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ABSTRACT

The dynamic nature of distributed generation (e.g. from wind) makes to design a control
system for wind turbines that utilize wind energy. The design of a wind turbine control
system becomes more difficult when the system is operated in grid-connected mode. The
major i sues include connection standard, control system complexity, cost and required
instrumentation. A low cost control system and its associated instrumentation
development is very important for commercial success of a small grid connected inverter
based wind turbine. The proposed grid connected inverter based remote control sy tern i
a good candidate for distributed generation system such as a small wind turbine.

The main purpo e of this research i to present a novel remote power control for a small
single phase grid connected inverter using a DC-DC converter and an ADRIOl serial
data acquisition card. Before grid connection characteristics of the inverter are
programmed for a desired input DC voltage for generating the output electrical power.
Input de voltage of the inverter is adjusted by controlling the DC-DC converter. A PC is
employed to receive the required output power signal from a di patch center via the
Internet. The PC determines the power being fed by the inverter to the grid and uses an
ADRl 0 I to control the de-de converter to adju t the power flow to the grid.

II

The performance of the developed control system investigated both in simulation and
experiment. DC power supply is used at generation side and inverter output at grid side is
adjusted based on an existing data file in PC. A PI controller is designed which makes
sure that power flow is always the same as required by the electrical power dispatch
center.

The applicability of the proposed remote control system based on a 250 watts grid
connected inverter is demonstrated through a number of lab tests. The results show the
designed control system is capable of remotely controlling the system power of the grid
tie inverter.
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Chapter 1: Introduction and literature review

1.1 Introduction

There are two components in the electricity supply system, which are the electrical
power generation and the electrical power distribution to various load. The
conventional power generation part is usually synchronous-generator that mechanical
power into electrical power or a device that can convert solar or wind powers into
electrical power [ 1] . In the case of large generators electrical connections will include
a transmission network and a distribution network. Electrical connection between
energy converter and transmission lines may be direct or through an inverter.

The term of distributed generation (DG) (also called decentralized energy [2]) or
distributed energy is a method of generating electricity from numerou

mall ources,

such as photovoltaic, fuel cells, wind turbines etc. that are close to the point of
electrical power de livery. It is expected that distributed generation wi ll be common in
future's power systems as a result of the beginning of competition in the electric
industry

along

with

the

increased

environmentally friendly resources.

demand

to

generate

electricity

from

The concept of distributed generation was

(re)introduced by the Electric Power Research Institute (EPRI) in the early 1990s.
EPRI defines distributed generation as "the integrated or standalone use of mall

1

modular resource by utilities, utility customers and third parties in applications that
benefit the electric system, specific customer or both" [3]. A number of other
definitions have been formulated in the literature (e.g. [4,5]) as well leading to some
confusion. Therefore a general definition for distributed generation was suggested
recently in [6]. It ha been defined there as "electric power generation within the
distribution network or on the customer ide of the network." An example of a future
power ystem with different types of distributed generation, including some form of
energy storage, is shown in Figure 1.1 .
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Fig. I.!: Example of a future power system with distributed generation
(http://fec.eng.mona h.edu.au/2005)

Distributed generation reduces power losse in distributing and delivering electric
power because the electric power is usually generated clo e to delivery points. It also
reduces the number of power lines that have to be constructed. In general, power
2

electronic interfaces are required to connect distributed generation units with the
utility grid. State-of-the-art power electronic interfaces usually comprise a voltage
source inverter to establish a DC to AC conversion.

DG became almost extinct in the period before 1990. The primary reason for this was
that the econornie

gained by building larger power stations outweighed the

additional costs of transporting the electricity to consumers. In 1993 and 1994 there
was just 1.2GW of distributed independent generation in England and Wales and
107X106 GW energy consumed from non-renewable energy sources. Distributed
independent generation has grown to over 12GW today [7). The Energy Networks
Association now collect data on DG activity and publishes it quarterly on it website
[8]. The fundamental benefit of DG remains that it promises significant reductions in
electrical power distribution and delivery cost. The precise potential for efficiency
gains and emissions savings varie depending on the generation technology and the
location of the generation unit. Modem society widely depends on fossil energy that
speed up global warming by emitting environmental pollutants such as C02, NOx,
SOx ga es, etc. Renewable energy is a good remedy to decrease environmental
problems resulting from fossil energy. Renewable energy generation system range
from I kW to several hundred MW levels which are normally connected to a main
power grid as a distributed generation (DG) system [9]. Technologies using
renewable energy ources often need to be located distantly from consumers to take
advantage of localized energy resources. In general, as smaller generation
technologies reduce their capital and operating co t compared with larger generators
3

their distribution and delivery benefits will encourage their further growth. There are
a number of DO technologies. Some are tried and tested but others are new
developing technologies. DO technologies include fossil-fuelled devices as well as
those that use renewable fuels. Small DO technologies in the range of lOOkW such as
wind turbines, photovoltaic and fuel cells are currently gaining wide interest. Low
cost power conditioning units (PCU) erve a

interfaces between the distributed

energy source and the grid [10]. The PCU conditions the source energy appropriately
to meet the grid requirements. Indeed a PCU forms an integral part of any distributed
generation system. The operation of a PCU depends upon the voltage magnitude and
characteristics of the source being interfaced to the grid. Depending on the voltage
level, the PCU may be required to "buck" or "boost" the available DC voltage to meet
the grid voltage requirements. In addition to this, it should also condition the
available DC power into high quality AC required to perform specific functions such
as reactive power control [11] and maximum power point tracking [12]. Depending
on the number of power stages used, a PCU may be a single or multistage
configuration. Multistage PCUs offer a higher degree of freedom (more control
variables), enabling easy implementation of several control functions (e.g. MPPT,
reactive power compensation, active power filtering, etc.). For inverter-based
distributed generation systems the inverters are connected to the existing grid;
therefore, the voltage cannot be controlled. [ 13].

This research focuses on the remote control of inverter based distributed generation.
A many distributed generation systems are connected to the grid through inverters,
4

these need to be controlled to maintain a stable grid. Controlling the a sociated grid
tie inverter can control the output power fed by a distributed generation system to the
grid.

1.2 Literature Review

A small directly grid connected system with higher efficiency does not requue
complex power electronics for it control. The power electronic technology plays a
vital role to meet the requirements of power quality, including: frequency, voltage,
control of current, active and reactive power, harmonic minimization etc. The power
systems consisting of the distributed genera6on units may have frequency and voltage
control problems. However, the realization of control strategy for grid connection
operation in different real-time situations is very important and further research is
required to improve controlling performance.

According to past research, a proper control sy tern make the distributed
generation more reliable. A proper reactive power control of grid connected
distributed generation will cause no extra pre sure on the DG system. The system
voltage control plus a Q-V droop regulation [14] is shown in Figure 1.2, where the
voltage-reactive power control is combined with the Q-V droop control. The y tern
output voltage is closely related to reactive power; therefore the voltage control is
implemented by regu lating the reactive power generation. The voltage control follows
a Q-V droop characteristic, i.e. the unit will adjust its reactive power generation on
5

consumption to maintain its output voltage. Also, other generation units will change
their reactive power generation in response to the system voltage variation.
Eventually the system reactive power will arrive at a new steady state. Voltage reactive power controller is implemented by proportional-integral (PI) controller.

Vm
Vm,ref

Vom
+

PI

DG unit and r---.-----7 Qm
power system

Q-V droop -

Voltage-reactive power control
Km,v

Fig.1.2: Q-V droop plus voltage-reactive power controller.

The DG control unit will control the system voltage by,

Ym= Yom- Km,v Qm
Where,

Yom= System voltage at unit power factor
Qm= Reactive power
Km,v is the reactive power droop coefficient of the DG unit.

6

The reactive power of the unit has to be controlled to achieve the reference
voltage. The current control technique and its implementation has been found in [ 15],
[ 16]. By using resonant controllers [ 17] for both the current regulation in gridconnected control mode, as well as the voltage regulation in tand-alone control
mode, zero steady-state error and fast transient response can be achieved. Re onant
controller are also used to implement selective harmonic compen ation [ 18]. For
connecting the DG system to the grid, a high-performance phase locked loop (PLL)
structure for single-phase systems is presented with different ways. The PLL structure
is implemented with a transport delay and an orthogonal filter. The transport delay is
used to generate a virtual quadrature signal and the delay is adju ted in order to give a
90 degrees phase-shift with respect to the fundamental frequency of the input signal.
A single phase voltage (V ~) and an internally generated signal (Va) are u ed as inputs
to a Park transformation block ( a~-dq). The d- axis output of the Park tran formation
is u ed in a control loop to obtain phase and frequency information of the input
signal. V a i obtained through the use of an inverse Park tran fonnation, where the
inputs are the d and q-axis outputs of the Park transformation (dq-afJ) fed through
first-order pole blocks. The poles are used to introduce an energy storage element in
the internal feedback loops. Figure 1.3 show

ingle phase PLL based on the use of a

transport delay [19].

7

Vd
dq
Vq

v

v
Delay

Fig.l.3: Single-phase PLL algorithm based on the use of a transport delay to generate
the quadrature signal.

Orthogonal filter, which has been proposed for three-phase systems (20] (also
referred as a multivariable filter), is employed for improving the PLL performance
when the grid voltage is distorted. The operation of the system requires a real-time
detection of grid status (such as outage, over/under-voltage and over/underfrequency). Zhang et a!. (21] proposed a control method of grid connected string
inverters based power plant. The power unit is controlled by a 32bit DSP
(TMS320F2407) and intelligent cluster controller (ICC). The DSP operates grid
current with SPWM working beyond the hwnan audible frequency at 20 kHz, data
communication and system protection has been executed. ICC monitors the operating
8

status and data of each inverter. An interface control is responsible for controlling the
DG active and reactive power output. It is most commonly designed to operate at
unity power factor [22] to avoid interference with the voltage regulation devices
connected on the utility side. For this reason a Central Control Unit (CCU) is
implemented in order to manage and control the DG system. Comparative analysis of
different voltage and reactive power control method in DG was presented in [23] .
Both uncoordinated and coordinated voltage control, with and without DG involved
in the voltage control, are investigated. The coordinated voltage control is presented
based on automatic remote adjustment to the local operation of the voltage and
reactive power equipment in the distribution system. The adjusted equipment includes
the on-load tap-changer (OLTC), capacitors in the sub-station, and DG. The
automatic adjustment is based on wide area coordination, in order to obtain an
optimum voltage profile and reactive power flow for a one- day-ahead load forecast
and DG output planning. Power quality control of an inverter based DG system is
presented in [24] combined with PLL, current control and power control strategies.
This allows active and reactive power control while maintaining high quality output
current and power. DC-DC converter can suitably control current voltage (I-V)
characteristic of a Photo Voltaic (PV) array and of a Fuel Cell (FC).The I-V laws of
the PV and the FC have been obtained by an appropriate modeling of the considered
renewable sources. The control system was verified in numerical simulation and
experimentally that the designed DC-DC converter is able to reproduce the electrical
characteristics of the experimental generator both in steady state and transient
conditions, due to either load or parameters variations [25].
9

Another DC-DC converter applied to a three three-level neutral-point-clamped
(NPC) voltage source inverter has been found in [26]. The converter is able to convert
a low DC voltage between the range of J 00 V and 200V. The voltage i provided by
PV arrays or wind turbine connected to an AC-DC power stage to a split DC bus
which is suitable to feed a three level three-phase NPC inverter. It wa considered
that the inverter is driving a squirrel-cage induction motor loaded by a load torque
proportional to the square of the speed. The main purpose is to supply typical rural
loads, when the input DC voltage is provided by a renewable source. A simplified
schematic diagram of the complete drive system is illustrated in Figure 1.4, where
only one inverter phase leg is shown.

ThrP.P. P 1rJ ~ P. N Pr. lnvP.rtP.r

DC
Source

Non-isol<;ted
0 C- 0 ~ C orv erte t

a

Three Phase
ln:Jucticn Machine

Fig.l.4: Three-level three-pba e NPC inverter based motor drive system for
renewable source application (Felipe J. C. Padilha et.al. 2008)
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A literature search indicates that a number of control technique

have been

developed to control the DG system for various purposes. This research considers
remote power control for DG system based on a grid connected inverter. Main
objective is only active power control by controlling the DC link voltage.

1.3 Research Objectives

Evaluation of available literatures on recent developments of distributed generation
system control reveal limitations associated with accuracy and performance. The
main objective of thi thesis is to develop a remote control of distributed generation
system based on grid tie single phase inverter that provide

improved control

technique while enhancing the realism of the system. The following components that
determine the effectiveness of remote control process will be addressed throughout
the thesis: DC-DC converter that provide input rated voltage to the inverter. Data
acquisition card, ADRlOl control the trim voltage of the de-de converter to control
the power flow to the grid. A digital PID controller makes sure that power flow is
always same as required by the electrical power dispatch center.

The electrical behavior of the grid tie inverter will be first studied and analyzed with
the objective of gaining in ight into the steady state and dynamic operating
characteristics of the inverter. The feature obtained through study will be u ed to
provide measurements of the inverter efficiency. The power converter topology
selection and its control strategy will be addres ed considering the experimental
11

response of the ADR control algorithm. Effect of ultra capacitor storage in the DC
link is also standard.

The main objective of this thesis are to develope and demonstrate a low cost remote
power control method for a small grid connected inverter. It is also required to
demonstrate the applications of the developed method for distributed generation.

1.4 Thesis Outline

In chapter 2, system modeling and control for grid connected inverter are presented.

In chapter 3, the selection of system control, and its design and implementation issues
are discussed. System simulation and control design are also presented.

In chapter 4, an experimental test result of remote control for inverter based DG is

presented.

In conclu ion, a summary of the research work in the thesis i presented. The outline

of the contribution and achievement from this research work are also highlighted in
chapter 5. The chapter also includes the recommendations for further investigations.

12

CHAPTER 2: SYSTEM MODELING AND CONTROL FOR
GRID CONNECTED INVERTER

2.1 Introduction

In recent years, the small grid connected DG sy terns such as wind turbines are gaining

popularity due to net-metering laws. In its grid-connected mode of operation, a DG unit is
connected to a utility power network by an agreement made with a di tribution network
operator (DNO). In general, a DG unit in its grid-connected mode is controlled to feed a
certain amount of real power into the network. The amount of the power supplied at any
point in time is dictated by the contractual agreement between the DG owner and a local
power distribution company and this amount depends on the amount of connected local
load and power market situation. Control system for small grid connected wind turbine
have an important role to maintain the grid connection for different conditions. During
the past few years several single phase inverter have been developed to operate mall
grid connected wind turbines. Such an inverter is important for the turbine to operate
safely and also to supply clean power into the grid.

12

2.2 Control Systems

With development and utilization of wind energy recently, grid connected inverters are
widely used as e entia! power electronic devices in wind power systems, especially in
wind generation systems with variable speed constant frequency generators (turbines)
[27][28]. With pulse-width modulation (PWM) control, the ac side of the grid connected
inverter has the abilities of controllable power factor, sinusoidal output currents and bidirectional power transfer [29)[30)[31]. Power rating of grid connected inverter in wind
power genera6on systems is usually high, therefore switching frequency of the inverter i
usually limited, 1kHz to 3kHz . The relatively low switching frequency may cause the
current harmonic to increase in the output current of the inverter. When an inverter i
operating stand alone mode, the power quality is determined by the output voltage quality
of the inverter [32]. However, when an inverter is connected with the power grid directly,
point of common coupling (PCC) voltage is not controllable and the power quality is
determined by the current quality only [33]. Therefore, grid connected inverter systems
with stable operation, which reduce output grid current ham1onics, are gaining more and
more research interest. Typically, grid connected inverter systems like ST ATCOM ,
active filters, and UPFCs, use series inductances to reduce switching frequency
harmonics of output current. However in low switching high power grid connected
inverter systems, large inductance is required to reduce switching frequency harmonic .
This increase system cost and deteriorates control of the inverter. LCL filters are widely
used in grid inverters to reduce the switching frequency harmonics while lowering the
inductance requirement [34][35)[36]. However, LCL filter increase system order and

13

the direct closed loop current control in [37] and the control trategy proposed in [38] bas
some limitation due to system stability. Microcontroller based i landing detected grid
connected inverter in [39] showed under/over voltage and under/over frequency islanding
detection algorithm. The system based on a microcontroller from Microchip Technology
Inc. PIC family . A PIC microcontroller searches the under/over voltage and under/over
frequency from utility grid and process the value of voltage and frequency for turned onoff relay between grid connected inverter and utility grid

WilllJ turuim~~

Utility

grid

W

DSP Control
Dumpload

Ooard

Fig. 2. 1: Connection Diagram of Small Wind Turbine Grid

Feedback signals

onnected System.

Small wind turbine grid connected system designed by Sinostar Lighting Group Ltd. [40]
includes

mall wind turbine dump load, grid-connected inverter, meter and power

switchboard. When wind speed reaches the cut - in speed, the AC power from the wind
turbine will be fed in the utility grid after rectifying and filtering stage. If the wind peed
is too large, part of the dump load will be connected to the wind turbine to keep the

14

. - - - - - - - - - - - - - - - - - - - - -- - - - - - - - - - - - - - - - - - - -

constant power fed to the utility grid. Figure 2.1 shows the connection diagram of a
typical Small Wind Turbine Grid Connected System.

GINLONG Technologies [41] is designing and manufacturing grid connected inverters
for small wind turbine systems which is able to respond to very quick input voltage
change and very fast output power response as well 40 point programmable, linearly
extrapolated power curve.

DC Olltp ut
Gri d Tie Inverter
GCI-!SK

GL-PMG-5K e lectr ical box

GCI -5K grid tte Inv erte r pin outs

Fig 2.2: Wiring diagram of Grid Tie Inverter (GCI-5K)
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Current controlled (PWM) inverter technology is used with wide input voltage range.
Figure 2.2 shows the wiring diagram of GINLONG grid tie inverter.

Details of its control system are still unknown. Therefore, an extended research and
investigations are still required to design a controller for small grid connected inverter.

S. Ali Khajehoddin eta/. [42] shows two stage grid connected converter for PV systems.
The first stage performs both Maximum Power Point Tracking (MPPT) and the
decoupling tasks with a minimum number of components with optimized values. The
second stage is a current source inverter employing a modified modulation technique that
injects a current with low total harmonic distortion into the grid at unity power factor.
The output power pulsation from the input power generation ofMPPT can be resolved by
a big electrolytic capacitor in the range of mF at the photovoltaic (PV) terminals, which
in tum decreases the lifetime and increases the volwne, weight and cost of the converter.
An auxiliary circuit can resolve the problem which draw constant current from the input
and generate a high direct current (DC) voltage at the middle stage to supply [43,44].

The above discussed inverters are not suitable for low power applications and exhibit low
efficiency due to high voltage ratings. It also has extra switching circuits, hardware and
control system configurations are complex which make the overall system expensive.

In this research a cost effective PC based control system is proposed for small grid
connected inverter. A low cost and reliable measuring circuitry is designed to detennine

16
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the system parameters. Low cost is very significant for small system and reliability for
the measuring unit is also required for avoiding unexpected operation of the controller.
This chapter shows selection of single phase grid connected inverter, the system
instrumentation in details for the measurements of the system parameters and installation
of low cost measuring instrumentation for grid supply issues.

2.3 Selection of Single Phase Grid Connected Inverter

Many distributed generation system are connected to the grid through inverters and these
need to be controlled to maintain a stable grid. The most useful classification in wind
turbine industry is based on speed. Wind turbine can operate with either fixed-speed or
variable speed. In a fixed speed large wind turbine, the generator (induction generator) is
directly connected to the grid. However, net-metering laws have currently been adopted
in many parts of North America [45] that increases the public interest on small induction
generator based grid connected wind energy conversion system. "Net-metering" is a
simplified method of metering the energy consumed and produced at a home or business
that bas its own renewable energy generator, such as a wind turbine. Under net metering,
excess electricity produced by the wind turbine will spin the existing home or business
electricity meter backwards, effectively banking the electricity tmtil it i needed by the
customer. This provides the customer with full retail value for all the electricity
produced. [46] . One disadvantage of a fixed speed wind turbine is that the turbulence of
the wind will result in power fluctuations, and thus affect the power quality of the grid
[4 7]. In a variable-speed wind turbine, th generator is controlled by power electronics
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equipment, which makes it possible to control the rotor speed [48]. However, controlling
of variable-speed wind turbine i complex and increases the system cost compare to the
higher production.
During the past, several controllers have been developed to operate small grid connected
wind turbine. Such a controller is important for the turbine to operate safely and also to
supply clean power into the grid. Controlling the associated grid tie inverter can control
the output power feed by a distributed generation system to the grid. Grid connected
inverter works in different modes such as stand-by mode, connecting mode, grid mode,
and fault mode. In stand-by mode the inverter is ready to switch into Grid mode. If the
power generated by the wind turbine is insufficient for grid operation, the inverter
remains in stand-by mode until the wind turbine has generated sufficient power to switch
into connecting mode. The inverter switches from stand-by mode to connecting mode
after compiling the system predefined value. The wind turbine connect the inverter to
the grid If the system values are acceptable. Minimum connecting times are specified by
utilities and authorities and may differ from region to region. In Grid mode inverter is
connected to the grid and delivers power to the grid. The inverter only leaves grid mode
if a failure occurs or the wind power disappears. In this mode the inverter always works
in the MPPT (maximw11 power point tracking) mode. This is the device' s nonnal
operating mode. The power taken by the inverter from the wind generator is always more
than the power supplied by the network. The difference is the so-called power loss of the
inverter. It determines the conversion efficiency of the device. The power loss is emitted
as heat. When there is a fault happen, the inverter will switching off and go into fault
mode to protect the wind power system.
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The selected 250 watt single phase grid tie inverter UWT-l-250 manufactured by SWEA
Europe and intended for home use only. Only wind turbine can be used which has a
power out of 24-36-48 V AC or DC. So it can operate fixed and variable speed wind
turbine. The inverter connects wind turbine to the grid without using batteries. It is
programmed for a desired input voltage versus output power characteristics and is a cost
effective solution. Figure 2.3 shows the system configuration of a grid-connected
generation system.

DC-DC
Converter

Power Controlled Inverter

Diode rectifier
DC
Power
Source

Adaptor

Fig 2.3 : Grid Connected Inverter Topology and Control
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The output power of wind turbine generation system is connected to the grid through a
DC-DC power converter and a single phase grid tie DC-AC power inverter. The diode
rectifier converters the AC to DC output of 3 phase wind turbine. If the output power is
more than 250 watt (up to 1000 watt) then 4pcs of inverters need to be installed in
parallel to the grid through the adaptor. Adaptor box or AP-box is in between the wind
turbine or diode rectifier and grid tie inverter. The adaptor power is simulating the battery
power to start up the DC out of a wind turbine. DC input voltage of the inverter should
never be exceed 52 V. AP-box also works as a safety box when the wind speed becomes
too high. It will switch on the dump load automatically when the DC out of the wind
turbine becomes higher than 52 V and slows down the speed of the wind turbine. The
dump load is connected via the adaptor to the wind turbine to break the wind generator
and to avoid damage of the inverters. The dump load is automatically turned on when DC
input of the inverter is higher than 52V. The DC input of the inverter is adjusted at 54 V
DC. In this way the AP-box will be switched earlier than the inverter and gives protection
to the connected inverter or inverter . During this period the inverters are functioning
normally ti.ll the dump load is shut down the wind turbine below 17 V DC. At 17 V DC
the speed of the wind turbine is low enough to switch off the dump load.

There are two color of CPU are installed into the inverter. They are Green CPU and Red
CPU. The Green CPU bas insta!led for the wind turbine which maximum power output
48 volts like Air-X-48 V DC output wind turbine. The Red CPU i used for 24 volts or 36
volts DC output wind turbine such as Air-X-24 V DC. As the inverter is programmed for
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input voltage versus output power characterized, so the installed power curve can be
changed and adjusted according to the selected wind turbine. The communication is done
via a hyper terminal through serial cable connected to the inverter. This requires some
calculations to change the steepness of the curve. The steepness is expressed as a number
of voltages per ampere. Figure 2.4 shows power curve for Green and Red color CPU.
Green curve shows for the wind turbine which is started at 27 volts and supplied power to
the grid is 200 watts 49 volts as well as Red curve shows with starting voltage 27 volts
and supplied power to the grid is 200 watts 49 volts.
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Fig.2.4: Power curve for Green and Red color CPU

The inverter was programmed for a desired input DC voltage versus output power. The
installed power curve steepness into the CPU was changed and adjusted by using serial
cable RS232.
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Power Curve Steepness Adjustment:

Start-up voltage (B) = 24 V DC (representing a DG system)
Power fed to the grid at 51 V output is 180 W
Difference between start till end voltage= (51-24) =27 V
Current at 180 W at 51 V DC=3.5 A
The steepness of the curve (A) =27 V/3.5 A=7.7 VIA

Figure 2.5 shows power curve steepness adjustment into the CPU.

250

Start Voltage, B
DC in to the grid tie inverter (Vin)

Fig. 2.5: Power Curve Steepness Adjustment into the CPU
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2.4 System Instrumentation

A low cost instrumentation is designed for measuring the parameters of the small grid
connected inverter. Figure 2.6 shows the instrumentation for single phase grid connected
inverter of the developed remote control distributed generation system.
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Fig 2.6 Block Diagram of the System Instrumentation

The measurement system consi ts of current transducer, power measuring unit, DC-D
converter, digital to analog converter (AD558), data acquisition card (ADRl 01) and all
instruments directly or indirectly connected to PC. The DC-D

converter is powered by
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24 V power supply. The output of the converter boosts up the input voltage to 48 V DC
and passes through the grid tie inverter. The output voltage of ADR101 is sent to PC
through digital to analogue converter. Analogue output voltage controls the trimmed
voltage and rated voltage of the DC-DC converter. According to the inverter
characteristics the output power to the grid is changed depending on the wind turbine.
Single phase watt-hour meter measures the power fed to the grid.

2.4.1 Voltage Measurement
Figure 2.6 also shows the measuring block of the DC terminal and grid side voltage in
RMS value. Voltmeter, watt-hour, current transducer and single phase bi-directional watt
hour meter are used to measure the DC and grid side voltage and power. Voltmeter is
used to measure the output voltage the DC-DC converter of DC terminal.
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Fig 2.7: (a) DAC Block Diagram and (b) 0-10 V Output Range Connection Diagram
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Closed loop multi range (0 to ± 15 amp ) current transducer (LTS 15-NP) is used which
detects the output primary current of the grid tie inverter and converts it to analog output
voltage V0 111 • Analog output voltage can be calculated by using the following equation:

V0 111 = 2.5 ± (0.615 X ]p/lnJ ..... ..... (2.1)
Where,

Vour=output voltage
I p=primary current measuring range, and

lpJFPrimary nominal RMS current.

The output of the data acquisition card ADRl 01 is passed through DAC 558 to provide
analogue output. AD558 consists of four major functional blocks, fabricated on a single
monolithic chip. Figure 2.7 shows the functional block diagram and connection diagram
ofthe DAC.
The main D-to-A converter section uses eight equally-weighted Ia er-trimmed current
sources switched into a silicon-chromium thin-film R/2R resistor ladder network to give a
direct but unbuffered 0 mV to 400 mV output range. The transistors that form the DAC
switches are PNPs; this allows direct positive-voltage logic interface and a zero-based
output range. The high speed output buffer amplifier is operated in the non inverting
mode with gain determined by the user-connections at the output range select pin. The
gain-setting application resistors are thin-film laser-trimmed to match and track the DAC
resistors and to assure precise initial calibration of the two output ranges, 0 V to 2.56 V
and 0 V to 10 V. The resolution is 8 bits (28) . All reference, output amplifier and logic
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connections are made internally. As the controlled voltage, Y con range is 0 to 5 volts, the
0 to 10 volts output range has been chosen with required power supply of + 11.4 V to
+16.5 Y. Voltage divider circuitry is used to divide the output voltage of DAC. The
photograph of the remote control DG instrumentation is shown in Figure 2.8.

Fig 2.8: Photograph of the Remote Control ofDG Instrumentation

2.4.2 Power Measurement

The measured power identify the grid connected inverter is operating or monitoring in
grid mode from dispatch center. To obtain the power mea urement watt-hour meter and
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single pha e bi-directional watt hour meter are used. The Watt-hour power meter is a
very useful device that allows checking the used power. The meter has a large LCD
display that is u ed to show consumption by the Kilowatt-hour (kWh). Meter also allows
monitoring the quality of the electricity by displaying voltage, line Frequency and power
factor. Single phase bi-directional watt hour meter is used to the grid side. The meter
measures active energy in single-phase two wire or three wire alternating current power
grids. Bidirectional active energy measurement is indicated by LED forward and
backward direction.

2.5 Summary

The selected single phase inverter, system instrumentation, operation and installation are
described in this chapter. The block diagram of the system parameters and measuring
circuits are presented in details. Finally, typical installation requirements for a grid
connected system are described in terms of voltage and power.
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Chapter 3: Selection of System Control, Design and
Implementation

3 .1 Introduction

This chapter presents the design of a new, simple and economical controller to control
power supplied to the grid from an inverter based on a control command from a dispatch
centre. The designed control system had been developed using a DC-DC converter and
data acquisition card ADRlOl which was programmed using Quick basic. The chapter
also focused on implementation of the design controller under grid connected mode and
system simulation.

After the introduction of net-metering laws, a consumer can install a small wind
generation system at his/her premises and thereby utilize all the generated energy or can
supply to the grid. It reduces the total cost although the cost/MW increases, making it an
attractive investment for small investors. Therefore it is important to observe and
investigate the system controller behavior in order to provide reliability, quality and
power at the grid and also to provide safe operation of the wind power generation system.
The operational requirement of grid connected inverter based wind turbine includes the
automated power supplied to the grid. This situation may occur due to the level of wind
power available and also due to the grid availability. In order to meet the operational
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requirements, it is necessary to control and monitor the sy tern behavior in such a way,
that controller has the capacity to control power supply to the grid under any stipulated
condition. The system controller operates by measuring the system parameters (such as
DCIAC output voltage of a wind turbine), converter output voltage, and the current and

power flow between generation and the grid sides. Therefore, it is challenging design the
proper instrumentation, to measure the control variable of a generation system; ensuring
accuracy with low cost budget.

These issues can be overcome by the designed controller a

the sy tern could be

monitored from remote/near control place. This chapter describes the implementation of
the proposed control system. To investigate the feasibility of the proposed topology and
control algorithm, inverters simulation was incorporated in this study which is discussed
in the following sections.

3.2 Selection of System Control

In order to obtain the proposed implementations there are several types of control system
available. For example, PC based control, DSP based controller and micro-controller. A
cost effective solution to inverter design is found in [49] et.al Liviu Mihalache, and Mihai
Chis based on digital signal processor (DSP). A 15kVA IGBT-based DSP-controlled
inverter method was built and the control was implemented with an ADMC40 l DSP.
Figure 3. 1 shows the inverter control technique used in this approach. The control system
was implemented without using a current loop. So, the main output filter introduced very
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high impedance around its resonant frequency. The immediate effect was any harmonic
current due to a nonlinear load around the filter resonant frequency were filtered out. The
resonant frequency had detennined a significant voltage harmonic component in the
output voltage spectrum. The main filter resonant frequency could significantly reduce
the unwanted influence of output filter impedance, when it moved further from the lower
main harmonics of the inverter (3rd, 5th, 7th, 9th, etc).

Low
Pass
Filter

Vref

Phase a nd
Amplitude
Recovery

PWM
Modulator

V feedback
Resonant ontroller
fundamental
R esonant ontrolle
3'd Harmonic

Reson ant Controlle
29'h Harmonic

Fig. 3.1: ADMC 401 DSP-based Harmonic Control
(Liviu Mihalache, and Mihai Chis et.al, 2003)

Single phase sinusoidal pulse width modulated microcontroller based inverter was
designed by B. Ismail [50]. The controller was able to generate SPWM pulses and
necessary waveform to control the inverter frequency through the designed switching
pulses. This inverter was designed either for stand- alone or for grid connected mode for
direct supply of photovoltaic power. Figw-e 3.2 shows the designed switching strategy for
single phase inverter.
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S2
Vin
~)

Fig.3.2: Full Bridge (4-pulse) Single Phase Inverter Topology

Microcontroller controlled switch S I and S4 by generating SPWM 1. Switch S2 and S3
also operated through designed microcontroller by generating SPWM 2. Both SPWM I
and SPWM 2 used the same control signal generated by the microcontroller. The
difference is SPWM 1 signal was leading SPWM 2 by half cycle or 180 degree of the
switching signal

The discussed DSP and micro-controller systems are expensive and not suitable for low
cost DG system. The proposed PC based controller requires very low computing power.
A data acquisition card with RS232 serial cable is the cheapest and QuickBasic the most
convenient program as compared to other available options. Therefore, a low cost data
acquisition card ADRlOI has been selected to design the proposed controller. ADR 101
is a low cost serial data acquisition and control interface device. This device has two 8-bit
analog inputs (0-5VDC) and 8 digital I/0 line individually programmed as output or
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input. It requires low power (5 volts l5mA). ADRlOl can be easily used with Quick
Basic and TURBO C programs [51]. The digital input/output voltage of ADR is adjusted
by a Quick Basic control algorithm. Interface to PC through three wire RS232 serial
cable. In this research ANO is used as an analogue input and PAO to PA 7 are used as a
digital output. The D/ A converter AD558 conversion of the digital output signal results in
a corresponding 8 bit analogue signal. The TCPIIP link is used to access an ADR card on
a remote computer. In this research Quick Basic is used for programming the controller.
The desired method for the system controller i PC based and the input power fed by the
inverter to the grid is controlled by the control voltage using ADRl 01. Inverter output
current is measured by a current transducer. The output of the current transducer is sent to
the analog input of the data acquisition card ADRl 0 l. Subsequently, the result of the
ADR is a digital signal which is sent to the digital to analog converter (DAC). The analog
output ofDAC is connected to control voltage of DC-DC converter to be sent to the grid
in order to adjust the grid power. Output reference current signal comes from the Internet
or existing data files in PC and indicates the total power.

3.3 Controller Design for Grid Connected Inverter

The munber of wind power units installed in power systems around the world has grown
significantly in the last two decades. The trend today is to construct large wind power
farms offshore. Many of the installed plants are, however, small farms or individual
plants on land connected to the distribution systems. In Europe a few countries, with
economic and politic prerequisites, distinguish themselves from the rest; Spain, Holland,
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Germany and Denmark. In western Denmark the capacity of installed wind power has
developed as presented in Figure 3.3. The maximum load in the same area is
approximately 3600 MW. The present figure of 2400 MW shall be compared with peak
load of 3600 MW in the same area, (Eltra 2000).
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In a distributed power generations system such as wind turbine, the output power is
controlled and conditioned by a high power converter. Power electronic converters (PEC)
can control both active and reactive power. The short-circuit current magnitude from a
PEC is not considerably larger than the rated current; a typically value mentioned is
11 5%. This is due to the low ability of semiconductors to withstand over currents.
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For that reason, the electric characteristic of the DC-DC converter should match that of
the wind turbine. As a result, the DC-DC converter can be used to adjust power output of
a distribution generation system.
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Fig. 3.4: Circuit Diagram of the Proposed System

Therefore, a DC-DC converter configuration and control strategy should be different
from those of the conventional converter. In order to meet the system operation
requirements, a system needs to be interfaced through a set of power electronic devices.
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The interface is very important as it affects the operation of the DG system as well as the
power grid. In addition to that, different controllers for the interfacing power electronics
circuits in DG also need to be designed for the overall system to improve its performance
and to meet certain operational requirements. Those requirements are output voltage
control, active power output control, reactive power output control, peak-load shaving
control, etc. The circuit diagram as shown in Figure 3.4 represents the designed remote
control system of grid connected. It consists of a DC-DC converter, a ADRI 01, a PC and
the system parameter measuring instruments.
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Fig 3.5: Block Diagram of the DC-DC Converter

The power converter shows in Figure 3.5 supplies power from DC power supply and
provides a optimal power solution to meet the voltage, noise, and transient protection
input requirements of commercial, industrial, military, and telecommunications
applications [52]. Its normal operating input voltage range is 21 V to 32V, 13 amps. The
Master Disable input is optically isolated and incorporates a reverse polarity protection
diode. It also has a single output and voltage trimming arrangement. The converter rated
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output voltage is 48V and the voltage trimming rage is ± l 0% of the rated output voltage
(44V to 54V).

Input DC voltage of the inverter is adjusted by controlling the DC-DC converter. A PC
which is connected with the ADR l 0 l , receives the required output reference power
signal from a dispatch center via the Internet. The TCPIIP link is used to access an ADR
card on a remote computer. The PC measures the power being fed by the inverter to the
grid and uses a ADRlOl to control the DC-DC converter to adjust the power flow to the
grid. The output voltage of DC-DC converter is controlled by the ADRJ 0 l as well as
input DC voltage of the inverter. ADRI 0 l control the trimming voltage of the converter
which is known as control voltage,

Y con

from 0 to 5 volts. The control logic was

programmed by using the Quick Basic. The information about the voltage and power
were acquired by the measuring circuitry which was explained in Chapter 2. The inverter
was programmed for a desired input DC voltage versus output power before it was
connected with the grid. Figure 3.6 shows the photograph of ADRIOl.

Fig. 3.6: ADRJOl.
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3.4 Implementation of the System Controller

The proposed control algorithm for grid connected inverter was implemented in the
laboratory using ADR 10 I , which wa controlled by PC via the internet. Reference
current signal,

Iref was

stored into the existing file on a PC or can come from a dispatch

center.

The control algorithm in which power control decision is taken ba ed on input phase
current and digital output of ADR!Ol. To get the output from the controller the ADR
need to be configured first. The data input for the ADR can be fed from any reference
sources. After that the port A of the ADR was configured as output port and with the
input data it can be initiated. The ADR then can read the current input as analog signals.
The measured current then compared with the reference set current of the input data. If
the mea ured current is higher than the reference current then the digitalized output of the
voltage will be decrease, if not then there will be increase in the output. There will be a
time delay for the data transfer. The program will continue to generate the outputs until
the end of data. The flow chart of the implemented control algorithm i shown in Figure
3.7.
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Fig 3.7: Flow Chart of the Control Algorithm
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3.4.1 Simulation of the Control System
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Fig. 3.8: Close Loop Diagram of the Proposed Control System

To investigate the feasibility of the proposed topology and control algorithm for grid
connected inverter, simulation was done. In this research SIMULINK was used for
system simulation. SIMULINK is a part of MATLAB that can be used to simulate
dynamic system. It has a high flexibility and expandability which allows a detailed
analysis of an electrical system. Another advantage for the use of SIMULINK is an
automatic source code generation with the Real-Time Workshop. Figure 3.8 shows close
loop diagram of the proposed control system. The reference signal is the set point of
desired current label.

Error, e is defined as the difference between set-point and output, Y.

e (error)

=

(set-point) - Y (output) ... .. . ...... (3 .1)
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The variable being adjusted is called the manipulated variable which usually is equal to
the output of the controller. The output, U of a proportional integral derivative controller
(PID) will change in response to a change in measurement or set-point. The
characteristics of the parameters, the proportional (P), the integral (I), and the derivative
(D) controls are used to obtain a desired respon e. In Figure 3.9 DC-DC converter and
grid connected inverter were considered as a plant. The controller provided the excitation
for the plant and designed to control the overall system behavior. The transfer function of
the PID controller looks like the following:

Kp + K,!S +Ko=(KoS + K,S +KJ)IS ... ............ (3 .2)

Where, _
Kr = Proportional gain,

K1 = Integral gain, and
K 0 = Derivative gain

By tuning the three constants P, I and D in the PJD controller algorithm, the controller
provided control action designed for the proposed system. A PJD controller also called a
PI, PO, P or I controller in the absence of the respective control actions. The controller
tuning was done by SIMULINK. In chapter 4 simulation results were discussed.
Figure 3.9 shows the step re ponse of DC-DC converter in channel I and current
transducer in channel 2. Analyzing the output response, the first order tran fer function of
the DC-DC converter and grid connected inverter can be expressed as,
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DC-DC converter transfer function GJ(S)

= God (r, *S+ 1) ... ..... (3.3)

Here,

Goc = DC gain for DC-DC converter
r1 = Time constant = 50 m.sec, which was determined from channel I in figure 3.7.
= 0.05 sec

Goc= Output voltage/input voltage ... . . .. .... .... ... ................. . ......... .. . (3.4)
=

2/50= 1/25=0.04
Hence, G,(S) = 0.04/(0.05s + 1)

Grid connected inverter transfer function G2(S)

=

GAcl(r2*S+ 1) .......(3 .5)

Here,

GAc = gain for Grid connected inverter

r2= time constant = 180 ms, which was determined from channel2 in figure 3.7.
=0.18 sec

G2(S) =Output voltage/input voltage
= 0.2/2=0. 1
Hence, Gl(S) = 0.11(0.18 + 1)
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Figure 3.10 shows Matlab Simulink block diagram of the proposed model used to
perfonn the simulations.

The reference control signals R(S) are shown by unit step

block. This block contains reference current

ignal coming from dispatch center or

existing data file into the PC. Two types of current and power steps can be applied using
thi simulation cheme. In a proportional controller represents the controller as a gain,
Kp. The control action is proportional to the error and provides a decrease in system rise
time. This ignal U(s) sent to the plant and the new output Y(s) will be obtained. DC-DC
converter and grid connected inverter transfer functions are shown in dotted line referred
as a plant.
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This new output Y(S) will be sent back to the sensor again to find the new error signal
E(S).The controller takes this new error signal and computes its proportional again. This
process goes on and on. Scope shows the reference control signal and overall system
output.
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Fig. 3.10: Matlab Simulink Block Diagram of the Proposed Control System

3.5 Test Setup

In Figure 3.11 shows the test setup photograph for the designed remote control system.
The remote power control system was PC based and the input power fed by the inverter
(c) to the grid was controlled by the control voltage (Ycon) using ADRlOl (e). Inverter
output, grid current (lgnct) was measured by a current transducer (f). The output of the
current transducer was sent to the analog input of the data acquisition card ADRl 01.
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Subsequently, the result of the ADR was a digital signal which was sent to PC through
the DAC (b). The analog output of DAC was connected to the voltage divider (g). The
output of the voltage divider was applied to

Y con

of DC-DC converter (d). By using

Ycon

DC-DC converter controlled the inverter input voltage in order to adjust the grid power.
The DC-DC converter was powered by 24 V power supply instead of wind turbine. The
output of the converter boosted up the input voltage to 48 V DC and passed through the
grid tie inverter. According to the inverter characteristics the output power to the grid was
changed depending on the distributed generation system (DG). The system was
connected through the AP-box (b) and the dump load (d). Single phase watt-hour meter
(j) measured the energy fed to the grid. Watt-meter (k) showed the grid current, phase

voltage and power supplied to the grid. Current probe (i) was used to monitor the grid
current into the oscilloscope.

Output reference current signal, Irer, comes from the

Internet or existing data files in PC and indicates the total power.
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Fig. 3.11: Laboratory Setup for the Designed Control Sy tern.

3.6 Summary

Design and implementation issues of a low cost system controller for a small grid
connected inverter were presented in tbi chapter. The operation of the sy tern controller
was based on PC. A PC receives the required output power signal from a di patch center
via the Internet. The PC measures the power being fed by the inverter to the grid and uses
an ADRI 0 I to control the DC-DC converter to adjust the power flow to the grid. The
complete instrwncntations to operate the system and flow chart of the control algorithm
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were also explained and the remote control operation of small grid connected inverter
was described in this chapter.
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Chapter 4: Performance Test Results

4.1 Introduction

This chapter describes several test results and discussion of remote control of grid
connected inverter based distributed generator. The control system wa te ted to supply
power to the grid using a command from an imaginary dispatch centre. The laboratory
test result wa also verified by simulation. The simulation re ult ba ed on a Proportional
(P) controller is also presented in this chapter.

The operation of the control system described in Chapter 3 has been implemented and
tested in laboratory enviromnent using PC and data acquisition card ADR I0 I. It was
discus ed in Chapter 3 that, the control system supplied power to the grid based on
control signal from dispatch centre. The proposed control system worked as expected
which also indicated the perfonnance of the developed low cost instrumentation.
Moreover, an investigation was also necessary to test the closed loop control y tern. The
investigated re ult shows the perfonnance of the proposed remote control strategy and
proves the effectiveness of small grid connected inverter performance. The entire
experimentation was done using a 250 watt grid connected inverter sy tern coupled with
DC-DC converter, Lead Acid Battery, PC and ADR I 01. The discussion of the test re ult
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achieved from the proposed remote control technique based on simulation result is also
included.

4.2 Simulation Results

After building the proposed model in Simulink, simulation results showed its dynamic
behavior and expected results. Controller tuning method and simulation output are
discussed in the following sub-section.

4.2.1 Tuning Method of the Controller

Controller tuning is the way of selecting the controller parameters to meet g1ven
performance specification. A well known Zieglar-Nicol's (ZN) clo ed loop tuning
method is cho en in this research because the output of the sy tern exhibits sustained
oscillation for whatever value of the proportional controller. A closed loop system is
also able to regulate itself in the presence of disturbance or variations in its own
characteri tics. The following steps are taken while tuning controller u ing ZN method
[53]:

•

Start controller with a low gain

• Graduall y increase the gain, until the aturation start
• Adjust the gain to make the saturation continue with a constant amplitude
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• Record the proportional gain (Kp) and time constant ( r) .
The above de cribed tuning method is done by Matlab Simulink and the gain and time
constant (•) are from experimental result. The proportional gain (Kp) i obtained from
tuning the controller. Kp adjusted the proportional response by multiplying the error.
Table 4.1 and the calculated value are used to obtain Proportional (P) controller value.

Table 4.1: Simulation Parameters

P Controller

Kp= l700

Time constant

Gain

Goc=0.04

I

GAc=O.l

r 1=0.05 sec

I

r-2=0.18 sec

The control system consists of PC combined with a ADRlOl. The SimuJink model for
the proposed remote control system driven by the grid connected inverter and DC-DC
converter derived in chapter 3 is used as a plant. PC received the reference current signal
from dispatch centre and the simulation were perfonned to track a reference current. The
simulation for the plant with a P controller to track a reference current of 0.68 amps is
shown in Figure 4.1. The proportional gain used in the simulation is Kp

= 1700. This is

the best Kp obtained when tuned for the grid current to go to a steady state without much
over shoot. The simulation results in Figure 4.2 has initial over hoot because there is
always a tradeoff between overshoot and the current tracking the reference current ignal.
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Fig.4.1 : Reference Current at 0.68 amps

Fig.4.2: Output Grid Current of the Proposed System

Figure 4.3 and 4.4 showed reference step response at t= 1s and output current of the grid
connected inverter. The output current varied with reference current 0.32 amps.

so

Fig.4.3: Step Response of Iref at 0.32 amps

Fig.4.4: Output Grid Current Supplied to the Grid
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4.3 Control System Test Results

The control system was tested while ADRlOl adjusted the power supplied to the grid
based on the output current of an existing data file into the PC. The user sets the reference
current on the data file. Depending on the reference current the controller (ADRl 01)
generates the output by varying the control voltage in the control loop. The test results of
the proposed control system are discussed in the following sub-section.

4.3.1 Voltage Feedback Controller

The proposed remote power control system is PC based and the input power fed by the
inverter to the grid is controlled by the output voltage of DC-DC converter using
ADR101. The control voltage was calculated according to equation (4.1).

V con

= V;nX Decimal output/255 ... ... ...... ... ... ....... (4.1)

Where

Vcon = control voltage,

Vin= input voltage,

Decimal Output = outputs from the ADRlOl data acquisition card, 255 is a constant
value for the card. Control algorithm was implemented in Quick Basic.
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Table 4.2 summarizes the experimental results of the control system based on voltage
feedback. After getting the power signal from reference data file via internet; controller
controlled the power to the grid using ADRl 01 . The Internet Protocol Suite, commonly
known as TCP/IP. TCP/IP is the set of communications protocols used for the Internet
and other similar networks. This link was used to access the ADR card on a remote
computer. The client program (ADRSockclient is the client that runs on the remote
computer) accepts a command parameter, transmits it across the network to the server
program (ADRSocSrv is the server that runs on the computer hooked up to the ADR
card) which issues it to the ADR card. Table 4.2 shows that controller control the
converter output voltage at 47.6 volts by controlling the control voltage at 1.961 volts.
The converter output voltage also changed the inverter output current which was 0.23
amps. With the increase of control voltage to 3.922 V, the converter output voltages
increase to 51.4V and inverter output current was 0.57 amps. Similarly for 4.902 V
control voltage DC-DC output is 53.3 V and inverter output current was 0.78 amps.

Table: 4.2: Experimental Test Results

Supplied Power
to the grid
(Warid)

Phase Voltage
(VAc)

0.23
0.32

DC-DC
Converter
Output
(Voc-oc)
47.6
49.5

27.6
38.4

120
120

0.57
0.68

51.4
53.3

68.4
81.6

120
120

Ref.
Current
Ciref)

Control
Voltage
(Vcon)

Grid
Current
(!Grid)

0.23
0.32

1.96 1
2.941

0.57
0.68

3.922
4.902
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Figure 4.5 bows the waveforms obtained from the oscilloscope as control voltage vary
from 0 volt to 5 volt. The channel 1 waveform is the DC-DC converter output voltage
and channel 2 is the current transducer output current generated from the grid connected
inverter. The control voltage of the ADR I 0 I linearly increases with the output voltage.
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Fig. 4.5 DC-DC Converter and Current Transducer Continuou Output

Figure 4.6 how the waveforms obtained from the oscilloscope at control voltage 3.9
volts. It is observed that the DC-DC converter's output voltage has decreased from 52
volts to 48 volt due to control voltage. The current transducer output al o changed from
0.57 amps to 0.23 is shown in channel 2.
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Fig. 4.6 : DC-DC Converter and Current Transducer Intermittent Output

Figure 4.7 shows grid current increased from 0.23 amps to 0.32 amps which were close to
the reference current. The 0.32 ampere is shown because the simulations for the model
have been done for a reference current 0.32. The P controller simulated has a settling
time of 1.5 sec but the settling time in real system was observed to be more than that. We
need more instmmentation to more accurately observe the settling time and overshoot in
the system.
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Fig. 4.7: DC-DC converter and current transducer intennittent output

Figure 4.8 shows the photograph of DC-DC converter, current transducer and
oscilloscopes. These scopes were cormected with the converter and the current transducer
in order to monitor the output waveforms.
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Fig. 4.8: Photograph of DC-DC converter, Current transducer and Oscilloscopes
5~

4.3.2 Controller Based on Power Measurement

The control technique evolves on the measurement of power fed by the grid connected
inverter to the grid. The experimental test results are shown in table 4.3 . Table 4.2 shows
inverter input voltage during the variation of DC-DC converter and power supplied to the
grid.

Table 4.3 : Inverter DC Input and Supplied Power to the Grid

Inverter input DC voltage = V;,

Power to the grid= W o11t

47.6

27 .6

49.5

38.4

51.4

68.4

53.3

81.6

At the very beginning inverter DC input voltage was 47.6 volts and power fed to the grid
was 27.6 watts. As the DC input voltage increasing supplied power to the grid was also
increased and it was 81.6 watts. Figure 4.9 shows power curve for the installed CPU of
the inverter.
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Fig. 4.9: Power Curve of the Inverter

4.4 Summary

Experimental and simulation results for the proposed remote control system have been
presented in this chapter. Simulation ofDG is performed by designing a P controller. The
perfonnance of the control system was investigated using a constant DC power supply in
laboratory environment and using Matlab Simulink. The results prove the effectiveness of
proposed method of remote control ofDG system.
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Chapter 5: Conclusions and Recommendations

5.I Introduction

The main focus of this study was the development of a low cost remote control system for small
grid connected inverter and distributed generation system (DG). An ADR 101 controller is
preferred as a controller which was programmed to make a grid tie inverter generation system
operational and supply power to the grid. The controller operation was based on the reference
control signal from dispatch centre (it was asswned that information is available in a file). An
inverter based DG was also developed to provide the test platform of the proposed control
system and associated instrumentation in laboratory environment. The summary of the proposed
control system is described in the following sub-sections.

5.1.1 Grid connected Inverter

In the first phase grid connected inverter for distributed generation system such as wind turbine
was implemented. The voltage verses power characteristic of the wind turbine was incorporated
to a wind turbine inverter. To reflect the fixed speed of a wind turbine the DC power supply was
considered. A control algorithm was implemented to control the system which ensures that the
inverter follows the control signal from remote/di patch centre. The test results on the inverter
were performed at DC power supply and near to the control system which showed acceptable
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performance. Such an inverter

IS

very effective m implementation of distributed generation

system.

5.1.2 Feedback control system

In the second phase PC based control system was developed and tested to connect DC-DC
converter and also maintain the connection between the generation system and the grid. The
control system was developed for both control signals from dispatch centre vie internet and from
an existing data file in a PC. In voltage feedback control system, DC-DC converter controlled the
grid connected inverter output based on control voltage of the system. To protect the generation
system and adjust voltage to the grid side, the control system always monitored the phase current
between the inverter and the grid. The control system response was studied by observing phase
current and inverter input. Test results were performed on feedback control system based on a
DC power supply.

5.1.3 Controller Based on Power Measurement

Control system was implemented to connect th inverter with the grid. In this control method,
PC received the required output power signal from a dispatch center via the Internet. The PC
measured the power being fed by the inverter to the grid and used an ADRl 01 to control the dede converter to adjust the power flow to the grid. TCP/IP link was used to access the ADR I 0 l .
Power flow to the grid depended on the inverter input. The control system kept power supply to
the grid until the inverter does not connect to the dump load. Power curve into the CPU provided
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quick response for maximum power out from distributed generation system. Investigations were
carried out on this control system which showed the results as expected.

5.1.4 System Instrumentation

At this stage, low cost system instrumentation was developed and tested for the system
controller. The purpose of the instrumentation was to measure the system parameters such as
voltage from generation side, current and power flow between the inverter and the grid. Such
instrumentation was very useful for reliable operation of the control system. Otherwise the
improper design of the instrumentation may read incorrect parameter value which affect smooth
operation of the control system.

The summary of outcomes of this research can be outlined as,

1. Instrumentation of a grid connected inverter provided a test bed for the control system.
2. A 250 watts grid connected inverter based remote control for distributed generation
system was designed and developed. Two different techniques (laboratory environment
and simulation) were implemented.
3. Development of instrumentation to measure the system parameters and tests were done to
check the performance with the control system.
4. Design and test of the control system receiving reference command via internet.
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5.2 Conclusions

The developed remote control system presented a novel remote control technique of a distributed
generation system. In this thesis a remote control system which can be used for small grid
connected inverter and DG system bas been designed, tested and simulated. In industry it is hard
to find a typical PC based remote system, and even when one is found it may not be
economically feasible for a small lab to purchase. This thesis takes controller cost into
con ideration. In this thesis the traditional controller with DSP has been replaced with a low co t
controller. In this thesis Proportional (P) control has been applied.

The Matlab simulations of the model for different reference current are shown. The output grid
current are also obtained and compared to the experimental results. The simulations were
performed by applying P control to track a reference current, and the results of such controls
were discussed. The P control was implemented experimentally and compared to the simulation
results.

The proposed system has presented good performance and capability for remote power control of
a small grid connected inverter. The illustrated technique is also capable of remotely monitoring
the system pe1formance of the grid tie inverter and power control via the Internet from a dispatch
center. A successful implementation of this system can be used to control remotely located
distributed power generation system.

63

5.3 Future Work

In the developed remote control system, voltage verses power characteristics of the grid
connected inverter are incorporated. The inverter was programmed only for one wind turbine.
Therefore to reflect the real time behavior of the wind turbine, it is very significant to add the
dynamics of the wind turbine. This requirement in a remote control system could make it more
realistic which would be another good option to test the proposed remote control system for
distributed generation system. In order to expand the power supply to the grid for high power
applications the development of a control strategy to connect converters in parallel i required.

From the point of view of the software user interface, the number of monitored variables can be
upgraded to meet specific demands (for example phase current and frequency). In order to
improve the system performance and efficiency data transfer over the RS232 need to be studied.
Furthermore, the control system is to be investigated for a grid connected inverter input voltage
for over and under voltage condition. In addition, the control sy tern is also needed to be further
sh1died during abnormal frequency sih1ation. The control system was expected to implement
according to the installation standard described in chapter 2 which needs further improvement.
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