given by I k 



N
j 1

Y kj U j

.

The injected complex power into bus k can now be calculated by






S k  U k I k  U k  j 1Y kj U j  (Gkj  jBkj )U j (cos(kj )  j sin(kj ))
N

(4.7)

Thus, the injected active part and the injected reactive part of the injected complex power can be known as
follows:
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Pk  U k j 1 U(j Gkcj o s ( k j) B

kj

kj

Qk  U k j 1 U(j Gksj i n ( k j) B

kc
jo s (

k j) )

si n (

N

N

))
(4.8)

Note that Gkj   g kj Gkj and Bkj  bkj Bkj for k  j . Further more

Pk   j 1 Pk j

(4.9)

Qk   j 1 Qkj

(4.10)

N

N

Thus, the ideal power equation in each bus can be shown as

Pk  PGDk  0

(4.11)

Qk  QGDk  0

Assume that there are 1 slack bus and M PU-buses in the system. Therefore, becomes an (N-1)*1 vector and
U becomes an (N-1-M)1 vector, why?
We define the following:

Pk  Pk  PGDk
Qk  Qk  QGDk

k  slack bus
k  slack bus and PU-bus

The jacobian matrix is given by

 f P ( , U ) f P ( , U ) 
'
 
U   H N 
JAC  

' 
 fQ ( , U ) fQ ( , U )   J L 
 
U 

where,
H is an (N-1) × (N-1) matrix
N’ is an (N-1) ×(N—M-1) matrix
J is an (N-M-1) × (N-1) matrix
L’ is an (N-M-1) × (N-M-1) matrix
The entries of these matrices are given by:
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Based on the previous equations, the following is obtained
'
 H N      
 J '    U   
 L 
 

P
Q

(4.13)

To simplify the entries of the matrices N’ and L’, these matrices are multiplied with U. Then, the equation
can be rewritten as

  
 H N 
   P
 J L   U     Q


 
U 
Where
For k  j

And for k=j
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Now the following is obtained:

Finally, U and will be updated as follows:

4.2 IEC 61850 standard
This section aims to provide a general view of the architecture of IEC 61850 in the power system. Firstly,
basic concepts of this standard are explained, and then an overview is conducted about the contents of the
standard. Afterwards, a brief introduction about different parts of the standard is given. Later in the section,
IEC 61850-7-4 and IEC 61850-7-420 are inspected individually.

4.2.1Basic concept of IEC 61850
Some basic concepts in IEC 61850 will be briefly presented in this part before the details of this standard
are explained.
A substation can be defined as a node in an electrical power network where lines and cables are connected
for transmission and distribution of electric power. [2] A substation usually plays the role of transforming
electricity from high to low voltage for distribution system. Therefore, most substations have a number of
transformers and each has their own functions as well, e.g. switching, breaking and protection. A substation
automation system (SAS) is a computer system allowing an administrator to communicate with the
substation over an IT network.
12
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It is necessary to create a model for the substation containing all of the components and functions. An exact
form of communication is fulfilled by the support from this system. The whole architecture of this model
can be addressed by IEC 61850.

Figure 4.2 Modeling approach (conceptual)

The IEC 61850 series use the approach to model the common information found in real devices as depicted
in Figure 4.2. All information made available to be exchanged with other devices is defined in the standard.
[5] The virtualized data model consists of a number of logical nodes, which performs the basic objects in
the standard. A logical node can have a series of data objects attached to it, each of which can have a
number of data attributes.
As shown in Figure 4.2, IEC 61850 standard comprises the function of configuration and modification to
SAS through Substation Configuration Language (SCL), defined in IEC 61850-6 ([4]).
An IEC 61850 server provides services for a client, such as logging, reporting, settings etc. All the services
are defined by Abstract Communication Service Interface (ACSI) from IEC 61850-7-2 ([6]). Client appears
to connect a substation, which is referred to as a SCADA system or a control center.
The data model and ACSI define the structure and form of the content communicated by the IEC 61850
server to clients. ACSI is used to mapped to a specific communication service mapping (SCSM), for the
purpose to implement functionalities. Specific communication mappings are defined in IEC 61850-8 and
IEC 61850-9.

4.2.2Overview and scope of IEC 61850
―Communication networks and systems‖ is the general title of IEC 61850 standard in substation. The
13

Dept. of Information Control Systems, KTH, 2011

Serial No.

standard is made up of the following parts:
* IEC 61850-1 Introduction and overview
* IEC 61850-2 Glossary
Explain terms and abbreviations used throughout the standard
* IEC61850-3 General requirements
Specify system requirements with emphasis on the quality requirements of the communication
network.
* IEC61850-4 System and project management
Specify system and project management with respect to the engineering process, life cycle of overall
system and IEDs, and the quality assurance.
* IEC61850-5 Communication requirements for function and device models
Describe all required functions in order to identify communication requirements between technical
services and the substation, and between IEDs within the substation. The goal is interoperability for
all interactions.
* IEC61850-6 Substation automation system conﬁguration description language
Specify the SCL ﬁle format for describing communication related IED conﬁgurations, IED
parameters, communication system conﬁgurations, function structures, and the relations between
them.
* IEC61850-7 Basic communication structure for substation and feeder equipment
- Part 7-1 Principles and models
Introduce the modeling methods, communication principles and information models.
- Part 7-2 Abstract communication service interface (ACSI)
Present the ACSI providing abstract interfaces and describe the communications between a client
and a remote server.
- Part 7-3 Common data classes
Specify common attribute types and common data classes related to substation applications.
- Part 7-4 Compatible logical node classes and data classes
Specify the compatible logical node and the data for communication between IEDs in the substation
level.
- Part 7-410 Hydro-electric power plants - Communication for monitoring and control
Specify the compatible logical node and the data for communication in the hydro-electric power
plants.
- Part 7-420 Distributed energy resources logical nodes
14
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Specify the compatible logical node and the data for communication in the distributed energy
resources.
* IEC 61850-8 Speciﬁc communication service mapping (SCSM)
- Part 8-1 Mappings to MMS (ISO/IEC 9506-1 and ISO/IEC 9502) and to ISO/IEC 8802-3
* IEC61850-9 Speciﬁc communication service mapping (SCSM)
- Part 9-1 Sampled values over ISO/IEC 8802-3
- Part 9-2 Mapping on a IEEE 802.3 based process
* IEC 61850-10 Conformance testing
Specify how a SAS4 should be tested to ensure conformance with the IEC61850 standard.
The resource of the introduction of IEC 61850 above is from [3].

4.2.3Data model
The high efficiency of IEC 61850 standard for information communication is based on the elementary data
structure. And the data model is the basic framework of the logical nodes for different functions.
As shown in Figure 4.2, logical nodes are the key objects in IEC 61850 standard. As the essential elements
of this model, logical nodes make the data model to be hierarchical. On the other hand, the logical node
performs as a particular function within a device and can be defined as ―the smallest part of a function that
exchange data‖. [3]
IEC 61850-7-4 defines 91 different logical node classes, which are categorized into 13 logical node groups
according to their functionality. These are defined in [6] and each LN is defined as a class with certain
attributes. Apart from that, IEC 61850-7-410 and IEC 61850-7-420 extend new logical nodes for the logical
architecture of hydro-electric power plants and distributed energy resources.
In an instance of the data model, some of the logical node instances may be grouped together into a bay
which is deﬁned as closely connected subparts of the substation with some common functionality [3]. Thus,
a bay is a logical grouping, but not necessarily a physical device. Further, the bay can be represented by a
logical device in the logical hierarchy.
The typical structure of the data model is illustrated in Figure 4.3. There can be one or more physical
devices in a substation. A logical device is a grouping of different functionality related to a specific physical
device. Moreover, the logical device is contained in a server. Thus, there are more than one logical device
exist in one server, and a logical device may contain several logical nodes.

15
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Figure 4.3 The hierarchy of the data model of IEC61850
Further in the model, each logical node contains a number of data classes, and each of the data class has the
data attributes, which describes the multiple features.
The data class in the logical node is predefined in the standard. Whereas the logical device and server may
be decided upon individually by manufacturers or administrators of a substation, there are predefined
logical nodes which cover all the necessary functionality of substation components. [10]
This is the most important benefit in the standard about the interoperability between devices from different
vendors. As a result of the advantage of interoperability, all functions can be modeled precisely and by
predefined objects.
Besides the official aspects of the object model made by the association, the standard allows the users to
name substation components in a meaningful way based on the technology. This is a kind of the object
oriented approach used for developing the standard.
The standard defines the typical object structure with the ordered object and the object name, which is
differentiating between the references. The reference is important in terms of implementation and based on
the data model in a straightforward manner. According to the data model and the data structure required in
the standard, the object reference is comprised of the objects in order. The general format is:
LD/LN.Data.DataAttribute
but this will be slightly extended in IT system.

4.2.4IEC 61850-7-4
IEC 61850-7-4 indicates the information model of devices and functions related to substation applications.
16
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In particular, it specifies the compatible logical node names and data names for communication between
Intelligent Electronic Devices (IED). This includes the relationship between Logical Nodes and Data. [8]
The Logical Node and Data introduced in IEC 61850-7-1 and IEC 61850-7-2 have a precise definition here.
These defined in part 7-4 are specified to form the hierarchical object reference, which is applied for the
communication with IEDs in substations and distribution feeder levels.
The overview of this document is shown in Figure 4.4.

Figure 4.4 Overview of IEC 61850-7-4
The function of describing device models is defined in this standard:
* Substation to substation information exchange
* Substation to control center information exchange
* Power plant to control center information exchange
* Information exchange for distributed generation
* Information exchange for distributed automation, or
* Information exchange for metering [8]
Logical nodes are grouped according to the Logical Node Groups listed in Table 4.2, the name of the LN
shall begin with the group indicator.

17
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Table 4.2 List of logical node groups

4.2.5IEC 61850-7-420
RPC systems are being interconnected to the power systems aiming to fully use of the renewable power
resources. However, the dispersed generation on distribution power systems becomes a growing challenge.
Utilities and RPC manufacturers realize that the importance to improve the interfaces for all RPC devices.
Thus, IEC 61850-7-420 is designed to simplify implementation, reduce costs and improve reliability of the
system operations.
A conceptual view of the logical nodes which could be used for different parts of RPC management systems
is shown in Figure 4.5.

Figure 4.5 Overview: Conceptual organization of RPC logical devices and logical nodes
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The logical nodes in this part are used for RPC, but can be applicable to central-station generation
installations as well, which comprises of groupings of multiple units. Apart from that, types of energy
conversion systems are represented by the RPC logical nodes as well.

4.3 Hybrid renewable system
Renewable energy is derived from natural processes that are replenished constantly. In its various forms,
it derives directly from the sun, or from heat generated deep within the earth. Included in the definition is
electricity and heat generated from solar, wind, ocean, hydropower, biomass, geothermal resources, and
bio-fuels and hydrogen derived from renewable resources. [25]
There are several advantages for installing renewable energy, which are from [26] as followed.
First, once the renewable infrastructure is built, the fuel is free forever. Unlike carbon-based fuels, the wind
and the sun and the earth itself provide fuel that is free, in amounts that are effectively limitless.
Second, while fossil fuel technologies are more mature, renewable energy technologies are being rapidly
improved. So innovation and ingenuity give us the ability to constantly increase the efficiency of renewable
energy and continually reduce its cost.
Third, once the world makes a clear commitment to shifting toward renewable energy, the volume of
production will itself sharply reduce the cost of each windmill and each solar panel, while adding yet more
incentives for additional research and development to further speed up the innovation process.
Photovoltaic, small wind power system and some kinds of renewable energy source will be supplied
consumer side and interconnected with utility power system then there consists of micro-grid system.
Hence, power system’s paradigm will be more complicated, because consumer can sell electricity to the
grid network. [11]

4.3.1Wind Power plant system
The wind turbine shown in Figure 4.6, is the main component in a wind power plant system whose purpose
is to capture the wind and transform it to electric energy. Wind turbines being manufactured now have
power nominals ranging from 250 kilowatts (kW) to 5 megawatts (MW). The amount of electric energy
which the wind turbine produces depends on the availability of sufficient wind speed. Usually a wind
turbine is configured to operate in wind speeds ranging from 4 m/s to 25 m/s.. [12]
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Figure 4.6 Main components of a typical wind turbine
Typically a wind turbine operates from 60% to 90% of the time but due to wind speeds not high enough, the
wind turbine operates on reduced capacity. Typically the energy factor for wind turbines ranges from 25%
to 40% [12].

4.3.2Photovoltaic power system
Photovoltaic systems are comprised of photovoltaic cells, devices that convert light energy directly into
electricity. Because the source of light is usually the sun, they are often called solar cells. [13]
Sunlight is converted directly into electricity by PV cells without creating any air or water pollution. PV
cells consists at least two layers, made of semiconductor material with positive and negative charge,
respectively. The photons from the light are absorbed by the semiconductor atoms, which injects free
electrons from the negative layer back to the positive layer through an external circuit. The electric current
is generated by this electron flow.

4.3.3Energy storage system
There can be different types of energy storage system, such as flywheel, battery, fuel-cell etc. With the
variation of wind resource, the energy storage system behaves as a large buffer to compensate the unequal
instantaneous energy in the power system.
In this project, the energy storage system is connected to the common DC bus in the renewable power
system through a DC-DC converter.
20

Dept. of Information Control Systems, KTH, 2011

Serial No.

At any instant of time, the power supply from the renewable power system should be equal to the power
needed of the system, ideally both in real power and reactive power. If this is not achieved, the voltage and
frequency will be changed from the required value. Thus, the energy storage system plays as a role to store
the marginal energy if the sum of power generation from WT and PV is larger than the power compensation
demand. While, if the sum of power generation from WT and PV is lower than the power compensation
demand, the energy storage system will compensate the power to make the power supply to be equal to the
system power demand.

4.4 Dimension the optimal size
HOMER, the micro-power optimization model, simplifies the task of evaluating designs of both off-grid
and grid-connected power systems for a variety of applications. [22]
When using Homer, the data of technology options, components and resource availability should be
provided as the inputs. Then, different system configurations with combinations of components will be
simulated. The results of the simulations will be a list of feasible configurations sorted by the present cost in
the power net. As well, a wide variety of graphs and tables will be displayed to help compare configurations
and evaluate on the economic face and technical merits. Further, the graphs and tables can be exported for
use in reports and presentations.
Three principal tasks are performed in Homer: Simulation, Optimization and Sensitivity analysis:
Simulation
Homer models a particular hybrid power system configuration each hour in the year to determine the
technical feasibility and life-cycle cost.
In this project, WT, PV, energy storage system and inverter are the components chosen for the analysis. The
simulation in Homer bases on the estimation of replacement cost, installing cost, operation cost,
maintenance cost, and interest.
Optimization
Many different system configurations are simulated in Homer to achieve the one satisfying the technical
constraints but with the lowest life-cycle cost.
In this project, a list of configurations under Total Net Present Cost (TNPC) will be displayed as the use of
comparison from lowest to highest TNPC.
Sensitivity Analysis
Multiple optimizations are performed under different input assumptions to determine the effects of
uncertainty or changes from the model inputs.
A list of various configurations of hybrid renewable energy are tabulated under the sensitivity variables, e.
g wind speed, global solar and the price of diesel fuel. The combination with the lowest TNPC is referred as
the optimal solution of hybrid renewable energy system.
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5 Power Flow Calculation
A reliability test system is introduced first in section 5.1, which will be used as the model for the
verification of the proposed method of power flow calculation.
Meanwhile, the aim of this chapter is to find a method about integrating the renewable power into the power
system to supply the need.
With the improvement of Newton-Raphson power flow calculation in this project, the amount of renewable
power needed can be estimated. By a good design of the renewable power container and the inverter, the
renewable power output can be maintained in good quality. Furthermore, the power quality in the system
can be improved by the control of the active and reactive power supply from the renewable power system.
The analysis is based on the typical network described in section 5.1. The method will be introduced in 5.3.
The implementation of the method in the cases is analyzed from 5.4 to 5.5. Furthermore, the method will
be implemented to improve the power quality if part of the distribution system is load shedding.

5.1 Test system description
The reliability test system is from [14], the system presented in this paper evolved from the reliability
research activities conducted by the Power Systems Research Group at the University of Saskatchewan. In
this paper, the distribution systems have been simplified in order to make the simulation more obvious.

5.1.1 The transmission system
The single line diagram of the test system is shown in Figure 5.1, 2 generators are connected in bus 1 and 2,
5 loads are in bus 2, 3, 4, 5 and, 9 transmission lines are in the system. The voltage level of the transmission
system is 230kV and the voltage limits for the system buses are assumed to be 1.05 and 0.97 times [14] of
the base voltage level in each bus. The normal load of the system is 185 MW and the total installed
generating capacity is 230 MW. The transmission system contains single lines and lines on a common right
of way and/or on a common tower.
There is a distribution system connected to bus 4. Bus 4 is a fictions bus to bus 4’. And the step down
transformer from bus 4 to bus 4’ has a ration of 230kV to 10kV.
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G2

Bus 2

G1

L3

L2

Bus 1

L1

L7

L6
L4
Bus 4

Bus 3

L8

L5

230kV/10kV
Bus 5

L9

Bus 6

Figure 5.1 The reliability test transmission system
The full capacity of G2 is 130 MW, which is a hydro generator unit. G1 has a capacity of 100 MW, which
is a thermal generator unit. It is assumed that marginal cost of thermal generation is much higher than the
hydro generation, dispatch gives priority to the hydro power plant which means G2 is always running with
its full capacity, followed is the thermal generator unit G1.
The nominal data of the loads is shown in Table 5.1. The reactive power demand in each load is 0.2 times of
the active power demand.

Table 5.1 Nominal bus load data
The basic data of the transmission lines is in Table 5.2.
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Table 5.2 Reliability data of the transmission line

5.1.2

The distribution system

The reliability test system has 5 load bus bars (bus 2 – bus 6). One of these bus bars (bus 4) is selected for
the distribution networks analysis. The distribution system for bus 4 is shown in Figure 5.2.
Transmission System
Bus 4
LP2

LP1

LP8

1
Bus 7
LP3

LP4

Bus 13
LP5

LP9

LP6

LP10

LP18

Bus 16
LP12

LP13

LP15

LP16

Bus 14

Bus 8
LP7

LP11

LP15

Bus 21

LP14

LP19

LP20

Bus 17

Bus 20
LP17

LP23
LP21

Bus 9

Bus 15
LP34

LP35

LP22

Bus 18

Bus 19

LP36
LP25

LP24
LP32

LP33

Bus 10

LP26

Bus 22
Bus 11

LP37

LP27

LP38

Bus 23
LP28

Bus 12

LP29

LP30

LP31

Figure 5.2 Distribution System for bus 4
There are 38 loads in the distribution system of bus 4. Assume that the 40 MV and 8 MAVR are evenly
distributed among the loads at distribution grid, with 1.053 MW (40/38) and 0.2105 MVAr (8/38),
respectively.
The basic typical data of the feeder per km in the distribution system is
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X=0.0024

B/2=0.000141

The capacitor in the system is 0.0000848p.u.
The basic data of the lines are in the Table 5.3 below.

Table 5.3 Feeder length in the distribution system of bus 4

5.2 Power flow calculation for the entire network
The purpose of this step is to decide the power flow along the parallel tie lines L2 and L7 in the entire
network. For the physical constraints of the networks, the networks are often set with the basic parameters,
as well as the maximum and minimum values, e.g. P, Q, U, I, Ɵ.
Slack Bus: Bus1
The voltage level in Bus 1 is set to be 230 kV as the base voltage in this substation to determine base voltage
level in the whole system, as well as the voltage angle to be 0 rad. The real injection is laid below G1’s
capacity, as 100MW.
PV Bus: Bus 2
Considering about the low marginal cost of the hydro power generation, G2 is set to work in peak
generation as 130 MW. With G2 as the voltage source, the base voltage in bus 2 is set to 230 kV. And the
generation in G1 will vary depends on the value of the consumption in the system.
PQ Bus: Bus 3, 4, 5, 6
Before the renewable power integrated into these bus bars, all these bus bars are pure load. Thus, all of them
are set to PQ bus, with 0 power generation and constant power consumption as shown in the table above.
Bus type

Bus

Known quantities

Unknown quantities

Slack bus: 1

1

U=230 kV, Ɵ=0

P(G), Q(G)

PV bus:2

2

P(G)=130MW, U=230kV

Q(GD), Ɵ

PQ bus:3,4,5,6

3, 4, 5, 6

P(G)=0. Q(G)=0

U, Ɵ

Table 5.4 Nominal bus data in the system
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Base voltage level in the system
With the certain voltage in bus 1 and bus 2, the power generation in bus 2 is constant as well under the base
loads in the system.
With the Newton-Raphson power flow calculation, the voltage level in the system can be calculated as
Table 5.5 shows.
Bus

1

2

3

4

5

6

Load, MW
Voltage, kV
Generation, MW

0
230.0000
61.5597

20
230.0000
130

85
219.4155
0

40
217.9050
0

20
216.5758
0

20
214.3728
0

Table 5.5 Nominal bus data in the system
From the power flow calculation, PG1 is known as 61.5597 MW. The voltage from bus 2 to bus 6 is known
as well, with 219.4155 kV, 217.9050 kV, 216.5758 kV, and 214.3728 kV, respectively.
The safety range of the voltage in each bus is from 0.97 to 1.05 times of the nominal voltage [14]. The
safety range can be shown in Table 5.6.
Bus

1

2

3

4

5

6

Voltage level
Upper level
Down level

230.0000
241.5000
223.1000

230.0000
231.0000
223.1000

219.4155
230.3863
212.8330

217.9050
228.8002
211.3678

216.5758
227.4046
210.0785

214.3728
225.0915
207.9416

Table 5.6 Safety voltage range in the system
Since bus 1 and bus 2 is connected to the generation units as the voltage source, the voltage in bus 1 and bus
2 are constant by the support of the generators, as 230 kV.

5.3 Design the Power flow calculation
Normally, the rural distribution system has a low load compared to the transmission system. Besides, the
rural distribution network is much weaker compared to urban distribution system. Thus, if there is a load
increase in the rural distribution network, it is much easier to become load shedding. With the purpose to
improve the power quality in the distribution networks, a kind of power flow calculation is designed in
this section.
The key point for the procedure is to judge whether the demand in the system is overloaded or not. That can
be solved by measuring the real time load data, and compare them with the transmission system capacity.
The amount of the renewable power needed can be estimated by the Newton-Raphson power flow
calculation. As well, to maintain the voltage stability is another principle in the compensation process.
The power estimation procedure is based on the IT system, e.g. SCADA. Considering about the time
interval of the measurement in SCADA is 10s, the procedure aims to estimate the renewable power output
in every 10s. The procedure of the renewable power estimation is shown in Figure 5.3 by dividing the
estimation procedure into 3 steps.
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Step 1: Calculate demand-generation mismatch
Within each time interval of 10s, the SCADA system will have a measurement of the real time data e.g.
demand, voltage, current and frequency in each bus of the transmission system.
Based on the transmission system capacity and the real time system data, a power flow calculation will be
proceeded to determine whether the total demand can be made.
If the power supply is enough for the load, the renewable power compensation is not needed. The procedure
is finished, and goes to the next cycle.
Step 2: Active power calculation for power balance, with Qre=0
Followed by the analysis in step 1, if the power demand is larger than the transmission system capacity in
the power flow face, an estimation process of the active renewable power calculation will be implemented
with the purpose of no reactive power output from the renewable power system.
With the estimated active power integration, the voltage level in the system will be simulated again. If all
the voltage levels in the system are in the safety range, the system is reliable. The renewable power system
supplies the objective active power to the system is reasonable. Meanwhile, the power estimation process is
finished, since the goal of this process has fulfilled.
Step 3: Reactive power calculation for voltage stability, with Pre from Step 2
Followed by the analysis in step 2, if at least one of the voltages in the system is out of the safety range with
the pure active power compensation, reactive power estimation is needed to adjust the voltage level into the
safety range. The process of maintaining the voltage stability will be introduced in this section as well.
With the coordination of the active power and reactive power integration, the voltages in the system will be
maintained in the safety range.
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Start

Every 10s

Measure system
demand

Step 1

If PDemand>SGRID

Yes

SGRID, Set Qre=0, calculate Pre,0 to
compensate the consumption

Step 2

No

Voltage is in safety range?

No

Power flow feedback by NewtonRaphson calculation.

Step 3

Yes
Pre and Qre needed have
been estimated.

Figure 5.3 Procedure of calculating the renewable power demand
These steps will be described precisely in the following sections. A certain value of active and reactive
power output will be generated to keep the system in power balance, as well as the voltage stability.

5.3.1 Step1: Calculate demand-generation mismatch
For real-time control and operation of power systems, better data as well as better communications among
control centers will be needed. Data will be collected in significantly increased amounts and quality by
monitors strategically located through-out a transmission system. [15]
In the step to ―Consider the power balance‖, the data needed is the active power and reactive power
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consumption in each bus.
Premise
The loss in the transmission will be different depends on different supplies and different loads in different
bus bars.
For the feature of the loss variation, the supply and demand cannot be considered to be balance by the logic
equation. For example, if the total load increases by 30MW, the supply needs to increase by more than 30
MW.
Thus, the supply and demand balance needs to be calculated under power flow calculation within different
combination of the consumptions.
Procedure of judging the power quality
In the real system, if the system is overloaded, different bus bars will have different amount of load raise.
The first step is to measure the loads in all the system, and then judge that if the generators could afford the
loads in the system.
In the following case study, an assumption is that all the loads in the system have the same amount of raise
when overloaded.

5.3.2 Step 2: Active power calculation for power balance
The renewable power system will try to supply pure active power to keep the system in power balance
firstly. While, if the voltage is not in the safety range with the active power compensation, the reactive
power compensation is needed to improve the power quality.

5.3.3 Step3: Reactive power calculation for voltage stability
This step is introduced based on the test system given in section 5.1.
In the power flow calculation, Bus 2 is PV bus, thus the output active power is always in full operation (100
MW, hydro power) during the calculation. However, Bus 1 is the slack bus (Thermal power), which means
the active power generation will vary during the calculation.
The premise is that G1 should supply peak active power, but PG1 will vary with different reactive power
compensation from the renewable power system.
That is why there is a feedback loop in the procedure shown in Figure 5.4. With the active power feedback
from G1 to the renewable power system, the active power output from G1 will controlled at the peak value.
And the voltage in the system will be maintained in safety range as well.

29

Dept. of Information Control Systems, KTH, 2011

Serial No.

Voltage is not in safety
range.

Part 1
Set Pre,0, calculate Qre,0 to maintain
the voltage in safety range

Part 2

If PG1=PG1,peak

No

Set Pre = (PG1-PG1,peak)+Pre,0,
Calculate the Qre,0 to maintain the
voltage in safety range

Yes

Part 3
Pre and Qre needed have
been estimated.

Figure 5.4 Power flow feedback for the renewable power compensation
Pre,0 calculated from Step 2, which is the active power generation from the renewable power system.
PG1 is the power generation from G1in the simulation. PG1,peak is the peak generation of G1.
Pre is the active power supply from the renewable power system after the adjustment
Qre is the reactive power supply from the renewable power system after the calculation.
The active power supply and the reactive power supply from the renewable power system are two variables
in the simulation. Thus, there will be infinite combinations of Pre and Qre to consider the voltage in the
safety range. With the purpose to have a reasonable combination of Pre and Qre, the method here in part
2 is used to get the certain combination of Pre and Qre.
Part 1: Calculate reactive power for the voltage stability
With the amount of active power needed to achieve the power balance in section 5.4, the reactive power is
needed here to achieve the voltages in safety range.
Part 2: Active power feedback to RPC
With the purpose to maintain the voltage in a reasonable value, one choice is to determine the renewable
power output to be the average value of the safety range.

Qre,chosen 
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With the chosen Qre,chosen , there will be a corresponding value of the active power output from G1, PG1,chosen .

PG1,chosen may not be equal to the capacity of G1, then a feedback to the active power output from renewable
power system is needed.
The set active power output from the renewable power system is Pre,set , and the feedback from G1 makes
the new renewable power output to be

Pre, final  Pre, set  ( PG1,chosen  SG1 )
With the final active power in the system, a new power flow to estimate the reactive power needed is
implemented under the power flow calculation. And the final reactive power can be estimated when the G1
generation is in its peak value.
Part 3: Verification
In all, the renewable power output can be certain, with the value of Qre,chosen and Pre, final . The value
calculated needs to be verified in the power system to keep steady.

5.4 Connect RPCs to the distribution network
In the previous section, a power flow calculation method is carried out in the substation level. While, in this
section, a new case about integrating the renewable power complex into the branch of one distribution
system will be carried out
Premise
- The voltage level in the transmission system is 230 kW. There is a transformer step down to the
distribution with the ratio of 230/10 Vthus 10 kV is the voltage level in the distribution system.
- All the loads in the distribution system have the same consumption. All the loads in the transmission
system have the same amount of load as shown in Table 5.1. In this case, only the loads in the distribution
system of bus 4 increase the consumption and the other loads in the system keep in the value as in Table 5.1.
In this case, there will be a small load increase in Bus 15, which will make the load shedding within the
distribution system. Assume that he 76.6344 MW is the maximum power that could be delivered from
transmission network due to some physical constraints. Besides, the voltage in the transmission will not
have an obvious change if there is a small amount of load increase in the distribution system, thus the
voltage in bus 4 can be treated constant value of 9.2585 kV. The equivalent model could be shown in Figure
5.5.
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Figure 5.5 Equivalent model of the distribution system in Bus 4
The reason for load shedding may be the hospital, school, factory etc. has a larger consumption for some
reason. In this model, that could be considered as the load in bus 15 has an increase by 0.5 MW, 0.1 MVAr.
To avoid overloaded, some RPCs could be connected to the bus to supply certain amount of power. In this
case, 2 RPCs are connected to the distribution, with bus 15 and bus 23 respectively. And the one (RPC 1)
connected to the overload bus performs as the main supplier, the other one (RPC 2) could be the reinforce
one. The motivation of doing that is, since the demand increase appears at bus 15, the practice is to
compensate the increase locally. The reason to connect at bus 23 is that it has the longest feeder which
indicates most like a bad voltage profile.

Step 1: Calculate demand-generation mismatch
When G1and G2 has full generation, as 100MW and 130 MW respectively, the power supply from Bus 4 to
the distribution system is 76.6344 MW. Furthermore, all the loads in the distribution system consume
68.046 MW, with 68.046/38=1.7909 MW, individually.
In this situation, the voltages in the distribution system are shown in Table 5.7.

U

U

Bus4

7

8

9

10

11

12

13

14

9.2585

8.4229

7.8763

7.7314

7.9845

8.4634

9.0213

9.1056

9.154

Bus15

16

17

18

19

20

21

22

23

9.2575

8.1022

7.551

7.2213

6.1433

6.5457

7.666

8.9882

8.8633

Table 5.7 Basic voltage in the system
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Step 2: Active power calculation for power balance
Assume the capacity of the RPC is 0.3 MW. The power flow calculation can be divided into 2 parts with
RPC 1 and RPC 2.
If only RPC 1 supply the power demand to the system, 0.4993 MW active power and 2.0757 MVAr reactive
power are needed.
Part 1: If RPC can supply enough power
If the capacity of RPC is larger than 0.4993 MW, one RPC in Bus 15 is enough. And the voltages are shown
in Table 5.8.
Bus

U - Basic

U- RPC 1

Ratio - RPC 1

4
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23

9.2585
8.4229
7.8763
7.7314
7.9845
8.4634
9.0213
9.1056
9.154
9.2575
8.1022
7.551
7.2213
6.1433
6.5457
7.666
8.9882
8.8633

9.2585
8.4228
7.8763
7.7313
7.9844
8.4634
9.0213
9.1056
9.154
9.2575
8.1022
7.551
7.2212
6.1432
6.5456
7.6659
8.9882
8.8633

1
0.999988128
1
0.999987066
0.999987476
1
1
1
1
1
1
1
0.999986152
0.999983722
0.999984723
0.999986955
1
1

Table 5.8 Voltage in the distribution system if RPC 1 has enough capacity
All the voltages in the distribution system are within the safety range. RPC 1 has improved the voltage
quality.
Part 2: If RPC cannot supply enough power
As has been mentioned, the capacity of RPC 1 is only 0.3 MW, which is lower than the required power of
0.4993 MW. That means we needed to connect one more RPC into the distribution. There are also 2
options.
- Option 1: Connect RPC 2 to the same bus as RPC 1, e.g. Bus 15
If RPC 2 is located in the same area of RPC 1, it could supply 0.1993 MW to the system. Then the system
will be kept steady as well.
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- Option 2: Connect RPC 2 to another bus, e.g. Bus 23
If RPC 2 is located in some other area of the distribution system, e.g Bus 23, the power needed from RPC 2
should be calculated as well. With the residual amount of active moved from RPC 1 to RPC 2, the active
power from RPC 1 is equal to its capacity as 0.3 MW, as well as the active power from RPC 2 is 0.1993
MW.

Step 3: Reactive power calculation for voltage stability
Following Option 2 with RPC 2 connected to bus 23, the situation of the system is as Figure 5.6 shows.
GT

PT=76.6344 MW
U4=9.2585 kV
Bus 4

LP2
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56
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LP10
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Bus 11
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LP38

RPC 1

LP30

LP28

PRPC1=0.3MW

Bus 12

LP29

Bus 23

LP31

RPC 2

Figure 5.6 Calculation process for the reactive power from RPC 2
The reactive power needed from RPC 2 can be calculated by the Figure 5.7.
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Figure 5.7 Variation of the voltage with different reactive power from RPC 2
With the known reactive power from RPC 2, the reactive power from RPC 1 can be calculated by the
power flow calculation as well. Thus the final renewable power needed is

PRPC1  0.3MW

QRPC1  2 . 9 0 3 5 M V Ar PRPC 2  0 . 1 9 9MW
3

QRPC 2  0 . 4 5 M V Ar

The voltages in the distribution with the renewable power supply are shown in Table 5.8
Bus

U - Basic

4
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23

9.2585
8.4229
7.8763
7.7314
7.9845
8.4634
9.0213
9.1056
9.154
9.2575
8.1022
7.551
7.2213
6.1433
6.5457
7.666
8.9882
8.8633

U-RPC1&2
9.2585
8.4228
7.8763
7.7313
7.9844
8.4634
9.0213
9.0693
9.1276
9.2575
8.3513
7.8284
7.5139
6.1432
6.5456
7.6659
9.048
8.9664

U-RPC1&2
1
0.999988128
1
0.999987066
0.999987476
1
1
0.996013442
0.997116015
1
1.030744736
1.036736856
1.04051902
0.999983722
0.999984723
0.999986955
1.006653167
1.011632236

Table 5.8 Voltage in the distribution system with RPC 2 connected into another bus
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From the voltage data in Table 5.11, all the voltages in the distribution system are within the safety range. If
RPC 2 is connected into other area of the distribution, the power quality could be improved follow this
method as well.

5.5 Connect RPCs to the transmission network
The generation priority is usually given to the hydro power plant for its lower marginal generation costs
comparing to that of thermal generators. Thus, the hydro generators G2 will supply as much power as
possible before the thermal generators. Then, if the capacity of the hydro generators G2 is not enough for
the power demand, the thermal generators G1 will start to supply the power.
G2

Bus 2

G1

L3

L2

Bus 1

L1

L7
Renewable
Power System

L6
L4
Bus 4

Bus 3

L8

L5

Bus 5

L9

Bus 6

Figure 5.8 The system with the renewable power system integration in bus 4
The typical network used has been introduced in section 5.1, and the case is reliable to use for the analysis
of power compensation, which can stand for a transmission system from [14].
With the basic calculation in introduced in section 5.2, the total load in the system is now 185 MW, and the
generation in the hydro generators G2 is 130 MW, which means the thermal generators G1 need to supply
power into the system, actually by 61.5597 MW.
Thus, in the following analysis of the situation of overloaded, the hydro generation will always maintains as
130 MW. And the thermal generation from G1 will be 61.5597 MW at least, and 100 MW at most.
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In the power flow simulation, the active power of hydro G2 will be set as 130 MW, constant. And the active
power supply of thermal G1 will vary from 0 to 100 MW.

Step 1: Calculate demand-generation mismatch
As has been mentioned in the beginning of this chapter, G2 is set constant to be 130MW, and G1 varies
from 0 to 100 MW in the power flow calculation. Thus in the power flow calculation, G1 will vary with
different amount of the loads in the system.
The work here is to find how much loads the system can have with the peak generation of G1.
Assume all the loads in the typical system increase by the same active power and the same reactive power,
as
△Q=△P╳0.2
The relation between the total load and the generation from G1 is simulated by the power flow calculation
as shown in Figure 5.9.

Figure 5.9 Relation between the total load and generation from G1

As seen from the curve, if G1 generates with its peak generation (100 MW), the peak load the system can
afford is 222.2 MW. Meanwhile, if every load increases by 7.44 MW, the total load increases from 185 MW
to 222.2 MW. That is the peak load in average the system can afford.
If the total load is lower than 222.2 MW, G1 and G2 can afford the system without the compensation from
the renewable power system.
However, if the total load increases to a value higher than 222.2MW, the hydro generators and thermal
generators cannot afford to keep the system in power balance. And there will be a collapse in the voltage of
the systems. With the purpose to avoid the voltage collapse, the renewable power is needed to integrate into
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the system to compensate the power demand.

Step 2: Active power calculation for power balance
a) Active power calculation for power balance
As has shown in Figure 5.10, with a large amount of load increase, the hydro and thermal power will
generate fully to support the system. And the system needs the renewable power compensation.

PG1=130MW

G2

Bus 2

PG1=240MW

G1

Pload2=Pload2+∆Pload
Qload2=Qload2+∆Qload

L3

L2

Bus 1

L1

L7
Renewable
Power System

L6
L4

Pre=?

Pload3=Pload3+∆Pload
Qload3=Qload3+∆Qload

Qre=0

Bus 4

Bus 3

Pload4=Pload4+∆Pload
Qload4=Qload4+∆Qload

L8

L5

Bus 5
Pload5=Pload5+∆Pload
Qload5=Qload5+∆Qload

L9

Bus 6
Pload6=Pload6+∆Pload
Qload6=Qload6+∆Qload

Figure 5.10 Expression of the active power calculations
As shown in Figure 5.10, the reactive power is set to be zero, and the active power is needed to be calculated
to achieve the system power balance.
Assumption: The total load increases by 65 MW
With the analysis in 5.3.2, the system will become overloaded if the load increases to 222.2MW, but if the
load exceeds 230.5MW, the voltage in some bus will be out of the safety range. Thus, in order to have an
obvious performance about the dimensioning of DER integration, the total load can be set with the raised
amount by 65 MW to 250 MW (Each load increases by 13MW, 2.6MVAr), which is much larger than the
peak load the system can afford (222.2MW). As a result, G1 and G2 will work in full generation, and the
renewable power system should supply the power compensation.
The estimation of the active power is in need.
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Set G1 and G2 to be full generation in the power flow calculation. With the power flow simulation, the
relation of the renewable power and the power generation from G1 is shown in Figure 5.11.

Figure 5.11 Active power from the renewable power system for the compensation

From the simulation result, if the load increases to 250 MW, 27.75 MW of active power is needed to
compensate the power needed to keep the supply and demand in balance.
b) Voltage situations with pure active power compensation
Based on the renewable power estimation in the previous part, 100 MW from G1, 130 MW from G2 and
27.75 MW from the renewable power system is set in the power flow calculation. The voltage in this
situation is in Table 5.9.
Bus

1

2

3

4

5

6

Voltage level
Real time Voltage
Ratio

230.0000
230.5000
1

230.0000
230.0000
1

219.4155
215.7936
0.9835

217.9050
214.0749
0.9824

216.5758
210.9383
0.9740

214.3728
206.9402
0.9653

Table 5.9 Real time voltage in the system by pure active power compensation
By integrating 27.75 MW of active power compensation, the system is balance in power supply and
demands. However, the voltage in bus 6 is out of the safety range between 0.97 and 1.05 [14]. Thus,
reactive power compensation is needed to achieve the reasonable active and reactive power to achieve the
voltage maintained in the safety range.

Step 3: Reactive power calculation for voltage stability
a) Part 1: Calculate reactive power with the active power from Step
Set the active power as 27.75 MW, the data in the power flow calculation can be shown in Figure 5.9. The
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aim is to get the right value of reactive power.
PG1=130MW

G2

Bus 2

PG1=100MW

G1

Pload2=Pload2+∆Pload
Qload2=Qload2+∆Qload

L3

L2

Bus 1

L1

L7
Renewable
Power System

L6
L4

Pre=27.75 MW

Pload3=Pload3+∆Pload
Qload3=Qload3+∆Qload

Qre=?

Bus 4

Bus 3

Pload4=Pload4+∆Pload
Qload4=Qload4+∆Qload

L8

L5

Bus 5
Pload5=Pload5+∆Pload
Qload5=Qload5+∆Qload

L9

Bus 6
Pload6=Pload6+∆Pload
Qload6=Qload6+∆Qload

Figure 5.12 Expression of the reactive power calculation with the active power calculated
With the set value shown in Figure 5.12 in the power flow calculation simulation, the voltage in the system
will vary depends on the amount of the reactive power compensation is shown in Figure 5.13.

Figure 5.13 Voltage ratio in the system with different reactive power compensation
From Figure 5.13, if the reactive power output from the renewable power system can be maintained
between 4.3 MVar to 54.9 MVar, the voltage in the system is in safety range.
Since the active power variation feature of the Slack bus (Bus 1), the active power needed from G1 is
between 99.39 MW and 99.91 MW. Both of them are lower than the capacity of G1 in Figure 5.14.
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Figure 5.14 Active power needed from G1 with different reactive power compensation
In the realistic situation, G1 should work in full generation. That means it still needs some process to
calculate the exact renewable power with G1 working in full generation.
b) Part 2: Adjust active power to RPCs
With the previous introduction, the average reactive power output is

Qre,chosen 

Qre,max  Qre,min
2



4.3  54.9
 29.6MVAr
2

Corresponding to this reactive power, the generation from G1 is 99.43 MW as shown in Figure 5.12.
The pre-set active power output from renewable power system is 27.75 MW, and the feedback of active
power requires the active power output from the renewable power system to increase by (99.43-100)= 0.57MW.

Pre, final  Pre, set  ( PG1,chosen  SG1 )  27.75  (99.43  100)  27.18MW
By supplying such amount of active power from the renewable power system, the active power needed
from G1 is shown in Figure 5.15.
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Figure 5.15 Active power from G1 with different reactive power under the final active power
The curve verifies that if the power compensation from the renewable power system is 27.18 MW and 35.4
MVAr. The active power generation of G1 is 100 MW, equal to its capacity.
c) Part 3: Verification
The power supplies in the system with the renewable power integration are calculated from the method
introduced in this chapter, and the values are shown in Table 5.10.
Generator

P(MW)

Q(MVAr)

G1

100

27.0562

G2

130

-3.1372

RPC

27.18

35.4

Table 5.10 Voltage in the system by the renewable power compensation
With the power estimated from the method in this chapter, the power supplies are shown in Table 5.7. Using
the power estimated in the power flow calculation, the voltages in the system with the power compensation
are shown in Table 5.11
Bus

1

2

3

4

5

6

Base voltage

230.0000

230.0000

219.4155

217.9050

216.5758

214.3728

Voltage-Overload
Ratio-Overload
Voltage-Final
Ratio Final

230.5000
1
230
1

230.0000
1
230
1

215.7936
0.9835
221.1222
1.0078

214.0749
0.9824
223.8278
1.0272

210.9383
0.9740
218.6807
1.0097

206.9402
0.9653
214.8586
1.0023

Table 5.11 Voltage in the transmission system with the renewable power compensation
All of the voltage in the system is within the safety range of the ratio between 0.97 and 1.05. Thus, the
method designed in this step to estimate the power compensation from the renewable system is reasonable.
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The estimation procedure of the renewable power compensation is shown in the appendix 1.

5.6 Conclusion
The method carried out in this chapter has the function to calculate the renewable power demand from the
renewable power complex. From those cases analyzed in this chapter, the power quality can be improved
either connect the renewable power complex in the bus bar of the distribution system or the substation
level.
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6 Dimension the Renewable Power Complex
Three objectives are founded to design the renewable power system
- Provide the renewable power demand to the system.
- Improve the power quality in the system, e.g. voltage, frequency.
- Use the renewable power source to reduce the emission.
The first objective can be solved by the power flow calculation process introduced in chapter 5. Wind power and
photovoltaic power are used in the system to reduce the emission, as well as the inverter between container and
the grid being designed to improve the power quality. The optimal sizing method for the renewable system will
be introduced in this chapter for the installation

6.1 Components of the renewable power complex
The renewable power system is made up of the wind turbine generation system, the photovoltaic generation
system and the storage system as shown in Figure 6.1.

Figure 6.1 The structure of the renewable power system
DC Bus: The DC bus in the renewable power system is the power exchange center between the WT, PV
and battery system. As well, the power between different components is under DC current and voltage.
Wind Turbine generation system: The AC output of the wind turbine will be transferred by the AC-DC
converter to DC type. The DC power will be exchanged in the DC bus to the storage system or sent to the
load through the inverter.
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Photovoltaic generation system: The DC output from the photovoltaic system will first be improved by
the DC-DC converter to a better quality of DC power, e.g. the voltage level. Then, the power will be
exchanged in the DC bus as the same as the power from the wind turbine generation system.
FESS: The Flywheel Energy Storage System (FESS) is used to smooth the power delivered by WT and PV
which may cause several problems in the power output. To minimize the fluctuations of this power, the
FESS must ensure the compensation of the variations of the wind power. This can be solved by the
Multi-Agent system’s function as the following part will express. [3]
Lead-acid battery: The lead-acid battery is used to charge large amount of the power in the system. And a
DC-DC converter is designed between the battery and the DC bus to improve the power quality.
Battery principles: the total capacity of energy storage system must be a minimum and the system
reliability (normally measured as loss of load probability) should be acceptable.
With the combination of FESS and lead-acid battery, the storage system can smooth the power of the WT
and PV while storing or by restoring energy so that the system behaves like a conventional power plants.
[16]

6.2 Dimension the optimal size by Homer
The objective of this part is to find the best configuration of hybrid system referring to the optimal sizing
and operational strategy of WT and Solar energy that can inject the lowest amount of Total Net Present
Cost.

6.2.1Data for the renewable power system
As described in Section 6.1, the proposed system comprises of WT, PV, energy storage system and inverter.
The local data is taken from Pulau Perhentian Kecil, Terenganu. The latitude and longitude for this island
are 5.91667 (5o55’ 0 N) and 102.733 (102o43’ 60 E), respectively. The life time estimated for this project
is 10 years while the annual interest rate is fixed at 6%. [24]
a) Solar resource and photovoltaic system
The latitude of the island is 5.92 N and 102.73 E as the longitude, with GMT +08:00 as the time zone.15o is
the array slop angle and the array azimuth is 0o referring to the South direction. The life time is20 years for
this PV array system, and the derating factor is 90%, as well as the ground reflectance 20%. The tracking
system for the PV plant is neglected, but the temperature effect is considered. The clearness index and solar
radiation are indicated in Table 6.1.
The size of a PV array system in this renewable power system is 0.055kW, and the capital cost for each
capacity is $510. The replacement cost is $480. Assume the O&M cost to be 0.

45

Dept. of Information Control Systems, KTH, 2011

Serial No.

Table 6.1 The clearness index and solar radiation
b) Wind resource and wind turbine
The average wind speed for this island is shown in Table 6.2 [24].

Table 6.2 The average wind speed
The wind turbine chosen in the simulation is ―Fuhrlaender 100 ― from www.fuhrlaender.de, with 100kW DC,
Rotor diameter 21m, tower 35 freestanding tubular, life time 20 years and hub height 37.3m. The
autocorrelation factor is 0.85 based on the hour-to-hour randomness of the wind speed [24]. The diurnal
pattern strength is 0.26, which represents that the strength of the wind speed and windiest time is 17.
c) Battery
The battery of Hoppecke 24 OPzS 3000 model (3000Ah, 6kWh) with the nominal of 230V is chosen. The
capital cost is $1,890, and the replacement cost is $1,700. The battery stack consists of several numbers of
batteries, as 115 per string for 230V.
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d) Inverter
The AC-DC inverter is used to maintain the energy flow from the DC common bus to the power system.
The size is 1kW, with the capital cost $800, and replacement costs $750. There are 6 different sizes of
inverter, as 60 kW, 70 kW, 90 kW, 110 kW, 130 kW and 150 kW to consider the design of the renewable
power system. The lifetime for the inverter is 15 years, with 90% as the efficiency.

6.2.2Optimization
The proposed renewable power system based on the model in Figure 6.1 can be constructed as shown in
Figure 6.2

Figure 6.2 PV-Wind hybrid system
The Grid is not included in this model, the reason of this is that the purpose of the model in Homer is to find
the optimal sizing of the hybrid system as the power compensation of the distribution system when
overloaded. Thus, the power needed data in Compensation are the data from the SCADA system, under the
―Power flow calculation process‖ described in chapter 5. And with the power needed for compensation as
the inputs load data, the optimal results will be for the compensation purpose.
Assumption
In the real system installation, the power needed for compensation in Homer is from the historical load data
and generations data. By the ―Power flow calculation process‖, the historical power needed for
compensation can be used as the inputs in the model in Figure 6.3. Then the optimal sizing of the hybrid
system can be determined.
The power needed for compensation is assumed in this project, with 1253kWh/day as the primary load, and
197kW as the peak load, shown in Figure 6.3.
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Figure 6.3 Historical power compensation data (Assumption)
Result
The combination of system components is listed from the most effective cost to the least effective cost. The
overall simulation combinations are shown in Figure 6.4.

Figure 6.4 Overall simulation combinations in Homer
Based on a large number of the simulations, the optimization results can be chosen as shown in Figure 6.5.

Figure 6.5 Overall simulation combinations in Homer
From Figure 6.5, the optimal sizing of the hybrid system can be determined for the lowest TNPC, as shown
in Figure 6.5 with $3,000,559
For the realistic system, the optimal sizing process is similar to the work introduced above. First, collect the
historical power compensation data, and then investigate the solar and wind speed data for the simulation.
Apart from that, the types of PV panels and wind turbine should be chosen effectively both for the cost and
the power balance.
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6.2.3Implement method in large scale system
As the case analysis in chapter 5, the renewable power demand is quite high (e.g. 3.3MW) in some certain
period. Compare to that, the capacity of one renewable power complex is very low.
Interconnect a scale of RPCs in parallel is a solution to supply enough power into the distribution system.

Figure 6.6 Integration of a scale of RPCs in parallel
Compared to install a renewable power complex with high capacity of generation (WT, photovoltaic etc.)
and inverter, the interconnected unit with small capacity has 2 advantages.
- The unit made up of several small scale renewable power complexes have higher ability to have flexible
control in the power generation, compared to that made up of one large scale micro-system.
- The price of large storage system and inverter is quite high compared to the ones with small scale.

6.3 Dispatch rule in the renewable power system
With the optimal sizing process introduced in section 6.2, the combination of the components in the system
can be certain. But in the real time systems, the power dispatch within the WT, PV and storage system
should be implemented in order.
Low cost and low emission are the main merits to install the renewable power in the power system. The WT
and PV power depend on the weather situation, thus they have the same feature of uncertain power
generation. While, in each time interval, the renewable power output are assumed to be constant in this
project. How to dispatch the power among WT, PV and storage system efficiently is a key problem for the
control method of the renewable power system.
The principle of the deployment process is to reduce the charge and discharge process in the battery, which
will cause power losses.
The marginal cost of the WT and PV power is the lowest, and the process of power charge and discharge in
the battery will cause losses. Thus, the WT and PV power will be used to be as the output firstly, and the
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battery plays a role to support the residual power.
The main dispatch rule is shown in Figure 6.7.
Start

Pre,final and Qre,final are estimated by
the renewable power estimation
process.

Finished by the power
estimation process

Measure Pwind Qwind Ppv Qpv

Yes

Over supply:
Pout=PWind+Ppv>Pre,final,?

No

No
Charge the battery
PWT+Ppv-Pre,final

Battery supplies Pstorage=Pre,finalPout to meet safety input.
Pout=PWT+Ppv+Pstorage

Supply Pre,final to
distribution system

Pout=Pre,final?

Yes

Optimal sizing sucessful

End

Figure 6.7 Dispatch rule in the renewable power system
The dispatch rule can be described in several phases:
- The renewable power needed is calculated by the power flow calculation in chapter 5.
- After measure the power generation in PV and WT system, compare if the power generation from PV and
WT can afford the power compensation. If the PV and WT power is enough, supply the required amount of
active and reactive power to the transmission system. And store the rest of WT and PV power in the storage
system.
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- If the power generation from WT and PV system is lower than the required power compensation, the
battery will compensate the residual power needed. And there is a feedback in this step to verify the power
output is equal to the power compensation needed.
With the rules described above, the power dispatch process in the renewable power system can be fluent.

6.4 Design the control system of the PWM inverter
The DC-AC inverter in the interface to distribution system can be improved to adjust the power output to be
a required frequency, required amount of active and reactive power. This is a kind of way to improve the
power quality from the renewable power system.

6.4.1Frequency control by the PWM inverter
The main responsibility of the PWM is to transfer the DC power into the AC power output to the
distribution system. By setting the switching frequency inside the PWM inverter, the frequency of the AC
output can be adjusted to a certain value (e. g 50Hz, 60Hz).
The details about how to adjust the frequency of AC output to the required frequency will not be mentioned
here, but the theory can be found in [20].

6.4.2Constant power control and constant current control
For some technology reasons, the renewable power output cannot adjust to the required value immediately.
That needs the control system inside the renewable power system and the PWM inverter to adjust the power
output. The signal from the SCADA of the Grid will send to two components in the renewable power
system.
a) The control center of the Grid will send the required active and reactive power signal to the control
system of the renewable power system. WT, PV and storage system will be dispatched to supply the
required power.
b) The constant power control and constant current control system can be designed to achieve the required
renewable power output. Thus, the required active and reactive power signal will send to the control system
of the PWM inverter as well to adjust the power output.
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Control
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Constant Power
Control

Control system of
PWM inverter

2.To the control system
Pre,final,Qre,final
Estimation of renewable
power compensation

Figure 6.8 Control system of the PWM inverter
The constant power control system is used as the outer-loop system, and the constant current control system
is the inner-loop system.
Constant power control
The constant power control system is used in the outer-loop of the system as shown in Figure 6.9.

Figure 6.9 Constant active power control (a) and constant reactive power control system (b)
The real time power supply from WT, PV and storage system is P and Q, while the required power is the
reference input of the system. The output of the system is the reference current, which is the input of the
constant current control system.
Constant current control
The simplified method is from [17] with the reference current from the constant power control system and
the real time current measured in the AC output line of the PWM inverter. Thus a current feedback is shown
in the logical graph to adjust the current output from the system to be the required current, as shown in
Figure 6.10.
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Figure 6.10 Constant current control system

6.4.3Simulation the control system in SIMULINK
In the simulation circuit, the inductance is chosen as L=5.61mH, and the equivalent resistance is R=0.2Ω.
Thus, set ki and k p the value below.

ki =1

k p=36

The constant current control system in the SIMULINK is in the Figure 6.11.

Figure 6.11 The constant current control system in SIMULINK
The constant active (reactive) power control system in the SIMULINK is in Figure 6.12.

Figure 6.12 Constant active (reactive) power control system in SIMULINK
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Assume the active and reactive power estimated needed from the RPC is 3.3 MW and 1 MVAr. Thus, set
the real time power output 3.2 MW and 0.9 MVAr, and at the time of 2s, the power compensation changed
to 3.3 MW and 1 MVAr. The power outputs in the simulation are in Figure 6.13 and 6.14.

Figure 6.13 Active power adjust from 3.2 MW to 3.3 MW at time 2s

Figure 6.14 Reactive power adjust from 0.9 to 1 at time 2s
From the simulation, the active power is adjusted from 3.2 MW to 3.3 MW at time 2s. As well, the reactive
power output is adjusted from 0.9 MVAr to 1 MVAr at time 2s. The control system designed can be used to
improve the power quality for the renewable power system
The PWM control system in the simulation has a big change of the power, e.g. from 3.2 MW to 3.3 MW.
Actually, that is not possible to use such a big difference in the installation. The reason to simulate such big
value is just to make the result more obvious. But for small amount of power difference, the control is
practical as well.
Furthermore, the price of a PWM with the high capacity control system is usually quite high in the market.
The products can be used in this system should be with small capacity. Apart from that, the control system
between WT, PV and the storage system is important to make the output with high quality.
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7 Design the Automation Systems
With the purpose to have an efficient and reliable control system to improve the power balance, all the data
should be collected and acquired directly. Thus, the logical nodes in IEC 61850 are used to measure and
protect the system.
As has shown in Figure 6.1, the system can be simplified into three main parts, the system generators, the
load and the renewable power system, respectively. These three parts are mapped by IEC 61850 into logical
hierarchy to fulfill the data collection and acquire.
IEC 61850-7-4 is for the basic communication structure for substation and feeder equipment. [8]. IEC
61850-7-420 will be used to implement the data communication in the RPC system.
Considering about the functions are for maintaining the power balance and voltage stability, the logical
mapping will focus to fulfill these functions. Other functions will not be mentioned in this chapter.

7.1 Logical hierarchy for the distribution system
The purpose of the project is to keep the power in balance in the distribution system. By the maintaining of
the generation, the voltage will be controlled as well. Thus, the control process in the distribution is shown
in Figure 7.1.

ITCI:
SCADA

Protection:
Over power

Measure the load:
P, Q, U, I and f
Protection:
Under power
Control System of
the load
Protection:
Over voltage
Alarm

Protection:
Under voltage

Figure 7.1 Control process in the distribution system
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As shown in the process, the control system needs 3 steps to make the system in power balance.
a) Measure: Measure the active power and reactive power consumption in the distribution, as well as the
voltage.
b) Protection: Compare the real time power consumption with the power supply from the transmission
system. Moreover, judge the real time voltage whether it is within the safety range,
c) Communicate with other components in the system: Send the message to other parts of the system
through Ethernet about the information of power protection or voltage protection.
The process about keeping power balance and improving the voltage quality under IEC 61850-7-4 is shown
in figure 7.2.
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Figure 7.2 Logical hierarchy for the distribution system
The logical hierarchy in the system can be divided into 3 parts as measurement, protection and information
communication with SCADA as well.
a) Measurement
TCTR – Current transformer
The current and is delivered as sampled values. This logical node can measure the current through the
transformer, by the data type of „Amp‟.
TVTR – Voltage transformer
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The voltage is delivered as sampled values. This logical node can measure the current through the
transformer, by the data type of “Vmp‟.
MMXU – Measurement
This LN shall be used for calculation of currents, voltages, powers and impedances in a three-phase system.
The total active power, reactive power, frequency can be measured by MMXU, as the data “TotW”,
“TotVAr”, “TotVA”, “Hz” and “Z”.
The transformer is fixed between the substation and the distribution networks. The key data measured in the
transformer can stand for the situation of the whole distribution system. Measure the current and voltage by
TCTR, TVTR. Then have a data submit to MMXU, which will mix the whole relevant data for example
active power, reactive power, impedance and the equivalent impedance of the distribution. All the data will
be sent to the control centre of the substation system, for the use of further local control and as the database
to send to the SCADA system.
b) Power protection
PDOP – Directional overpower
This LN shall be used for the overpower part of PDPR. And a reverse overpower function will be
implemented when the DirMod is set to reverse.
PDUP – Directional under power
This LN is used as the underpower part of PDPR. As well, the reverse underpower function will be fulfilled
when the DirMod is set to reverse.
By comparing the real time load and the real time power supply in the local distribution area, a judgment
about over or under power will be given from these LNs. And the message will be sent to the SCADA
system, as a data resource for the power flow calculation process introduced in chapter 5.
c) Voltage protection
PTOV - Overvoltage
This LN is used to judge whether the voltage is over the set value or not, as the data StrVal.
PTUV - Undervoltage
This LN is used to judge whether the voltage is under the set value or not, as the data StrVal. AVCO –
Voltage control
This LN shall be used for a voltage controller independent of the control method being used, as the data
TapChg.
With the protection information from the substation, the SCADA system will command the generators to
change the reactive power supply, which will maintain the voltage.
c) Telecontrol interface
ITCI is used to exchange the data with other components in the transmission system, which can be known
as the interface with the substation other components in the transmission system.
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7.2 Logical hierarchy for the generators
The control process of the generators is in Figure 7.3.
ITCI:
Load
Measure the
generation:
P, Q, U, I and f
Generation Control

SCADA system

Integrate the renewable
power system
Alarm

Figure 7.3 Control process of the generators
Apart from the function of measurement, the generation is controlled by the SCADA system. The SCADA
system will decide whether the renewable power system should supply the power as well.
a) Measurement
b) Generation control
c) Voltage control
d) Communication with other components
The logical hierarchy to implement the function is in Figure 7.4.
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Figure 7.4 Logical hierarchy for the generator
With the data of generation measured from the generators, the control system will have decision of the
generators control after comparing the generations with the real time load from the distribution.
a) Measurement
Similarly, the modulation made up of TCTR, TVTR and MMXU are used for the measurements of the
generation systems, which is focusing the transformers between the generation system and the transmission
systems.
b) Generation control
ZGEN - Generator
This LN has the function of control the generator and change the power generation, by GnCtl, ReactPwrR,
ReactPwrL.
ZGEN is used to have some mathematical operation between the generations and the total (as shown in
chapter 6), and then have a determination about whether the generators needs to increase or decrease the
generators.
c) Voltage control
The system voltage can be controlled by different power supply from the generators. Thus, the generators
can maintain the voltage stability by supplying some reasonable power from the ―Power flow calculation‖
into the system.
d) IHMI and Telecontrol interface
ITCI is responsible to exchange the data and all the data exchange with other components in the power
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system.
Further, the data of generation and load submitted into the SCADA will help to consider whether the
renewable power system should be integrated to compensate the power.

7.3 Logical hierarchies for renewable power system
IEC 61850-7-420 defines the information models to be used in the exchange of information with distributed
energy resources (RPC), which comprise dispersed generation devices and dispersed storage devices. [9]
As has introduced, the renewable power system contains the WT generation system, PV generation system,
storage system and the output inverter. Each part has its own function, which means the data exchange
architecture can be built by 4 parts as well.
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Figure 7.5 Overview of the logical hierarchy for the renewable power system
The logical nodes in Figure 7.5 show the status value of the component, and some key LNs in the control
process.
Premise
The measurement functions in this system focus in the Electrical Common Points between each sub-system
and the DC common bus. Since in this project, the data of the real time generation and dispatch rules are
emphasized to control the power output of the renewable power system, the control processes inside the
WT generators, PV panels and the energy storage system are not considered.
There is only 1 IHMI in the control system and the logical hierarchy in each component e.g. WT, PV and
energy storage system will have the functions mapped by the LNs, respectively.
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7.3.1Logical hierarchy for WT system
The WT system contains the wind turbines, the circuit switch, the rectifier and the circuit breaker in Figure
7.6.
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Power System
Measurement

IEC 61400 - 25
Switch controller

Circuit switch

Rectifier
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Switch controller

Rectifier

MMTR
Metering

ECP

WT

Figure 7.6 Logical devices and logical nodes for WT system
The IEC standard series 61400-25 provides a solution for access to wind power information with
standardized data names and semantic. It gives possibilities to procure monitoring and control solutions as
separate parts, and to use a single system to store, analyze and present wind power information. [21]
In Figure 7.6, the basic logical nodes to describe the status are stated. IEC 61400-25 is used to control
within the WT, which is not covered in this project.
With the collaboration of the different utilities, the function about measurement, rectifier control, WT
output control, and connection control are shown in Figure 7.7.
Rectifier:
Output setpoint

Measure the WT:
P, Q, U, I and f

Control system of RPS:
Dispatch

WT output target
setpoint

Breaker:
Connect or not

Alarm

Figure 7.7 Control process of WT system
Logical nodes from IEC 61850-7-420 can be cooperated to realize the functions above. The logical
hierarchy for the WT system is in Figure 7.8.

61

Dept. of Information Control Systems, KTH, 2011

Serial No.

IHMI

ITCI

CALH
GrAlm
GrWrn...

P, Q, U

MMDC
TotW
TotVAr
TotVA
Hz

DOPA

DOPM

DRCC

OpModPM
OpModExIm

OutWSet
OutVarSet
LocRemCtl
LodModFol

OpModPM
OpModExIm

CSWI
Loc
OpCntRs
Pos
OpOpn
OpCls

XCBR

ZRCT

Pos
BlkOpn
BlkCls

OutWSet
OutVSet

CILO
EnaOpn
EnaCls

XSWI
Pos
BlkOpn
BlkCls

Figure 7.8 Logical hierarchy for WT system
There are total four functionalities shown in the logical hierarchy.
a) Measurement
MMDC – Measurement of intermediate DC
MMDC, IRAC and CALH used in ECP can measure the voltage, current, active power, and reactive power
in the power output.
In this domain, the parameters of the WT power output can be measured, and submitted into the control
system.
b) WT output setpoint
DRCC – DER supervisory control
This LN defines the control actions for output power setpoint, by OutWSet and OutVarSet.
DOPM – Operating mode at ECP
This LN is used to set actual operating mode at the ECP. The wind turbine is driven by energy source (e.g.
solar, water flow) by setting OpModPM.
The wind turbine generators will receive the output power setpoint from the dispatch process in the control
system.
c) Rectifier control
ZRCT - Rectifier
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The rectifier converts the WT output AC to intermediate DC. This LN defines the characteristics of the
rectifier. By setting OupWSet and OutVSet, the output power and output voltage can be set.
d) Connection control
DOPA – DER operational authority at the ECP
The LN is to used to consider the authority to connect the ECP to common DC bus, by setting ECPOpnAuth
and ECPCIsAuth.
CSWI – Switch controller
This LN is used to control all switching conditions above process level.
CILO - Interlocking
This LN is for switching operation if the interlocking conditions are fulfilled.
XCBR – Circuit breaker
XCBR is used for modeling switches with short circuit breaking capability.
XSWI – Circuit switch
XSWI is used for modeling switches without short circuit breaking capability.
Both the closing and opening commands of XCBR and XSWI shall be subscribed from CSWI. Thus the
function of connect the ECP can be fulfilled.

With the logical function described above, the WT system can receive the dispatched power requirement,
and set the output power and voltage under the dispatch rule introduced in chapter 6. The rectifier can
transfer AC to DC output with certain voltage level. Besides, the system can be disconnected by the breaker
for self-protection as well.

7.3.2Logical hierarchy for PV system
The PV generation system contains the PV panels, the circuit switch, the DC-DC converter and the circuit
breaker in Figure 7.9.
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Figure 7.9 Logical devices and logical nodes for PV system
The function about measurement, converter control, PV output control, and breaker can be realized by the
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collaborated of the utilities. The functions are shown in Figure 7.10.
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Figure 7.10 Control process of PV system
According to the function described above. The logical hierarchy for the PV system is in Figure 8.11.
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Figure 7.11 Logical hierarchy for PV system
There are total four functionalities shown in the logical hierarchy.
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a) Measurement
MMDC – Measurement of intermediate DC
The power elements can be measured by MMDC in ECP, e.g. output voltage, current, active power and
reactive power.
b) PV output setpoint
The PV system receives the required power output from the control system of the RPS, and by DRCC and
DOPM, the power output setpoint is set in the system.
c) DC - DC converter control
The DC - DC converter in the PV system is used to set the output point, and maintain the voltage level as
well.
In logical nodes hierarchy, the DC - DC converter is made up of inverter and rectifier.
ZINV – Inverter
ZINV defines the characteristics of the inverter, converts DC to AC. The output power and frequency can be
set by OutWSet, OutVarSet and OutHzSet.
ZRCT - Rectifier
The rectifier converts AC to intermediate DC. This LN defines the characteristics of the rectifier. By setting
OutWSet and OutVSet, the output power and output voltage can be set.
With the collaboration of ZINV and ZRCT, the DC power from the PV panels can be converts into the
power with required voltage.
d) Connection control
The logical hierarchy of measurement, PV output setpoint and control are implemented with the same
logical nodes hierarchy as WT system. DOPA is responsible to control the disconnection signal. And, by
using the modulation of CSWI, XCBR, CILO, XSWI, the connect/disconnect can be implemented.

With the dispatched power required from the control center of the renewable power system, the output
power from the PV system can be controlled by the logical hierarchy shown above. And the power output
can be required by the dispatch rule from the control system by ITCI. The system can be disconnected by
the breaker for self-protection as well

7.3.3Logical hierarchy for storage system
The storage system contains the battery, the circuit switch, the DC-DC converter and the circuit breaker in
Figure 7.12.
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Figure 7.12 Logical devices and logical nodes for storage system
The function about measurement, DC-DC converter control, battery charge/discharge control, and
connection control can be realized by the collaborated of the utilities. The function is shown in Figure 7.13.
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Figure 7.13 Control process of the storage system
According to the function described above. The logical hierarchy for the storage system is in Figure 7.14.
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Figure 7.14 Logical hierarchy for the battery system
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There are total 5 functionalities shown in the logical hierarchy.
a) Measurement for the power delivered in the ECP
By using the MMXU, the DC power and DC voltage in the ECP can be measured, and sent to the control
system for a further deal.
b) Measure the power in the battery
ZBAT – Battery system
ZBAT is used to measure the external/internal battery voltage and current, thus the amount of power stored
in the battery can be known.
ZBTC – Battery charger
ZBTC is used to measure the charging voltage and current in the battery.
With the measured data by ZBAT and ZBTC, the power stored in the battery can be considered, which can
be the base data source for the power dispatch process.
c) DC - DC converter control
With the collaboration of ZINV and ZRCT, the DC power from the both sides of the converter can be
converts into the power with required voltage.
d) Charge/discharge control for the battery
ZBAT – Battery system
It can be set to turn on the battery if required from DRCC. And the charge and discharge action will be
decided by the value of the setpoint, e.g. if the power setpoint is positive, the battery should discharge, and
if the power setpoint is negative, the battery should charge power.
Further, the output power setpoint from DRCC can give the command to the DC-DC converter, and the
converter can control the required power with certain voltage.
e) Connection control
With the command from the control system of the container, the storage system will connect or disconnect
with the common DC bus, which can be implemented by the control function of DOPA. Then, CSWI, CILO,
XCBR and XSWI will performance the command.

When the generation from WT and PV is larger than the total renewable power needed, the rest of WT and
PV power output will be stored in the battery. If they are less than the renewable power required from the
SCADA system, the storage system will begin to discharge to make the power output of the container to be
equal to the power needed.
The measurement in the ECP is used to maintain the power output to be suitable for the power needed. And
the measurement inside the battery is a need to know the power storage in the battery as a basement for the
dispatch analysis.
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In all, the power action from the battery system can be controlled by the logical hierarchy shown above.

7.3.4Logical hierarchy for output control system
The output control system contains the inverter (contains exciter and synchrocheck), the switch and the
circuit breaker.
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Figure 7.15 Logical devices and logical nodes for output control system
The function about measurement, inverter frequency control, inverter voltage control and connection
control can be realized by the collaborated of the utilities. The function is shown in Figure 7.16.
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Figure 7.16 Control process of the output control system
According to the function described above. The logical hierarchy for the output control system is in Figure
7.17.
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Figure 7.17 Logical hierarchy for the output control system
The control center as IHMI of the renewable power system is in this part. There are total 4 key
functionalities shown in the logical hierarchy.
a) Measurement for the power delivered in the ECP
By using the MMXU and MMT, the DC power and DC voltage in the ECP can be measured, and send to the
control system for a further deal.
b) Frequency/Voltage difference measurement and frequency control
RSYN – Synchronism-check or synchronizing
RSYN has 2 functionalities in this system. As a measurement by DifVClc, DifHzClz, it can measure the
voltage and frequency difference of the output power, which is the base data for the voltage and frequency
feedback control.
The other function of RSYN is it can be used to maintain the voltage and frequency by RV, LV, RHz and
LHz.
DEXC - Excitation
The logical node of DEXC provides settings and status of the excitationn componenets of DER devices. The
voltage set-point (SetV) can be controlled DEXC.
c) Output power setpoint control
With the output power setpoint from DRCC, the command of output power will be implemented by DGEN
and ZINV.
In this step, DGEN can be performed as a dispatch control node, which will give the command of ZINV can
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be used to improve the power output by the output active and reactive power setpoint.
d) Connection control
With the command from the SCADA system of the grid, the renewable power system will integrate into the
system, which can be implemented by the control function of DOPA as well. Then, CSWI, CILO, XCBR
and XSWI will performance the command.

The control system of the renewable power system receives the power command from the SCADA system.
With the aim to integrate good quality power into the distribution system, the container will have a power
dispatch simulation based on the real time generation and power storage in the WT, PV and storage system.
Then, WT, PV and storage system will set the power output to fulfill the dispatch requirement. With the
inverter in the output bus, the power output will be maintained in constant output and certain voltage,
frequency.

7.4 Logical hierarchy for the power system
There are several voltage levels in the power system. The general layout of one ―RPS - Load‖ based on a
layered control hierarchy using distributed technology is indicated in Figure 7.18.
The general purpose of this layout is to ensure that distribution agents can exchange data frequently with
the agents in the same level, and have the data communication directly. Similarly, the power exchange can
be improved among different ―RPC - Load‖ in the distribution networks. Moreover, the SCADA system in
a higher level distribution company can receive the data from the agents as well.
The previous sections have described the logical hierarchies for the simplified model, which is illustrated in
Voltage Level 3.
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Figure 7.18 Logical hierarchy for the power system
The simplified data communication model can be stands by the combination of ―RPC - Load‖ in Voltage
Level 1. There will be several ―RPC - Load‖ in one distribution network. Thus, the distribution network
under Voltage Level 2 is made up of several ―RPC - Load‖ agents. The new Load agent in Voltage Level 2
70

Dept. of Information Control Systems, KTH, 2011

Serial No.

combines the RPS again to be a new ―RPC – Load‖ agent. Different agents in this voltage level will have
data communication with each other. So they can compensate the renewable power for each other by the
data communication directly with each other. This has reduced the requirements in data exchange to the
SCADA control center.
The communication method based on IEC 61850 can be expanded to use in the whole system with the
layout shown in Figure 7.18.
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8 Conclusion
The process of the method is shown in Figure 8.1.

Figure 8.1 Framework of the method
The process can be divided into several steps:
Step 1:
With the purpose to connect the renewable power complex into a certain distribution system, the optimal
size of the system for installation should be analyzed. The part of ―Dimension the optimal size of the RPC‖
has an introduction about the method of dimension the RPC.
Step 2:
With the parameters measured from the system, the SCADA system will implement the ―Power flow
calculation‖ to consider whether the renewable power should be integrated. If the integration is a must, the
amount of active and reactive power is calculated by ―Power flow calculation‖ as well.
Step 3:
With the data output from ―Power flow calculation‖, the ―Automation systems‖ will translate the data into
common hierarchies. And the common data will be sent to the renewable power complex.
Step 4:
With the required power sent to the renewable power complex from the ―Automation systems‖, a dispatch
process will be implemented among WT, PV and the storage systems. And by the control function of the
PWM inverter, the renewable power complex will supply the required power into the system.
The process described gives a whole map of this project. And the power quality in the system can be
improved by this method.
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In all, the work can be concluded by the goals set in the beginning of this project.
Goal 1: Suggest methods for stabilizing and protecting the distribution systems, and identify it in a
special case.
The problem in the system is mainly the power balance, voltage stability and frequency stability.
Considering about the features of power flow in the system, the frequency stability is related to the active
power balance. And the voltage stability is influenced by the reactive power balance. Thus, in order to keep
the voltage in the safety range, the power supply should be equal to the power consumption in the system,
which is implemented in the power flow calculation. The method in chapter 5 has carried out a reasonable
power flow calculation process to find the power compensation from the renewable system to the
distribution system, and achieved in keeping the voltage in safety range.
Goal 2: Study the components of a renewable power complex, including the optimal sizing method for
installation, and the power dispatch rule within the system to supply the required power to the grid.
By receiving the required amount of power demand from the SCADA system, the renewable power system
should supply the specified power output in the time interval. WT, PV and energy storage system is
designed to be the key components in the renewable power system in chapter 6.
Before the installation of the renewable power system, the size and combination of the system is determined
by optimal sizing in Homer, which suggested a method to estimate the optimal sizing of the renewable
power system by the investigated data of wind speed, solar power, load, and power supply.
With the purpose to supply constant power output in the time of receiving the power required, the dispatch
rule is designed in the system to inject the aimed power output.
Furthermore, a control system for the PWM inverter has been designed to adjust the power output to the
constant active/reactive power. The feasibility has been analyzed in chapter 6 to achieve the aim power. The
output frequency can be set in the PWM inverter.
Goal 3: Suggest information model throughout the reference system to describe the low level structure
and functions, collaborated by the logical nodes described in IEC 61850-7-4 and IEC 61850-7-420.
The data communication process in this project is responsible to measure the elements in the system, and
send them to other parts of the system or the SCADA system directly. By this procedure, the function
model such as power protection and voltage protection can be achieved by the generation regulation. All the
work is solved by the logical hierarchies mapped by logical nodes from IEC 61850-7-4 and IEC
61850-7-420.
The data system is analyzed in two levels. The first level is a simplified model with the load, primary
generators and the renewable power system. Each part has been mapped by the collaboration logical nodes
to fulfill the functions. And the components of WT, PV, energy storage system and inverter are modeled by
the logical nodes respectively, since all of them have the particular structures and functions. The second
level is an overview of the power system from the view of data communication.
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9 Future Work
The project has the power flow calculation and the power dispatch process studied in two separated
domains. And there is a time difference between the real time measurements and the power compensation
process, which will inject some power errors.. The data communication process and the control rule within
the renewable power system need to be improved. In the future, the work below should be deeply studied.

9.1 Methods combination
It is a need to have a combination of all the methods carried out in this thesis work, and have a simulation in
the real system. With the data extracted from the data model accessing in the real power system, the
estimation of power compensation in SCADA system is implemented to calculate the power needed in the
system. Then, followed by the dispatch rules in the renewable power system, the required power is
integrated into the power system. It is a must to measure the real time voltage in the system after the
compensation to verify the project work.

9.2 Access IEC 61850 with IEC 61400-25
The data models designed in renewable power system is focusing on the ECP s. The generation commands
from the control system will send to the WT generation system. While, this commands can’t control the
wind turbine directly since IEC 61850 doesn’t have the logical nodes to implement the functions in the WT.
Thus, the IEC 61850 along with its extension, IEC 61400-25, is a complete solution to access wind power
related information to the data system, which will improve the communication to be more complete.

9.3 Sensitivity analysis for the renewable power system
The installation of the renewable power system needs a reasonable capacity. This can be solved by optimal
sizing process implemented in Homer as introduced in literature [19].
While, the effects of uncertain inputs such as wind speed, global solar should be considered by sensitivity
analysis for different purposes to achieve the combination with the lowest TNPC.
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9.4 Control system in the renewable power system
The communication models and the dispatch rules for the renewable power have been designed. While,
with the purpose to fulfill the dispatch process, the control system should have a good access with the
components in the renewable system. This could be another topic for a future research.
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11 Appendix
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Figure a1. The power flow calculation procedure for the renewable power compensation
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