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ABSTRACT
Deployment of smart grid technologies is accelerating. Smart grid enables bidirectional
flows of energy and energy-related communications. The future electricity grid will look very
different from today’s power system. Large variable renewable energy sources will provide a
greater portion of electricity, small DERs and energy storage systems will become more
common, and utilities will operate many different kinds of energy efficiency. All of these
changes will add complexity to the grid and require operators to be able to respond to fast
dynamic changes to maintain system stability and security.
This thesis investigates advanced control technology for grid integration of renewable
energy sources and STATCOM systems by verifying them on real time hardware experiments
using two different systems: d SPACE and OPAL RT. Three controls: conventional, direct
vector control and the intelligent Neural network control were first simulated using Matlab to
check the stability and safety of the system and were then implemented on real time hardware
using the d SPACE and OPAL RT systems. The thesis then shows how dynamic-programming
(DP) methods employed to train the neural networks are better than any other controllers where,
an optimal control strategy is developed to ensure effective power delivery and to improve
system stability. Through real time hardware implementation it is proved that the neural vector
control approach produces the fastest response time, low overshoot, and, the best performance
compared to the conventional standard vector control method and DCC vector control technique.
Finally the entrepreneurial approach taken to drive the technologies from the lab to market via
ORANGE ELECTRIC is discussed in brief.
ii

LIST OF ABBREVIATIONS
V

Volts: Unit of voltage.

A

Amperes: Unit of current.

kW

kilo Watts: Unit of active power.

kVar

kilo Vars: Unit of reactive power.

mH

milli Henry: Unit of inductance.

uF

micro Farad: Unit of capacitance.

Hz

Hertz: Unit of frequency.

s

Second: Unit of time.

°

Degree: Unit of angle.

DC

Direct current

AC

Alternative current

FACTS

Flexible AC transmission system

STATCOM

Static Synchronous Compensator

IGBTs

Insulated Gate Bipolar Transistors

PID

Proportional-integral-derivative

DSP

Digital Signal Processing

ADC

Analog to Digital Converter

>=

Great than or equal to

<=

Less than or equal to
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CHAPTER 1
INTRODUCTION

1.1

Renewable energy conversion system and Smart Grid
Sunlight, wind, water, geothermal heat, and biomass are termed as renewable energy

sources, as these sources come from natural resources that do not deplete with time. Global
demand for renewable energy rose during 2011 and 2012, an in 2011 was responsible for supplying
an estimated 19% of global energy. The investment in renewable energy is increasing rapidly
worldwide as a result [1]. Estimated global potential market for smart grid manufacturers and
solution providers are around $15 billion to $31 billion for 2014, with the value split among three
main business segments: customer application advanced metering application, and grid application
[2].
In a renewable energy conversion system, with wind power, solar photovoltaic cells, or fuel
cells, power converters are necessary for grid integration [3]. For the wind energy conversion
system, two types of generators are normally used to produce electricity. One is the PMSG; the
other is the DFIG [4]. For both, the output has an AC voltage often at a frequency other than 60
Hz, the electric utility grid frequency used in the United States. As a result, power converters are
needed at the interface to the AC grid, which permits energy to flow from the wind turbine into the
grid.
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For solar energy and fuel cell energy conversion systems, there are some differences in
comparison to the converters associated with wind power. The output voltage of the solar panel
and the fuel cell is DC. Again, since the grid is an AC power system, a DC/AC power converter
is necessary to integrate solar or fuel cell systems to the grid.

1.2

Smart Grid: Grid Integration
The following section discusses the applications that automate the grid to make its

infrastructure more efficient and flexible. Volt-Var optimization and conservation voltage reduction
uses capacitor banks and sensors with communication capabilities to reduce reactive losses in
power lines and reduce resistive loads by operating the distribution network within a narrower and
lower voltage band.
Fault detection, isolation, and restoration, automates switching and routing, allowing
utilities to reduce the cost of manual switches and improve their response time. The ability to locate
and isolate faults more quickly improves reliability and outage response for customers.
Wide area measurement, works at the transmission level. It measures the electricity’s phase to
improve grid reliability and prevent cascading outages.
Integration of renewable energy in the power grid brings many challenges [5, 6]. The
power generation fluctuation, such as in a wind energy conversion system, may cause some
problems for the grid, especially in a weak grid. An energy storage system could be employed to
solve the potential problem. The output voltage of the energy storage device is DC, thus a
DC/AC power converter is necessary to integrate the energy storage device to the grid.

2

1.3

Grid integration of Distributed Generation and STATCOM system
FACTS (Flexible AC transmission system) devices, widely used in today’s power systems

[7], are critical for reactive power compensation and voltage support control in a renewable energy
conversion system [8]. Traditionally, reactive power compensation within the FACTS devices has
been handled with the thyristor-based static VAR compensator (SVC) [9].
Nevertheless, due to the developments of the power electronics technology, the
replacement of the SVC by a new breed of static compensators, STATCOM, based on the use of
voltage source PWM converters, is looming [10-12]. The STATCOM system consists of a shunt
capacitor, a DC/AC power converter, and a grid filter. The grid integration of STATCOM is
based on the DC/AC power converter, which has a similar converter structure to that used in grid
integrated renewable energy conversion systems.

1.4

Challenges in the Distributed Generation and STATCOM systems
The smart grid embodies the intersection of power engineering and information technology.

Building a culture that encourages rich dialog and compelling solutions across these competencies
is difficult, but required in order to succeed. Inherent characteristics of renewable energy
resources cause technical issues in connecting it to the grid. The rapid development of the
renewable energy power industry, together with the rising challenges, has drawn many of the
world’s leading professional associations and organizations into this fast growing field.
Among all the rising challenges, one important issue is how to integrate renewable energy sources
with the grid through power electronic converters as well as associated control system designs.
The above issue is mainly due to:
3

1) The existing power converter control technologies in grid integrated renewable
energy generation systems do not perform well in some cases.
2) Unbalance and high harmonic distortions have been found in renewable energy
conversion systems, which not only affect the grid system but also affect the
renewable energy sources.
3) The power quality is not considered in the existing controller design for the power
converter in renewable energy conversions. However, the power quality is a critical
factor in power system, which has to be improved to ensure the quality of service and
security of the grid.
4) The existing power converter control mechanism has an inherent deficiency, which can cause
malfunctions within the system, such as abnormal DC capacitor voltage, active and reactive
power, or output currents. These malfunctions may make the gird integration of the renewable
energy sources unstable and may even cause power system trips [13-15].

1.5

Purpose of this thesis
This thesis concentrates mainly on the real time hardware integration of the control

system for AC/DC/AC converters used in the grid integration of renewable energy in a smart grid
and STATCOM systems. The purpose of this thesis is to experiment and implement a novel
control strategy for power converters in real time, using D Space and to compare it with the existing
control strategy in the market. The conventional control mechanism and direct vector control
mechanism for power converters is studied theoretically, through computer simulation and then
hardware implementation.
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Then, the thesis proposes a novel control mechanism based on artificial neural networks
for power converters and analyzes the implementation details. Through both computer
simulation and real-world experiments, a deficiency in the prevailing control mechanism is
identified. It is found that the malfunctions of the conventional control mechanism may occur
when the controller output voltage exceeds the linear modulation limit of the power converters.
To prove the deficiencies in the conventional control mechanism and test the new control
mechanism, a hardware structure had to be assembled to simulate grid conditions, which would
prove that the adaptive dynamic programming used for the proposed Neural Network controller is
intelligent, optimized more dynamically stable and controls the whole system in real time within a
microsecond.
The hardware configuration presented a great challenge in order to validate and optimize the
control strategy proposed. It required working with D Space technologies, OPAL RT technologies,
as well as Lab-Volt circuitry. The hardware experiments demonstrate and validate that the software
simulation in the proposed control mechanism performs well even in extreme abnormal
operating conditions. T h i s verifies the reliability and stability of the proposed control mechanism
designed in this thesis.
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CHAPTER 2
REAL TIME HARDWARE SYSTEMS

2.1

Introduction
This chapter describes the operation principles of both the different type of real time

simulators used in our lab. We have used d SPACE system and OPAL RT system to convert the
Matlab/Simulink models into real time hardware implementation. This chapter will describe the
different modules of each real time system and the hardware equipment from LAB VOLT used to
test the operation of the developed control strategies. It will also give the various methods to
connect the real time modules and hardware together.

2.2

D-SPACE (DS 1103 PPC) system components
D SPACE offers single board hardware solution for building a complete real time control

system for laboratory or small applications using just one controller board [16]. Controller
development and rapid control prototyping are ideal application areas for the DS1103 PPC
Controller Board. The controller board is fully programmable from the Simulink ® block diagram
environment. The DS1103 PPC controller board is a versatile controller board with an unparalleled
number of I/O modules (including CAN) and ample calculation power for control prototyping.
Controller board contains a real-time processor for fast calculation of models, and a variety
of I/O interfaces that allows carrying control developments. It provides a great selection of
6

interfaces, including 50 bit I/O channels, 36 A/D channels, and 8 D/A channels. For additional I/O
tasks, a DSP controller unit built around Texas Instruments‘TM320F240 DSP is used as a
subsystem. It has high I/O speed and accuracy n PLL-driven UART for accurate baud rate
selection.

Figure 2.2.1. d SPACE controller board

Figure 2.2.2. d SPACE I/O board

Figure 2.2.1 and 2.2.2 shows the two basic components, the controller board and the I/O
board of the d SPACE single board hardware module that we used to do the real hardware
experiments.
7

In each discrete-time-step, the DS1103 R&D controller board (fitted as an add-on
card in (computer) takes some action to generate the digital control signals. The type of action is
governed by what we have programmed in this board with the help of MATLAB-Simulink realtime interface. This board monitors the input (i.e. motor current, speed, voltage etc) with the help of
CP1103 I/O board in each discrete-time step. Based on the inputs and the variables that need to be
controlled; it takes the programmed action to generate the controlled digital signals.
The CP1103 I/O board (Fig 2.2.2) is an input-output interface board between the Power
Electronics Drive Board and DS1104 controller board. It takes the analog signal motor current, dcvoltage etc. in its ADC ports and also, speed signal (from encoder) at its INC ports from motor
coupling system, to the DS1103 controller board. In turn, the controlled digital signals supplied by
DS1103 controller board are taken to the PWM output by CP1104. It also has 8 ADC ports to
accept analog signals, 8 DAC ports to output analog signals and other digital I/O connectors as in
Fig 2.2.3.

Figure 2.2.3. CP1103 ADC and DAC Ports
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Figure 2.2.4. 37 pin to 9 pin connector

A 37 D pin to 9 pin D connector was manually made in order to communicate between the d
SPACE system and the Lab Volt Inverter. The connection needed the right pin configuration for the
connectors. The pin configuration is mentioned as below.
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Table 2.2. d SPACE external D connector
COLOR

TYPE

9 PIN D

37 PIN D CONNECTOR

CONNECTOR
Red

GND

7

1

Black

PWM Signal

1

7

Red + Black

PWM Signal

2

8

White

PWM Signal

3

9

White + Black

Complementary PWM Signal

4

26

Blue

Complementary PWM Signal

5

27

Orange

Complementary PWM Signal

6

28

Green

NC

8

-

Live wire/ other color

Earth/ NC

9

-

2.2.1

Connectors

All I/O signals of controller boards can usually be accessed via adapter cables. A more
convenient solution is I/O access via connector panels, which make the signals available in either a
19” rack or a 19” desktop box.
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Figure 2.2.1.1 d SPACE connectors

2.2.2

LED assignments

The CLP1103 Connector/LED Combined Panel additionally provides an array of 92 LEDs
indicating the states of the digital signals.
The LEDs display the TTL signal level, not the active status of the signal. (TTL “high” →
LED is on; TTL “low” → LED is off). In order to keep the loading of the signals as low as
possible, the LEDs are run through buffers.
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For the incremental sensor signals, there are buffers with true differential inputs. The pulse
length of data signals (CAN, RXD, TXD, SRXD, STXD) is extended to make even small blocks of
data visible. The power required by the LEDs is taken from the DS1103’s supply voltage (VCC).

Figure 2.2.2.1 d SPACE led assignments
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2.2.3

Slave I/O Connector (CP31)

The slave I/O connector (CP31) is a 37-pin, male Sub-D connector located on the front of
the connector panel. This connector is used to create the link between the controller and the
hardware module. A connector was made to convert 37 pin to 9 pin, which is the input of the
inverter unit.


Slave DSP ADC Unit:

SADCH1 ... SADCH16



Slave DSP Timing I/O Unit:

SPWM1 ... SPWM9
ST1PWM ... ST3PWM
SCAP1 ... SCAP4



Slave DSP Serial Peripheral Interface (SPI):

SSOMI,SSIMO,SSTE,SSCLK



Slave DSP Serial Interface:

SRXD, STXD, SRXD, STXD
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Table 2.2.3. Slave I/O Connector (CP31) pin configuration
SLAVE ADC
CONNECTOR

PIN

SIGNAL

PIN

SIGNAL

1

GND

2

SCAP1

20

GND

3

SCAP3

21

SCAP2

4

GND

22

SCAP4

5

ST2PWM

23

ST1PWM

6

GND

24

ST3PWM

7

SPWM1

25

GND

8

SPWM3

26

SPWM2

9

SPWM5

27

SPWM4

10

SPWM7

28

SPWM6

11

SPWM9

29

SPWM8

12

STMRCLK

30

GND

13

GND

31

STMRDIR

14

STINT1

32

SPDPINT

15

GND

33

STINT2

16

SSIMO

34

SSOMI

17

SCLK

35

SSTE

18

SXF

36

SBIO

19

VCC(+5V)

37

GND
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The VCC1, VCC2, and VCC3 line of the DS1103 are connected on the CP1103 and called
VCC. The total load of all the connector pins that provide access to the PC power supply must not
exceed 1.5A.

2.2.4

Incremental Encoder Interface Connectors (CP32 ... CP37, CP39)

The incremental encoder interface connectors (CP32 ... CP37 and CP39) are 15-pin, female
Sub-D connectors located on the front of the connector panel. Each of the connectors provides the
signals for one of the seven available incremental encoder channels.

Table 2.2.4. Encoder Interface Connector pin configuration
CONNECTOR

2.2.5

PIN

SIGNAL

PIN

SIGNAL

1
2
3
4
5
6
7
8

VCC(+5V)
PHIO(X)
PHIO(X)’
PHI9O(X)
PHI9O(X)’
INDEX(X)
INDEX(X)’
GND

9
10
11
12
13
14
15

VCC(+5V)
GND
GND
GND
GND
GND
GND

I/O Circuit

The following illustrations are simplified diagrams of the input/output circuitry of the slave
DSP I/O.

Figure 2.2.5 d SPACE I/O circuit
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Table 2.2.5. Electrical characteristics of I/O circuit
PARAMETERS

ADC input Voltage
Input Voltage
Output Voltage

VALUE
Min
0V
2.0 V
0V
2.4 V
0V

High
Low
High
Low

Output Current
Input Current
Input resistance
Power-up default

2.2.6

Max
+ 5.0 V
5.0 V
0.8 V
5.0 V
0.4 V
± 13 mA
500µA

10 kΩ pull up to 5V
All I/O channels are set to input mode and to a
defined logical high level by the built in 10 kΩ pull
up resistors.

3-Phase PWM Signal Generation (PWM3)

The slave DSP provides 3 output channels (phases) for 3-phase PWM signal generation
(PWM3) in the frequency range 1.25 Hz … 5 MHz For PWM3, the DS1103 (and the optional
connector panels CP1103/ CLP1103) provides the signals for both the non-inverted and the
inverted PWM3 phases:
Table 2.2.6. PWM signals
PWM 3
PHASE

SIGNAL NAME OF NON
INVERTED PWM3 PHASE

SIGNAL NAME OF
CORRESPONDING INVERTED
PWM3 PHASE

1

SPWM1

SPWM2

2

SPWM3

SPWM4

3

SPWM5

SPWM6

PWM3 signals are centered on the middle of the PWM period (symmetric mode). The
polarity of the non-inverted PWM3 signals is active high.
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2.2.7

Duty cycle and pulse pattern

For each of the three phases, you can specify the duty cycle dx (x = 1, 3, 5) individually.
The duty cycle is defined as follows:
dx = Thigh, x / TP, where TP is the PWM period.

Fig 2.2.7. PWM pulse pattern in d SPACE

In PWM3 generation mode, the pulse pattern for the three non-inverted PWM signals
SPWM1, SPWM3 and SPWM5 may look like figure 2.2.7.
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2.2.8

MATLAB Simulink and Control-desk (real-time)

Simulink is a software program with which one can do model-based design such as
designing a control system for a DC motor speed-control. The I/O ports of CP 1103 are accessible
from inside the Simulink library browser. Creating a program in Simulink and procedure to use the
I/O port of CP 1103 will be detailed in future experiments. At this stage, let us assume that we have
created a control-system inside the Simulink that can control the speed of a DC motor.
When you build the Simulink control-system (CTRL+B) by using real-time option, it
implements the whole system inside the DSP of DS1103 board, i.e. the control-system that was
earlier in software (Simulink) gets converted into a real-time system on hardware (DS1103).
Simulink generates a *.sdf file when you build (CTRL+B) the control-system. This file gives
access to the variables of control-system (like reference speed, gain, tuning the controller etc) to
separate software called Control-desk. In this software a control panel can be created that can
change the variables of control-system in real time to communicate with DS1103 and hence
change the reference quantities.

2.2.9

Real Time interface (RTI)

This RTI Reference provides a full description of the Real-Time Interface (RTI) software
for the DS1103 PPC Controller Board. The Real-Time Interface (RTI) board library for the
DS1103 PPC Controller Board – the rtilib1103 – provides the RTI blocks that implement the I/O
capabilities of the DS1103 in Simulink models. These RTI blocks are designed to specify the
hardware setup for real- time applications. Furthermore, the rtilib1103 provides additional RTI
blocks, demo models, and useful information.
RTI concentrates fully on the actual design process and carry out fast design iterations. It
extends the C code generator Simulink Coder™ (formerly Real-Time Workshop®). To connect the
18

model to a dSPACE I/O board, just drag & drop the I/O module from the RTI block library and
then connect it to the Simulink blocks. All settings, such as parameterization, are available by
clicking the appropriate blocks. Simulink Coder™ (formerly Real-Time Workshop®) generates the
model code while RTI provides blocks that implement the I/O capabilities of dSPACE systems in
the Simulink models, thus preparing the model for the real-time application. The real-time model is
compiled, downloaded, and started automatically on your real-time hardware, without having to
write a single line of code. RTI guides during the configuration. RTI provides consistency checks,
so potential errors can be identified and corrected before or during the build process.

Fig 2.2.9.1 Real time interface library
The following rtilib1103 components are available in the Library rtilib1103 window:


Simulink calls the standard Simulink Block Library.



Block sets includes optional RTI blocks for the DS1103.



Help displays this reference information.
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TaskLib offers RTI blocks for modeling interrupts in Simulink.



EXTRAS offer RTI blocks for special purposes – for example the service code for
Control Desk 3.x or Control Desk Next Generation.



DEMOS show example models.



Master PPC is a sub-library comprising the RTI blocks for the I/O units served by
the Power PC processor.



Slave DSP F240

is a sub-library comprising the RTI blocks for the I/O units

served by the Texas Instruments TMS320F240 DSP.


SLAVE MC C164

is a sub-library comprising the RTI blocks for the CAN support

served by the Siemens SAB80C164 microcontroller.

The following I/O units can be accessed by the RTI block set for the master PPC of the DS1103:


ADC Unit



DAC Unit



Bit I/O Unit



Incremental Encoder Interface



Serial Interface



Interrupts



Synchronizing I/O Unit
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Fig 2.2.9.2 Real time interface master PPC library

2.2.10 ADC Unit
Scaling between the analog input voltage and the output of the block:
Table 2.2.10. ADC input/output
Input Voltage Range

Simulink Output

-10 V ……. + 10V

-1 ……. +1 (double)
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2.2.11 DAC Unit
Scaling between the analog output voltage and the input of the block:
Table 2.2.11. DAC input/output

2.3

Simulink Input

Output Voltage range

-1 ……. +1 (double)

-10 V ……. + 10V

RT Lab system components
Our lab is equipped with OPAL RT OP5600 hardware in loop simulator [17]. The above

chassis of OPAL RT technologies has the following features:


Contains a powerful real-time target computer equipped with up to 12, 3.3-GHz
processor cores with the real-time operating system including QNX and Red Hat
Linux.



Two user-programmable FPGA-based I/O management options available, powered
by the Xilinx Spartan-3 or more powerful Virtex-6 FPGA processor.



Available expansion slots accommodate up to 8 signal conditioning and analog
/digital converters modules with 16 or 32 channels each for a total of fast 128 analog
or 256 discrete or a mix of analog and digital signals.



Acts as a single-target system or can be networked into a multiple-target PC cluster
for complex applications capable of implementing large models with more than
3000 I/O channels and a time step below 25 micros.



Offers versatile monitoring on the front side, with RJ45 and mini-BNC, and standard
connectors such as DB37 on the back side to connect user equipment for HIL
simulation and testing. Status LEDs display FPGA synchronization status.
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Fig 2.3.1 OPAL RT system
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Fig 2.3.2 OPAL RT OP5600 system

The OP5600 Chassis consists of an upper section which contains I/O signal modules
including converters/conditioning and a bottom section which contains the multi-core processor
computer which runs the software found in OPAL-RT's real-time simulator systems including RTLAB, OPAL-RT's real-time simulation software platform.
The target computer included in the OP5600 Chassis consists of the following COTS
components:


ATX motherboard, with up to 12 processor cores,



6 DRAM connectors,



250 GB hard disk,



600 W power supply and



PCIe boards (up to 8 slots, depending on the configuration)

The OP5600 has following configuration:


OP5340 Type B module with 16 16-bit independent analog-to-digital converters,
24

400 nanoseconds conversion time for all channel converted simultaneously, and a
front end differential amplifier with input voltage range from +- 1V to +-100V.


OP5330 Type B module with 16 16-bit digital to analog converter, 1 microsecond
update for all channels simultaneously.



OP5353 Type B module with 32 digital input channels, 5V to 30V, differential
inputs.



OP5354 Type B module with 32 digital output channels, 5V to 30V.

2.3.1

RT- LAB

RT-LAB™ is the distributed real-time platform that is open and has the flexibility to be
applied to the most complex simulation and control problem, whether it is for real-time hardwarein-the-loop applications or for dramatically speeding up model execution.


Integrated with MATLAB/ SIMULINK/ State Flow/ Sim Power Systems/ Real time
workshop, and MATRIXx/ System Build/ Auto Code.



Specialized blockset to prepare models for distributed processing, internode
communication and signal I/O.



Comprehensive API for developing on-line application, including tools for Lab
VIEW, C + + , MATLAB, Visual Basic, Test Stand, Python and 3D Virtual Reality
Tools.



Online parameter editor



Real time operating system selection between QNX and Red Hawk Linux for
hardware implementation and windows for software real time implementation.



Can achieve closed-loop cycle times down below 10 microseconds (100 kHz).
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2.3.2

Data Acquisition Interface

The Opal-RT break-out box quickly and easily tests electronic equipment. The OP6660
breakout box, manually generates circuit faults (open circuit and short circuit) using jumpers to
either break contact or connect a circuit. It can analyze and test electronic equipment by specifically
testing each component and its connection. It has up to 104 low current circuits (1, 3, 5, 8 amp),
Separate plug in modules (Group of 8) and up to 18 high current circuits (10, 15, 20 amp).
Data Acquisition system has been used from similar real time interface system called as
OPAL-RT, wherein connection was made from the rear side of the acquisition box within
connectors C3 and C8 in order to make the box run without being connected to the whole RT Lab
system.

Fig 2.3.2.1 OPAL RT data acquisition unit
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Fig 2.3.2.2 OPAL RT data acquisition unit FRONT

A.

DB9 6 pulse inverter output connectors send control pulses to the motor.

B.

DB9 Encoder input connectors read motor speed and position using differential
ABZ encoder signals.

C.

Analog and digital input/output monitoring connectors for each channel (16 analog
or 8 digital).

D.

High current probe connectors (maximum 15 A AC), with red and green LEDs to
indicate channel activity.

E.

High voltage probe connectors (maximum 600 V), with red and green LEDs to
indicate channel activity.
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Fig 2.3.2.3 OPAL RT data acquisition unit REAR

A.

Power connection port and switch

B.

Main LEDs
- LED1 indicates DC-DC power supply status. On shows that there is a 12V
internally generated voltage.
- LED2 indicates inverter power supply. On shows that there is a 5V supply to the
inverter

C.

2 x LEDs,
- LEDs number 3 and 4 are the ±15V power indicators for the OP5511. On means
the probes are functioning, off indicates a failure.

D.

DB37F I/O connectors C1 to C8 (see “Pin Assignments” for details).

E.

Fusebox.
28

2.3.3

Connection for measurement using data acquisition unit

Connection between connectors was made from the rear side in order to make the data
acquisition unit to run independently without using the whole OPAL RT unit. Connector C3 and C8
were connected through a 37 pin D connector from the rear end of the data acquisition unit. The pin
configuration of both the connectors C3 and C8 is depicted in the figures 5.3.2.2 and 5.3.2.3
respectively.
The connection of these two connectors led us to use the analog input and output part of the
board as isolators that could resist a voltage up to 600V. Figure 5.3.2.1and table 5.3.2 shows the
respective analog output of analog inputs.
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Fig 2.3.3.1. Analog input and Output

Table 2.3.3.1 DAC input/output
AI for current

AO for current

AI for voltage

AO for voltage

I1

1

E1

5

I2

2

E2

6

I3

3

E3

7

I4

4

E4

8

I5

9

E5

13

I6

10

E6

14

I7

11

E7

15

I8

12

E8

16
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Fig 2.3.3.2. Connector C3
Table 2.3.3.2 Connector C3 pin configuration
SIMULATOR
SIGNAL
AIN +CH16
AIN +CH17
AIN +CH18
AIN +CH19
AIN +CH20
AIN +CH21
AIN +CH22
AIN +CH23
AIN +CH24
AIN +CH25
AIN +CH26
AIN +CH27
AIN +CH28
AIN +CH29
AIN +CH30
AIN +CH31
N/C
N/C
N/C

DB37F
(REAR)
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19

OP8660
(FRONT)
I1+
I2+
I3+
I4+
E1+
E2+
E3+
E4+
I5+
I6+
I7+
I8+
E5+
E6+
E7+
E8+
N/C
N/C
N/C

SIMULATOR
SIGNAL
AIN –CH16
AIN –CH17
AIN –CH18
AIN –CH19
AIN –CH20
AIN –CH21
AIN –CH22
AIN –CH23
AIN –CH24
AIN –CH25
AIN –CH26
AIN –CH27
AIN –CH28
AIN –CH29
AIN –CH30
AIN –CH31
N/C
N/C
N/C
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DB37F
(REAR)
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37

OP8660
(FRONT)
I1–
I2–
I3–
I4–
E1–
E2–
E3–
E4–
I5–
I6–
I7–
I8–
E5–
E6–
E7–
E8–
N/C
N/C
N/C

Fig 2.3.3.3. Connector C8
Table 2.3.3.3 Connector C8 pin configuration
SIMULATOR
SIGNAL
+ AOUT 00
+ AOUT 01
+ AOUT 02
+ AOUT 03
+ AOUT 04
+ AOUT 05
+ AOUT 06
+ AOUT 07
+ AOUT 08
+ AOUT 09
+ AOUT 10
+ AOUT 11
+ AOUT 12
+ AOUT 13
+ AOUT 14
+ AOUT 15
N/C
N/C
N/C

DB37F
(REAR)
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19

OP8660
(FRONT)
AO 1+
AO 2+
AO 3+
AO 4+
AO 5+
AO 6+
AO 7+
AO 8+
AO 9+
AO 10+
AO 11+
AO 12+
AO 13+
AO 14+
AO 15+
AO 16+
N/C
N/C
N/C

SIMULATOR
SIGNAL
– AOUT00
– AOUT01
– AOUT02
– AOUT03
– AOUT04
– AOUT05
– AOUT06
– AOUT07
– AOUT08
– AOUT09
– AOUT10
– AOUT11
– AOUT12
– AOUT13
– AOUT14
– AOUT15
N/C
N/C
N/C
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DB37F
(REAR)
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37

OP8660
(FRONT)
AO 1–
AO 2–
AO 3–
AO 4–
AO 5–
AO 6–
AO 7–
AO 8–
AO 9–
AO 10–
AO 11–
AO 12–
AO 13–
AO 14–
AO 15–
AO 16–
N/C
N/C
N/C

2.4

Experimental setup using LAB VOLT systems
The control systems of the AC/DC/AC energy conversion and STATCOM systems are

developed by dSPACE and Matlab®/Simulink®. First, the control system models are built in
Matlab®/Simulink®. Second, the models are compiled into real-time code using Real-Time
Workshop®. ControlDesk® is an experimental software tool provided by dSPACE, which can
process the generated real-time code and run the program in the embedded DSP. The dSPACE
ADC module collects the voltage and current measurements. Then, the DSP processor runs the
designed program and the PWM generator sends the command signals to the external drive
circuits of the power converter.
A laboratory-scale STATCOM is built to evaluate the conventional and the DCC control
strategies. The system consists of power components and a dSPACE-based digital controller. Figure
5.4 presents the high power components of the STATCOM built using LabVolt facilities. The
laboratory STATCOM consists of:
1) Lab Volt three-phase power supply module signifying the ac grid,
2) Lab Volt three-phase parallel resistance module representing the load,
3) Lab Volt three-phase series inductor module standing for the grid filter,
4) Lab Volt three-phase IGBT converter module meaning the STATCOM VSC converter
5) Isolators to measure and convert high power signals to d SPACE compatible signals.
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1
2
3

4

5

6

Figure 2.4 Experimental setup for STATCOM experiment
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The experimental setup consists of 6 parts:
1.

Resistance Module (grid filter): Lab-Volt® 8311-00

2.

VSC controller:
Diodes module: CRYDOM EFG15F.
IGBT module: POWEREX PM300R060.
DC link capacitor: CORNELL DUBILIER DCMC902T450DG2B.

3.

Isolators:
Data Acquisition: OPAL RT data acquisition board
Multimeter: Fluke 45 Dual Display Multimeter.
Oscilloscope: Tektronix TPS2024 Four Channel Digital Storage

4.

Inductor module (grid filter): Lab-Volt® 8323-10.

5.

Power supply: Lab-Volt® 8821-20.

6.

Controller: d SPACE 1103.

The ac network data is shown in Table 2.4.1 and the STATCOM parameters are shown in
Table 2.4.2.
Table 2.4.1. Network Data
Component

Parameter

Value

The grid

Line voltage and current

120/208V – 5A

Frequency

60Hz

120/208V
transmission

Inductance/phase

0.7Ω, 25mH – 25A dc max

Line

Parallel Resistance/phase

170 Ω
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Table 2.4.2. Parameters of individual STATCOM components
Component

Parameter

Value

VSC converter

Dc bus

420V – 10A

power

24V, 0.16A 50/60Hz

Switching Control

0/5V, 0-20KHz

Resistance

0.6 Ω

Inductance

25mH

Resistance Rp

700 Ω

Capacitance

16000 µF

Reference voltage

50V

Grid-filter

Capacitor

2.5

Power Electronics Converter board
The power electronic converter board, used in our Laboratory, has been designed to enable

us to perform a variety of experiments on AC/DC/AC converters, STATCOM system and
machines. The main features of the board are:


Two completely independent 3-phase PWM inverters for complete simultaneous
control of two machines.



42 V dc-bus voltage to reduce electrical hazards



Digital PWM input channels for real-time digital control



Complete digital/analog interface with dSPACE board

The basic block diagram of drives board is shown in Fig. 2.5.1.1 and the actual drives board
is shown in Fig. 2.5.1.2
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2.5.1

Description of Power Electronic Drive Board

The board of Fig 2.5.1.2 is shown with some additional labels in Fig 2.5.1.3. The two
independent three phase PWM voltage sources labeled phases A1, B1, C1 and phases A2, B2, C2
in Fig 2.5.1 are obtained from a constant DC voltage source. Hence two machines can be controlled
independently for independent control variables, at the same time. A single phase motor needs only
Phase A1 B1 for powering while three phase motor needs three phases A1, B1, C1.

Figure 2.5.1.1 Block Diagram of converter Board
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Figure 2.5.1.2 Converter board

Figure 2.5.1.3 Converter board (with key labels)

To generate the controlled PWM voltage source, this board requires various digital control
signals. These control signals dictates the magnitude and phase of the PWM voltage source. The
DS1103 R&D Controller board inside the computer generates them.
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2.5.2

Inverters

Each 3-phase inverter uses MOSFETs as switching devices. The 3-phase outputs of the first
inverter are marked A1, B1, C1 as shown in Fig 2.5.1.3, and those of the second inverter are
marked A2, B2, C2 as in Fig 2.5.3

2.5.3

Signal Supply

±12 volts signal supply is required for the isolated analog signals output from the drives
board. This is obtained from a wall-mounted isolated power supply, which plugs into the DIN
connector. Switch S90 controls the signal power to the board. The green LED D70 indicates if the
signal supply is available to the board. Fuses F90 and F95 provide protection for the +12 V and
−12 V supplies respectively. Please note that the green LED indicates the presence of only the +12
V supply. Please note that turning off S90 will not stop the PWM signals from being gated to the
inverters. The power supply for the 3-phase bridge drivers for the inverters is derived from the DC
Bus through a fly back converter.

2.5.4

Voltage Measurement

Test points are provided to observe the inverter output voltages. BNC connector VOLT DC
Fig 2.5.4 and has been provided to sense the DC bus voltage. To measure the DC bus voltage,


Connect a BNC cable to VOLT DC BNC connector.



The scaling factor of input voltage is 1/10.
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Figure 2.5.4Dc Bus and Current A1 and B1

2.5.5

Current Measurement

LEM sensors are used to measure the output current of the inverters. Only A and B phase
currents (CURR A1 and CURR B1) are sensed. The C phase current can then be calculated using
the current relationship Ia + Ib + Ic = 0, assuming that there is no neutral connection for the
machines. The calibration of the current sensor is such that for 1A current flowing through the
current sensor, output is 0.5 V. The current measurement points are shown in Fig. 2.5.4 and Fig
2.5.5.

Figure 2.5.5 Current A2 and B2
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2.5.6

Fault Protection

Shown in Fig 2.5.6, the Drives Board has over-current protection for each inverter. An overcurrent fault occurring on inverter 1 is indicated by red LED “MOTOR FAULT 1”, while that of
inverter 2 is indicated by red LED “MOTOR FAULT 2”. Each time a fault occurs, reset the fault
using the “RESET” switch on the board. The switch resets all the faults.

Figure 2.5.6 Motor Fault and Reset Switch
2.5.7

PWM / Digital Signals

PWM and other digital signals for the board are to be given to the 37-pin DSUB connector
in Fig 2.5.7. For pin-out description of this connector, see Table 2.2.3.

Figure 2.5.7 D Sub Connector
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2.6

Controller implementation
The controllers of the AC/DC/AC, STATCOM and Filter systems are implemented in Mat

lab®/Simulink® with Real-Time Workshop. The control systems are implemented using
conventional PID, direct vector and proposed Neural Network control mechanisms described in
Chapters 3, 4, 5 and 6 respectively. After the controller is implemented in Mat lab®/Simulink®,
the model can be compiled into real time code by Real-Time Workshop.
The major difference in real time and simulation is, in simulation the input is sine wave
generators which we design in a way to make it similar to a three phase supply. During real time
experiment and implementation the major part is the supply is in real that comes with predefined
issues like quality of supply, Voltage regulation and noise distortions. The power supply in our lab
was really distorted with phase B and phase C interchanged and the quality varied a lot with never
reaching to even 70% of being perfect. The second issue is the pre-measured resistance and
inductance. In simulation models, the resistance and inductance are accurate as the defined value.
However, the actual resistance and inductance in experiments may be different with premeasured values obtained from the measuring equipment. These factors may affect the design
of controller parameters.
We have tested the closed loop controls using d SPACE real time system and open loop controls
using OPAL RT system. The experiments were done using two different types of real time systems
and the data and results were verified for the controls. For the final hardware we used the two
different systems one was the Lab Volt systems and the other was the power electronics Converter
board.

42

CHAPTER 3
EXPERIMENTAL METHODS

3.1

Conventional control scheme of the grid side converter
The conventional standard vector control technology for a VSC-based STATCOM utilizes

PID control theory [18]. It has a nested-loop structure consisting of a faster inner current loop and
a slower outer loop that generates d- and q-axis current references id* and iq* to the current loop
controllers [19, 20]. The outer loop consists of a capacitor voltage controller that adjusts the d-axis
current reference id* depending on the difference between the desired and actual capacitor
voltages and a bus voltage or reactive power controller that regulates the q-axis current reference
iq* according to an ac system bus voltage support or a reactive power compensation requirement.
The inner current loop controllers assures that the d-axis component of the actual current reaches
the d-axis current reference id* and the q-axis component of the actual current reaches a q-axis
current reference iq*. Note that the capacitor voltage control is actually implemented through the
regulation of active power absorbed by the STATCOM.
Figure 3.1 shows the overall traditional standard d-q vector control structure. The d and q
reference voltages vd1* and vq1*, linearly proportional to the converter output voltages Vd1 and Vq1
[21], include the d and q voltages vd’ and vq’ from the current-loop controllers plus the
compensation items as shown by (3.1.1) and (3.1.2). The two reference voltages are used to
generate a three-phase sinusoidal reference voltage, va1*, vb1*, and vc1*, to control the PWM
converter. Thus, this control configuration actually regulates id and iq (i.e., the capacitor voltage
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and reactive power) using vd’ and vq’, respectively [18]. But, d-axis voltage is only effective for
reactive power or iq control, and q-axis voltage is only effective for active power or id control.
Therefore, the conventional control method relies mainly on the compensation items rather than
the PI loops to regulate the d- and q-axis currents. However, those compensation items are not
contributed in a feedback control principle and concept.
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Fig. 3.1. Conventional control scheme of the grid side converter [25, 26]

44

3.2

Direct Vector control scheme of the grid side converter
The theoretical foundation of the proposed direct-current vector control strategy is using d-

axis current for active or dc capacitor voltage control and q-axis current for reactive power or grid
voltage support control. But, instead of generating a d- or q-axis voltage based on a d- or q-axis
current error signal as shown by the standard control structure (Fig. 3.2), the direct-current vector
control mechanism outputs a current signal from the d or q current-loop controller. This control
strategy is mainly based on typical intelligent control principles, i.e., a control goal of minimizing
absolute or root-mean-square (RMS) error between the desired and actual d and q currents [22].
The output from the DCC current-loop controller is a d or q tuning current while the input error
signal tells the controller how much the tuning current should be adjusted during the dynamic
control process. This tuning current is different from the actual measured current. It is necessary to
point out that a fast current-loop controller is critical to assure the highest power quality in terms of
harmonics and unbalance. Thus, elimination of the current control loop [31, 32] is not an option for
the direct vector control strategy.
However, due to the nature of the voltage source converter, the d and q tuning current
signals id’ and iq’ generated by the current-loop controllers must be transferred to d and q voltage
signals vd1* and vq1* for the VSC control. This is implemented through (3.2.1) and (3.2.2), after
being processed by a low pass filter for the purpose to reduce the high oscillation of d and q
reference voltages applied directly to the converter.

vd*1   Rid'  s Liq'  vd

3.2.1

vq*1   Riq'  s Lid'

3.2.2
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Fig. 3.2. Direct Vector control scheme of the grid side converter

Figure 3.2 shows the overall direct-current vector control structure for the VSC-based
STATCOM. The control system consists of a d-axis current loop for dc capacitor voltage control
and a q-axis current loop for reactive power or grid voltage support control. Signal processing
technology is applied to the measured dc voltage and d- and q-axis currents to prevent the high
order harmonics from entering the controllers. The current-loop controller operates on a
mechanism that combines PID, fuzzy and adaptive control technologies [33] so as to enhance both
the dynamic performance and power quality of the STATCOM system.
In addition, a nonlinear programming formulation as shown below is developed to prevent
the resultant d-q current from going over the STATCOM rated current and to prevent the converter
from getting into a nonlinear modulation mode, where Irated is the rated phase rms current, Qac* is a
reactive power reference, and Vbus* is an ac system bus voltage reference. The basic principle of the
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nonlinear programming formulation is that under the converter rated power and linear modulation
constraints, the STATCOM should be operated to achieve the dc voltage control goal as the first
priority while minimizing the difference between reference and actual reactive powers or reference
and actual ac system bus voltages.
Minimize: Qac  Qac*

*
or Vbus  Vbus

Subject to: Vdc  Vdc*

I d2  I q2
3

Vd21  Vq21

 I rated ,

3



Vdc
2 2

3.2.3

The nonlinear programming strategy is implemented in the following way. If |idq*|
generated by the dc voltage and reactive power control loops exceeds the rated current limit, id*
and iq* are modified. If |vdq1*| generated by the current control loops exceeds the converter linear
modulation limit, vd1* and vq1* are modified by (3.2.4). In fact, (3.2.4) represents an optimal control
strategy of keeping the q-axis voltage reference vq1* unchanged so as to maintain the capacitor dc
voltage control effectiveness while modifying the d-axis voltage reference vd1* to meet the reactive
power or the bus voltage support control demand as much as possible.

vd*1_ new  sign  vd*1  

v

  v 

2
*
dq1_ max
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* 2
q1

vq*1_ new  vq*1

3.5.4

3.3

Neural Network Controller
The neural-network vector control structure is shown in Fig. 3.3. It has a nested-loop

structure consisting of an inner current loop and an outer loop, in which a d-axis loop is used for
active power control, and a q-axis loop is used for reactive power or grid voltage support control.
The error signal between the measured and reference active power generates a d-axis current
reference to the neural network through a PI controller, while the error signal between the actual
and desired reactive power generates a q-axis current reference. The neural network, known here as
the action network, is applied to the STATCOM inverter through a PWM (pulse width modulation)
mechanism to regulate the STATCOM dc voltage. The ratio of the inverter output voltage to the
output of the action network is a gain of kPWM, which equals Vdc/2 if the amplitude of the
triangle voltage waveform in the PWM scheme is 1V [23].
The continuous system state space model described by Eq. (3.3.1), is rearranged into the
discrete equivalent system state space representation using Eq. (3.3.2), where the system states are
id and iq, PCC voltages vd and vq are normally constant, and converter output voltages vd1 and
vq1 are the control voltages that are to be specified by the output of the action network. For digital
control implementation and the offline training of the neural network, the discrete equivalent of the
continuous system state-space model (3.3.1) must be obtained using Eq. (3.3.2), where Ts
represents the sampling period, k is an integer time step, F is the system matrix, and G is the matrix
associated with the control voltage. A zero-order-hold discrete equivalent [24] is used to convert
the continuous state-space model of the system in (3.3.1) to the discrete state-space model in
(3.3.2). We used Ts=1ms in all experiments.
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R f Lf
d id 


 
 
dt  iq 
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s  id  1

R f L f   iq  L f

 vd 1  1
v  
 q1  L f

vd 
v 
 q

id  kTs  Ts 
id  kTs 
 vd 1  kTs   vd 

  F
 G

 iq  kTs  Ts  
 iq  kTs  
 vq1  kTs   vq 

3.3.1

3.3.2

To simplify the expressions, the discrete system model in Eq. (3.6.2) is represented by:

idq  k  1  F  idq  k   G   vdq1  k  - vdq 

3.3.3

For a reference dq current, the control action applied to the system is expressed by:

vdq1  k   kPWM  A  idq  k   idq*  k  , sdq (k ), w

3.3.4

Where w represents the weight vector of the action network, and sdq (k ) represents the
network’s integral input vector.
Fig. 3.3 represents GCC neural vector control structure. va1,b1,c1 represents the GCC output
voltage in the three-phase ac system, and the corresponding voltages in the dq-reference frame are
vd1 and vq1. va,b,c is the three-phase PCC voltage, and the corresponding voltages in the dq-reference
frame are vd and vq. ia,b,c represents the three-phase current flowing from PCC to GCC, and the
corresponding currents in the dq-reference frame are id and iq. v*d1 and v*q1 are the d- and q-axis
voltages from the neural controller, and the corresponding control voltage in the three-phase
domain is v*a1,b1,c1.
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Fig. 3.3 RNN controller structure
3.3.1

Training of neural Network

Dynamic programming (DP) employs Bellman’s Principle of Optimality [23] and is a very
useful tool for solving optimal control problems [25, 26]. The typical structure of discrete-time DP
includes a discrete-time system model and a performance index or cost associated with the system
[27]. The DP cost function associated with the vector-controlled system is defined as:







C idq  j  , w    k  jU (edq (k )), j  0, 0    1
k j

3.3.1.1

Where  is a discount factor, and U is defined as:

U (edq (k ))  ed2 (k )  eq2 (k ) 





2

 id ( k )  id _ ref ( k )   iq ( k )  iq _ ref (k ) 

 , >0

2 

3.3.1.2

In which  is a power factor. The function C (), depending on the initial time j and the
initial state idq ( j ), is referred to as the cost-to-go of state idq ( j ) of the DP problem. The objective of
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the neural network controller is to solve a current tracking problem, i.e., to hold the existing state
idq near a given (possibly moving) target state idq* so that the function C () is minimized.

Initialize action network weights
k  0, w  Gaussian randomization

Generate initial GCC system states
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Unroll the trajectories based on Fig. 5
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Backward pass
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Fig. 3.3.1 RNN controller algorithm
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3.4

Application of Control
All these three control strategies were applied through simulation using Matlab/ Simulink to

STATCOM, AC/DC/AC and different filters like L/ LC/ LCL filters. After the results obtained
from the simulation models for real time hardware implementation were created using d SPACE,
LAB VOLT facilities and Power Electronic converter board. Open loop control of PWM generation
using v/f control was done using the OPAL RT systems.
All the results were simulated and verified using real time hardware implementation in
order to compare all the three control strategies the Conventional PID, direct vector control and the
intelligent Neural network Controller.
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CHAPTER 4
SIMULATION AND HARDWARE IMPLEMENTATION OF PWM BASED STATCOM

4.1

Introduction
A STATCOM (Static Synchronous Compensator) is a device that can compensate reactive

power and provide voltage support to a bus. In a renewable energy conversion system,
STATCOM is used to improve the system stability [28-31]. This chapter discusses the control
system for a PWM-based STATCOM and the simulation models for performance study of the
STATCOM system. The simulation models are built in Mat lab®/Simulink® development
environment using Sim Power System toolbox. The STATCOM control system is implemented
utilizing the conventional control and proposed control techniques, respectively. Some normal
and extreme operation conditions for the STATCOM are tested by computer simulation, and the
results are presented and analyzed.

4.2

Structure of STATCOM system
The STATCOM system consists of a shunt connected capacitor, a DC/AC power

converter, and a grid filter [32]. Figure 4.2 shows the configuration of a typical STATCOM
system. The power converter in figure 4.2 is a DC/AC converter, which is similar to the power
converters shown in figure 4.2. The DC/AC converter is the interface connecting the shunt
capacitor with the grid. The controller of the DC/AC converter is the core part of the STATCOM
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system. It should control the converter so as to generate reactive power to the grid if the grid
voltage is lower than the reference; or to absorb reactive power from the grid if the grid voltage
is higher than the reference.

Fig. 4.2. A STATCOM system

4.3

STATCOM transient and steady state models in d-q reference frame
Figure 4.3.1 depicts the basic configuration of a STATCOM connected with the grid, where

a capacitor is shunt connected with a voltage source PWM converter. A transformer and a grid
filter are connected between the converter and the grid [33, 34]. The grid filter consists of a resistor
and an inductor. The transformer can be modeled as a resistor plus an inductor too. Hence, the
equivalent circuit between the converter and the grid is modeled as a resistor and an inductor in
series for convenient analysis.

Rf
Rp

Lf
Grid

C
Transformer

Grid Filter

Fig. 4.3.1. Configuration of STATCOM
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Figure 4.3.2 shows the equivalent circuit of the integrated STATCOM and grid system,
where Vdc represents the voltage over the capacitor C, the resistor Rp represents the power loss in
the converter and the dc circuit. The voltages va1, vb1, and vc1 represent the three-phase output
voltage of the PWM converter, and the voltages va, vb, and vc represent the three- phase grid voltage
at the point of common coupling (PCC). The transformer and grid filter in Fig. 1 are represented as
a series combination of a resistor Rf and an inductor Lf.

idc
Vdc

+
Rp
C
-

ia

Va

Vb1

ib

Vb

Vc1

ic

Vc

Va1

R

L

Fig. 4.3.2. Equivalent circuit of STATCOM integrated grid

In the d-q reference frame, the voltage balance equation across the RL of the ac system is

vd 
v   R f
 q

id 
 iq  vd 1 
d id 

L


L
i 
i 
f
s f 
  v 
i
dt
q
q
d

  q1 
 
 

4.3.1

Where s is the angular frequency of the grid voltage, vd, vq, vd1, and vq1 represent the d and
q components of the grid voltage and converter output voltage, respectively, and id and iq represent
the d and q components of the current flowing between the ac system and the STATCOM.
Equation (4.3.1) can be expressed by a complex equation (4.3.2) using space vectors, in
which vdq, idq, and vdq1 are instantaneous space vectors of grid voltage, line current, and converter

55

output voltage. In the steady-state condition, (4.3.2) becomes (4.3.3), where Vdq, Vdq1, and Idq stand
for the steady-state space vectors of the ac system and converter output voltages and line current.

vdq  R f  idq  L f

d
idq  js L f  idq  vdq1
dt

Vdq  R f  I dq  js L f  I dq  Vdq1

4.3.2

4.3.3

In the PCC voltage orientation frame [12, 27, 28] the ac system d-axis voltage is constant
and q-axis voltage is zero. Thus, the instantaneous active and reactive powers transferred from the
ac system to the STATCOM are proportional to the d- and q-axis currents, respectively, as shown
by (4.3.4) and (4.3.5).

pac (t )  vd id  vq iq  vd id

4.3.4

qac (t )  vq id  vd iq  vd iq

4.3.5

In terms of the steady state condition, Vdq  Vd  j 0 if the d-axis of the reference frame is
aligned along the PCC voltage position. Assuming Vdq1  Vd1  jVq1 and neglecting the resistor Rf,
then, the current flowing between the ac system and the STATCOM according to (4.3.3) is

I dq 

Vdq1  Vdq
jX f



Vd 1  Vd Vq1

jX f
Xf

4.3.6

Where, Xf stands for the reactance of the transformer and grid filter between the STATCOM
and the ac system.
Supposing passive convention is applied, i.e., power flowing toward the STATCOM as
positive, then, the power transferred between the STATCOM and the ac system can be achieved
56

*
*
from the fundamental complex power equation, Pac  jQac  Vdq I dq  Vd I dq . By solving this power

equation together with (4.3.6), (4.3.7) is obtained. According to (4.3.7), the ac system active and
reactive powers, Pac and Qac, are controlled through q and d components Vq1 and Vd1 of the injected
voltage by the converter to the ac system, respectively. If the resistor Rf is considered, the similar
power control characteristics of the STATCOM still exist under both steady-state and transient
open-loop control conditions as shown in [29].

Pac  

4.4

Vd Vq1
XL

,

Qac 

Vd
Vd  Vd1 
XL

4.3.7

STATCOM simulation models
The STATCOM simulation models are built in Simulink®, which consist of modules of

high power components, control modules and data processing modules. The STATCOM is
connected to the grid for either reactive power or the grid voltage support control.
Figure 4.4.1 depicts the top level of STATCOM simulation models built in Simulink®. A
fault switch is adopted to simulate a short circuit in a transmission line, which will cause a
voltage drop at the bus where the STATCOM is connected.
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Fig. 4.4.1 Simulation model of STATCOM
58

Fig. 4.4.2 Core control system of STATCOM using conventional PID control mechanism

Fig. 4.4.3 Core control system of STATCOM using Conventional direct vector control mechanism

Fig. 4.4.4 Core control system of STATCOM using Neural Network control mechanism
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Figure 4.4.2 shows the core control system module of the STATCOM using the
conventional P ID control mechanism, figure 4.4.3 shows the core control system module of
the STATCOM using the Conventional direct vector control mechanism and figure 4.4.4 shows the
proposed adaptive neural network control mechanism.

4.5

Simulation results and analysis
The performance of conventional and proposed STATCOM control systems is evaluated

under several different operating conditions. Since the STATCOM can operate at the reactive
power compensation mode or the bus voltage support mode, the simulation is conducted for each
of the two different modes. However, the system parameters for simulation of the two modes are
identical.

Table 4.5. System parameters of STATCOM model
Grid line voltage (V)

570

Equivalent resistor (Ω)

0.0012

Equivalent inductor (mH)

1.2

Shunt capacitor (μF)

16000

Capacitor voltage (V)

1200

System frequency (Hz)

60

Switching frequency (Hz)

1980
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4.5.1

Simulation Study of PWM STATCOM using conventional PID control

Figure 4.5.1 (a) shows the grid q axis current waveform of the STATCOM system
using the conventional PID control mechanism at 50V.
Figure 4.5.1 (b) shows the grid d axis current waveform of the STATCOM system
using the conventional PID control mechanism at 50V.
Figure 4.5.1 (c) shows the DC capacitor voltage waveform of the STATCOM system
using the conventional PID control mechanism at 50V.
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Figure 4.5.1 Performance of STATCOM using Conventional PID control mechanism at 50V
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4.5.2

Simulation Study of PWM STATCOM using conventional direct vector control

Figure 4.5.2.1 (a) shows the grid q axis current waveform of the STATCOM system
using the conventional direct vector control mechanism at 50V.
Figure 4.5.2.1 (b) shows the grid d axis current waveform of the STATCOM system
using the conventional direct vector control mechanism at 50V.
Figure 4.5.2.1 (c) shows the DC capacitor voltage waveform of the STATCOM system
using the conventional direct vector control mechanism at 50V.
Figure 4.5.2.1 (d) shows three phase grid current waveform of the STATCOM system
using the conventional direct vector control mechanism at 50V.
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(c) Grid current waveform

Figure 4.5.2.1 Performance of STATCOM using direct vector control at 50V

Figure 4.5.2.2 (a) shows the grid q axis current waveform of the STATCOM system
using the conventional direct vector control mechanism at 200kV.
Figure 4.5.2.2 (b) shows the grid d axis current waveform of the STATCOM system
using the conventional direct vector control mechanism at 200kV.
Figure 4.5.2.2 (c) shows the DC capacitor voltage waveform of the STATCOM system
using the conventional direct vector control mechanism at 200kV.
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Figure 4.5.2.2 Performance of STATCOM using direct vector control at 200kV

4.5.3

Simulation Study of PWM STATCOM using proposed Neural Network control

Figure 4.5.3.1 (a) shows the DC capacitor voltage waveform of the STATCOM system
using the conventional direct vector control mechanism.
Figure 4.5.3.1 (b) shows the grid d and q current waveforms of the STATCOM system
using the conventional direct vector control mechanism.
Figure 4.5.3.1 (c) shows grid current waveforms of the STATCOM system using the
conventional direct vector control mechanism.
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Figure 4.5.3.1. Performance of STATCOM using Neural Network at 50V
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Figure 4.5.3.2. Performance of STATCOM using Neural Network at 200kV
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4.6

Real Time Interface (d SPACE control desk)
Figure 4.6.1 shows the controller model developed using d SPACE real time system, which

consists of voltage and current measurements, closed loop control system, protection unit and
PWM signals generator.

Fig4.6.1. Control of a VSC based STATCOM for hardware implementation, using d SPACE
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The above Figure 4.6.1 is the actual d SPACE model done in the d SPACE control desk.
The descriptions for the blocks are as follows:
Grid Voltage: Takes input from the real power source and the voltage is then multiplied by a gain
of 600. This gain is because of the 1:10 ration of d SPACE and 1: 60 ratio of the
OPAL RT data acquisition used for measurement purpose in order to keep the
measurement in safe limits. So the total multiplication factor for the voltage is 600.
Grid Current: Taken input from the real power source in form of current which is then multiplied
by a factor of 15 due to the RT LAB data acquisition block having a ratio of 1:15
and d SPACE having a ratio of 1:1, giving a total multiplying factor of 15.
DC Voltage: It is taken as input from the VSC controller (STATCOM capacitor voltage) and fed
to the controller.
Controller:

The control mechanisms tested and verified in simulation is now used in the real
time interface. Slight changes were made in the black to make it run with d SPACE.
The major was, PWM generated output method in simulation and in real time was
different and in real time the time the controller had to work was infinite.

PWM Signal: This block is a predefined block in Simulink which is used to generate PWM signals
when the duty signal is appropriately given as the input. There are two different
blocks; one is three phase PWM block which generates total 6 PWM signals (3 for
the three phases and three inverted). The other block is four single phase generator,
which generates in total 4 PWM signals.
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Protection:

This block is used to keep the units within safe limits and is used to trip the PWM
generation block when the system is going beyond the safe limits. It acts as a relay
and turns off the PWM block automatically.

Real time interface: This auto generated block symbolizes that the controller is running in real time.

1

4

2

5

7
6

3

Fig. 4.6.2. d SPACE interface of real time application
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Figure 4.6.2 shows the d SPACE interface in real time application, which consists of
voltage, current, power waveform monitors, reference command buttons and emergency stop
button. Once the real time blocks and d SPACE module is ready in the Simulink there are certain
changes to be one in the configuration parameters.
Stop time: infinite
Block reduction: off
Real Time workshop: select the target file as per the d SPACE board
After the configuration setting the model is compiled in real time, which generates sdf file
in the respective folder. This sdf file is used to recognize and create real time interface for the
model using d SPACE control desk.
In the dSPACE control desk we have to create a new project first and then load the variable
file which is the sdf created from Simulink. After this a new layout is made as shown in figure
4.6.2, this is used to display the required graphs or plots, top vary any data during real time
running and to start or stop the signals.
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The Voltage range for the experiment done is kept to 50V. The maximum allowable
current of the inductor is 3.6 A, which should be considered in the controller design. A protection
unit is added to limit the possible high current or voltage. If the RMS current of any phase of the
inductors exceeds 3 A, or the DC link voltage exceeds 150 V, the PWM signals generator will
stop automatically, which cuts off the main power flow path for the safety concerns. Also, there
is a manual stop button if the operator wants to stop the experiment manually.
The conventional PID controller, direct vector controller and the proposed Neural Network
controller blocks were simultaneously replaced and the final results were verified in same
conditions.

4.7

Experimental results for STATCOM system control
The laboratory setup of the STATCOM system is similar to that of the AC/DC/AC

converter system except no voltage source and the diode bridges are needed. Two cases are used to
evaluate the performance of the STATCOM system using the conventional and proposed
control mechanism, respectively.
The conventional PID and Direct Vector control strategies are evaluated over the laboratory
STATCOM and were compared with the proposed Neural network control mechanism. The
reference capacitor voltage is 50V. The parameters of the conventional and the DCC controllers are
presented in Table 4.7. Before the hardware experiment, simulations for the same laboratory
STATCOM configuration validated both control methods. However, creating actual hardware
experiment conditions was very challenging. This included working around variable and
unbalanced grid filter inductances and distorted PCC voltages.
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Table 4.7.2. Controller Parameters for conventional mechanisms
Approach

Controller

Gain (kp / ki)

Conventional

Current loop

0.895 / 53.073

dc voltage

0.049 / 0.07

Current loop

1.363 / 44.49

dc voltage

0.08 / 105

DCC

A.

Conventional PID Control

In the first case, the performance of the laboratory STATCOM is evaluated using the
conventional control strategy. In this case the dc capacitor voltage is unable to get to reference
value. However, by changing the reference q-axis current, the performance of the system became
interesting. The q-axis reference current was changed several times in a 100 sec time frame and the
performance of d-axis current and capacitor voltage was observed. The q-axis current was varied at
around 25sec, 50sec, 70sec and 85sec. It was observed that while the q-axis current was altered, the
DC voltage started to vary and fluctuate along with it. This result seems to be consistent with the
theoretical analysis and simulation study shown in [35]. Though the q-axis current was following
the q-axis current reference, the d-axis current never tracked its reference throughout (Fig. 4.7.A.b).
At all the variation points of q-axis current reference (Fig. 4.7.A.a), there was a variation in DC
voltage (Fig. 4.7.A.c), which shows an unstable operation of the conventional controller.
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a) q axis current for conventional control

b) q axis current for conventional control
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c) d axis current for conventional control

Fig. 4.7.A. STATCOM performance using standard PID control approach with real time interface
of D Space
B.

Direct Current Vector control

In the second case, the performance of the laboratory STATCOM is evaluated using the
DCC control strategy under the same grid condition shown by Figure 4.7.B. The q-axis current
reference was changed at around 30sec, 50sec, 65sec and 85sec. The performance of d-axis current
and DC voltage was observed on its basis (Figs. 4.7.B.a, 4.7.B.b and 4.7.B.c). After the initial
transient, both the quantities followed their reference, until it reached the PWM saturation of the
converter at around -0.5A.
In summary, when a STATCOM utilizes the conventional control strategy, the voltage of
the dc capacitor does not stabilize at the desired reference voltage. Additionally if at any instant, the
q-axis reference current is altered, consequently altering the q-axis current, the dc voltage of the
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STATCOM floats with the q-axis current. Therefore, the d-axis current never follows the reference.
Because of this malfunction in the conventional control mechanism, there are increased oscillations
in the dc capacitor voltage. These oscillations make the reactive power supplied by the STATCOM
uncontrollable.
Nevertheless, for the same condition, the DCC control strategy performs differently (Fig.
4.7.B). Shortly after the start of the system, the controllers regulate i) the dc capacitor voltage at the
target dc voltage level, and ii) d-axis current, thereby controlling the active power. As the q-axis
current is also controlled, the DCC control technique regulates the STATCOM reactive power
according to the optimal control rule, i.e., maintaining capacitor voltage constant as the first priority
while generating reactive power as much as possible. For each reactive power demand changing
from one condition to another through the q-axis current, the DCC control technique can adjust the
actual dc voltage to the reference value swiftly with much reduced oscillation.

a) q axis current for direct current vector control
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b) d axis current for direct current vector control

c) DC Voltage for direct current vector control
Fig. 4.7.B. STATCOM performance using the Direct vector control approach with real time
interface of D Space
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C.

Neural Network Control

The system was tested using the proposed neural network controller. The test sequence was
scheduled as follows, with t=0s as the starting point for data recording. Around t=50s, the active
power transferred from the DER converter to the dc-link capacitor decreased. Around t=100s, the
reactive power reference changed from absorbing to generating. Around t=150s, the active power
transferred from the DER converter to the dc-link capacitor increased. The system data were not
only collected by the d SPACE system, but also monitored by oscilloscopes and/or meters.
Fig. 4.7.C shows the hardware experiment results. Compared to the standard PID and vector
control method, the neural network vector control approach demonstrated superior performance
across various areas of functionality. When the dc-link voltage dropped due to a reduction of active
power transferred from the DER converter to the dc-link capacitor at about t=50s, the controller
quickly regulated the actual voltage to the reference value (Fig. 4.7.C.a). As the reactive power
demand changed from absorbing to generating at about t=100s, the actual q-axis current rapidly
adjusted to the new q-axis current reference (Fig. 4.7.C.c), and the oscillation of the dc-link voltage
was very small. Because the converter was operating around the PWM saturation at this moment
due to the generating reactive power, the q-axis current was unable to better follow the reference
current, causing the d- and q-axis currents to oscillate more because of the increased harmonic
distortion. When the dc-link voltage increased due to a boost of active power transferred from the
DER converter to the dc-link capacitor at about t=150s, the controller quickly stabilized the dc-link
capacitor voltage to the reference value (Fig. 4.7.C.a). The neural network controller demonstrated
great performance under all other conditions, even under the distorted PCC voltage in the
laboratory condition (Fig. 4.7.C.d).
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Fig.4.7.C. Hardware experiment evaluation of neural network vector control mechanism

4.8

Conclusion
From figure 4.5.1 to figure 4.5.3.2, the following conclusions are obtained:
If the controller output voltage does not exceed the linear modulation or the saturation

limit, the STATCOM works properly for DC capacitor voltage using both the conventional
and the direct vector control approaches. Whenever the reactive power control demand makes the
controller output voltage go over the linear modulation or the saturation limit, then, the actual DC
capacitor voltage becomes uncontrollable using the conventional P ID control technique [47].
The more the controller output voltage exceeds the limit, the more the DC voltage deviates from the
reference DC voltage.
The STATCOM works properly with the conventional direct vector control mechanism and
operates in an optimal control mode trying to maintain a constant DC-link voltage. But there
are more oscillations when exceeding the linear modulation and the current taken by the
82

STATCOM from the grid becomes more unbalanced during each control transition when the
performance is observed for high voltage levels.
Compared to conventional methods, the neural network controller has demonstrated a
stronger ability to determine optimal control actions from multiple inputs throughout an adaptive
learning process. It boasts very fast response and close to ideal controller performance. It works
properly within any voltage range from 50V and even higher up to 200kV. Moreover the controller
works properly even at varied load conditions and optimizes itself automatically.

From figure 4.7.A to figure 4.7.C, the following conclusions are obtained:
The real time study gave a clear picture of the application of control strategies into the real
world. Time was invested in understanding the working and operation of both the real time system.
Both d SPACE and OPAL RT has their own system of working which is different from each other
and has its own complexities. Through the real-time hardware experiments, it is clear that the
conventional control mechanism performs well under certain operating conditions. However, the
conventional control mechanism may not work properly in a real-time laboratory environment
under some specific conditions although it may perform pretty well in Matlab®/Simulink®
simulation environment under the same conditions. It means that the conventional control
mechanism is not reliable and the performance depends on the laboratory system conditions.
It was observed that the Direct vector control operated properly till a Low voltage range abut at
higher Voltage levels it stopped tracking the Dc voltage reference, whereas the Intelligent neural
network performed to the optimum value at any given condition.
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CHAPTER 5
GRID INTEGRATION AND DISTRIBUTED GENERATION
5.1

Introduction
5.1.1

AC/DC/AC converter

The AC/DC/AC converter discussed in this thesis is widely used in renewable energy
systems. The converter should provide good abilities to transmit power effectively, respond
quickly and accurately, and operate stably in potential extreme conditions.
Nowadays, some kinds of power electronics semiconductors are popular [36], including
Power MOSFETs, GTOs), and IGBTs. The AC/DC/AC converter usually utilizes IGBT devices
in the power industry. The IGBT combines the advantages of the MOSFETs and the
advantages of the bipolar transistors by using an isolated gate FET as the control unit, and
utilizing a bipolar power transistor as the switch to transmit high currents.

ia 1
ib 1
ic 1

ia 2

Vdc
C

Fig. 5.1.1. A typical AC/DC/AC converter
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ib 2
ic 2

Figure 5.1.1 shows a typical AC/DC/AC converter, which consists of 12 IGBTs. The left
hand side is an AC/DC converter (also called machine side converter), the right hand side is a
DC/AC inverter (also called grid side converter), and the middle part between the two converters
is a DC-link capacitor. The AC/DC converter converts AC power input into DC power output,
and the DC/AC converter inverts DC power input back into AC power output. This converter is
very important for transmitting power from wind turbines to the grid in practice. As a result, the
control scheme of the AC/DC/AC converter should be designed carefully and should control the
behaviors of the converters effectively.

5.1.2

Grid side converter

As shown in figure 3.1.1, the AC/DC/AC converter consists of an AC/DC converter and
a DC/AC inverter. Actually, these two types of converters are very similar to each other, the
fundamental control theories of these two types of converter are almost the same.

Fig. 5.1.2. A typical DC/AC inverter
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Figure 5.1.2 shows a typical DC/AC inverter, there are 6 IGBTs in this inverter, which
inverts a DC power input into a controlled 3 phase AC power output based on the control signals
applied on the gate circuits of IGBTs.
The control signals used for the gate circuits of IGBT are usually generated through a
PWM signal generator. The simplest way to get a PWM signal requires a repetitive
switching-frequency saw tooth or triangular waveform and a comparator. In order to produce a
sinusoidal output voltage waveform, a sinusoidal control signal is compared with a triangular
waveform. The amplitude Vtri of the triangular waveform is always kept as constant value such as
1 V. When the value of the sinusoidal control signal is greater than the triangular waveform value,
the PWM generator output is in high state, otherwise it is in low state. The frequency of the
triangular waveform creates the inverter switching frequency and the fundamental output voltage
waveform frequency is the same as the frequency of the sinusoidal control signal. Two terms are
defined in PWM algorithm, one is called amplitude modulation ratio, and the other is called
frequency modulation ratio. The amplitude modulation ratio ma is defined as

Vcontrol
Vtri

ma 

5.1.2.1

Where, Vtri is the amplitude of the triangular waveform, and Vcontrol is the amplitude of the
sinusoidal control signal. The frequency modulation ratio mf is defined as

mf 

ftri
fcontrol

5.1.2.2

Where, ftri is the frequency of the triangular waveform (also called carrier frequency),
and fcontrol is the frequency of the sinusoidal control signal [36].
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5.1.3

Space vectors

The key point of space vectors is the transformation between a three-phase stationary
coordinate system and a two-phase rotating coordinate system [37]. The transformation can be
achieved through two steps.
A.

Clarke transformation (abc system to αβ system).

B.

Park transformation (αβ system to dq system).

Assuming ia , ib, ic are the three phase instantaneous currents, then, the complex current
is defined as

is  ia   ib   2ic
Where   e

2
j 
3

and  2  e

2
j 
3

5.1.3.1

, represent the spatial operators.

b


i

is
i

c
Fig. 5.1.3.1. Clarke transformation
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a

Figure 5.1.3.1 shows the Clarke transformation, where  axis and a axis are in the same
direction. The complex current is is projected on two orthogonal axes, which are  and  axes.
These two axes are also static as the three-phase stationary coordinate system.


q

iq

is
id

d

  t



Fig. 5.1.3.2. Park transformation

In Park transformation, the d axis is aligned with grid voltage position. Park transformation
is a projection, which projects is onto dq rotating orthogonal axes. Figure 5.1.3.2 shows Park
transformation, the dq coordinates system is a rotating system, where   t is the grid voltage
position.
As a result, these two transformations can be combined and written as a matrix form,

2
2


cos(t ) cos(t   ) cos(t   )  ia 

id 
2
3
3
 
 ib 
iq   3 
 
  sin(t )  sin(t  2  )  sin(t  2  )  ic 
3
3   
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5.1.3.2

The coefficient

2
3

is convenient in power calculation, which will be discussed later.

The voltage transformation matrix has the same form as equation (3.1.3.2).

2
2


cos(

t
)
cos(

t


)
cos(

t

 )  va 

vd 
2
3
3
 


 vb 
vq 
2
2
3
 
 sin(t )  sin(t   )  sin(t   )   vc 

3
3 

5.1.3.3

The inverse transformation from d, q system to a, b, c system can be expressed as following.



 cos(t )
 sin(t ) 
 ia 


ib   2  cos(t  2  )  sin(t  2  )  id 
 
3
3
3   iq 
ic 

2
2 
cos(t   )  sin(t   ) 
3
3 



 cos(t )
 sin(t ) 
va 


vb   2  cos(t  2  )  sin(t  2  )  vd 
 
3
3
3   vq 
vc 

2
2 
cos(t   )  sin(t   ) 
3
3 
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5.1.3.4

5.1.3.5

5.2

Mathematical model of the grid side converter system
5.2.1

Grid-side converter system model

The converter employs PWM and vector control approaches. Suppose Vd 1 , Vq1 are the d
and q components of the converter output voltages in a d q rotating reference frame, and Vdc is the
DC-link voltage. If the amplitude of triangular waveform in PWM generator is 1 V, the d and q
component signals required to generate gate signals are Vd _ norm  Vd 1 
respectively.

Therefore,

the

amplitude

modulation

ratio

2
2
and Vq _ norm  Vq1 
Vdc
Vdc

of

PWM

generator

is ma  Vd _ norm 2  Vq _ norm 2 , and the converter output phase peak voltage can be extracted.

Vconv 

ma Vdc
2

5.2.1.1

Thus, the grid side converter can be treated as a gain of control voltage outputs. The
coefficient of the gain is shown in equation (5.2.1.1).
The equivalent circuit of the grid side converter with grid filter in dq axes reference frame is
shown in figure 3.5. The grid filter consists of a resistor and an inductor in the equivalent
circuit, in which the resistance is Rf and the inductance is Lf . Applying Kirchhoff’s voltage
law, the relationship of the grid voltage and the converter output voltage in terms of current and
grid filter parameters in abc and dq axes reference frame has been described in (5.2.1.2) and
(5.2.1.3) respectively.
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Fig. 5.2.1. Grid side converter equivalent circuit in dq axes reference frame

The voltage balance across the grid filter is described in equation (5.2.1.2).

va 
ia 
ia  va1
vb   Rf ib   Lf d ib   vb1
 
 
dt    
 vc 
ic 
ic   vc1

5.2.1.2

Applying d, q reference frame, (5.2.1.2) becomes (5.2.1.3)

vd 
id 
 iq  vd 1
d id 

R
f

L
f


sLf
 vq 
iq 
iq 
 id    vq1
dt
 
 
 
   

5.2.1.3

Where  s is the angular frequency of the grid voltage. With space vectors theory, (3.2.1.3)
can be written as (3.2.1.4),

vdq  Rf .idq  Lf

didq
 j sLf .idq  vdq1
dt

3.2.1.4

Where vdq , idq and vdq1 are the instantaneous space vectors of grid voltage, line current and
converter output voltage respectively.
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In steady-state condition, the derivative part can be removed, and (5.2.1.4) becomes
(5.2.1.5),

Vdq  Rf .Idq  j sLf .Idq  Vdq1

5.2.1.5

Where Vdq and Vdq1 are the steady-state grid side converter equivalent output voltage and
the grid equivalent voltage in dq reference frame, respectively. The current Idq flows from the grid
to the converter.
The grid side converter dq output voltage can also be expressed in terms of currents and
grid voltage.

5.2.2

Vd1  IdRf  IqsLf  Vd

5.2.1.6

Vq1  IqRf  IdsLf

5.2.1.7

DC-link model

The DC-link capacitor connects the machine side converter and the grid side converter
[38-40]; the equivalent circuit is shown in figure 5.2.2.

Machine side
Converter

im ig
idc vdc

Grid side
Converter

C
 Pg

Pm 
Fig. 5.2.2 DC-link model
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In figure 5.2.2, the DC-link voltage is vdc , the capacitance is C , the power flows from a
renewable source to the machine side converter is Pm and the power flows from grid to the grid
side converter is Pg .
The energy stored in the capacitor is given by equation (5.2.2.1).

1
Wdc  C vdc 2
2

5.2.2.1

When the energy losses are small enough and can be neglected, the energy in the DC-link
capacitor depends on both the power flow from grid side Pg and the power flow from machine
side Pg . The relationship can be expressed as equation (5.2.2.2).

dWdc
 Pg  Pm
dt

5.2.2.2

Extracting the derivative part, then (3.2.2.2) becomes (3.2.2.3).

Cvdc

dvdc
 Pg  Pm
dt

5.2.2.3

From equation (5.2.2.3), it is clear that the constant DC-link voltage requires  Pg  Pm
, which means all the power from machine side has to be delivered to the grid side.
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5.3 AC/DC/AC Converter

Fig. 5.3 An ac/dc/ac converter system for the GSC and grid

94

5.4

Experimental results for AC/DC/AC system control
A hardware laboratory test system of an ac/dc/ac system was built to validate the

proposed neural network vector controller for DERs. Fig. 2.4 shows the testing system with the
following setup:
1)

An AC/DC converter connected to an adjustable Lab Volt three-phase power
supply;

2)

Another dc/ac converter connected to the second Lab Volt three-phase power
supply representing a DER;

3)

A three-phase grid filter built using three Lab Volt smoothing inductors with R
and L nameplate values of 0.6 and 25mH, respectively;

4)

A dc-link capacitor with a capacitance of 3260F; and

5)

An AC/DC converter controlled by a d SPACE digital control system [41].

The control system collects dc-link voltage and three-phase currents and voltages at the
PCC, and sends out control signals to the converter according to different control demands.
To ensure proper functioning of the neural controller, the test system was evaluated
through computer simulation first before the hardware experiment. The simulation time step for
the controllers was the same as the sampling time used in the dSPACE digital control system.
Despite conducting simulation verification, the actual system performance in the hardware
experiment environment could deteriorate due to unexpected disturbances, such as unbalanced
grid-filter inductance, unbalanced and distorted grid voltage, and the deviation of system
parameters from pre-measured values.
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The test sequence was scheduled as follows, with t=0s as the starting point for data
recording. Around t=50s, the active power transferred from the DER converter to the dc-link
capacitor decreased. Around t=100s, the reactive power reference changed from absorbing to
generating. Around t=150s, the active power transferred from the DER converter to the dc-link
capacitor increased. The system data were not only collected by the dSPACE system, but also
monitored by oscilloscopes and/or meters.
Fig. 5.4 shows the hardware experiment results. Compared to the standard vector control
method, the neural network vector control approach demonstrated superior performance across
various areas of functionality. When the dc-link voltage dropped due to a reduction of active
power transferred from the DER converter to the dc-link capacitor at about t=50s, the controller
quickly regulated the actual voltage to the reference value (Fig. 5.4a). As the reactive power
demand changed from absorbing to generating at about t=100s, the actual q-axis current rapidly
adjusted to the new q-axis current reference (Fig. 5.4c), and the oscillation of the dc-link voltage
was very small. Because the converter was operating around the PWM saturation at this moment
due to the generating reactive power, the q-axis current was unable to better follow the reference
current, causing the d- and q-axis currents to oscillate more because of the increased harmonic
distortion. When the dc-link voltage increased due to a boost of active power transferred from
the DER converter to the dc-link capacitor at about t=150s, the controller quickly stabilized the
dc-link capacitor voltage to the reference value (Fig. 5.4a). The neural network controller
demonstrated great performance under all other conditions, even under the distorted PCC voltage
in the laboratory condition (Fig. 5.4d).
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Fig.5.4 Hardware experiment evaluation of neural network vector control mechanism
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CHAPTER 6
GRID CONNECTED CONVERTERS: FILTER APPLICATION
6.1

Introduction
With the growing use of grid-connected converters (GCCs) in distributed generation,

micro grids, and electric power systems, the problem of injected harmonics becomes critical. The
current harmonics, if injected into the grid, can cause sensitive apparatuses connected to the grid
to malfunction. According to the harmonic standards, which determine the level of current
harmonics injected into the grid [42], the power filter should attenuate the harmonics to specific
levels. GCCs for grid interfacing will need to incorporate interface filters to attenuate the
injection of current harmonics.
The three main harmonic filter topologies for GCCs are the L filter, LC filter, and LCL
filter [43]. The L filter is the first-order filter with an attenuation of 20dB/decade over the whole
frequency range. Using this filter, the GCC switching frequency must be high in order to
sufficiently attenuate the GCC harmonics. The LC filter is the second-order filter, which offers
40 dB/decade attenuation and exhibits better damping behaviors than the L filter. It is suited to
configurations in which the load impedance across C is relatively high at and above the
switching frequency. The attenuation of the LCL filter is 60dB/decade for frequencies above the
resonant frequency. It has good current ripple attenuation even with small inductance values.
Hence, a lower GCC switching frequency can be used. It also provides better decoupling
between the filter and the grid impedance and lower current ripple across the grid inductor [44].
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6.2

GCC Model in d-q Reference Frame with L, LC and LCL Filters
6.2.1

L-filter based GCC

Figure 6.2.1 shows the schematic of a L-filter GCC system, in which a dc-link capacitor
is on the left and a three-phase voltage source, representing the voltage at the Point of Common
Coupling (PCC) with the ac system, is on the right. In Fig. 6.2.1, Lf and Rf are the inductance
and resistance of the grid filter, va_gcc, vb_gcc, vc_gcc stands for the GCC output voltage in the
three-phase ac system and the corresponding voltages in dq-reference frame are vd_gcc and
vq_gcc, va,b,c is the three-phase PCC voltage and the corresponding voltage in dq-reference
frame are vd and vq, ia,b,c stands for the grid three-phase current and the corresponding current
in dq-reference frame are id and iq.

ia

va

vb_gcc

ib

vb

vc_gcc

ic

vc

va_gcc
+
Vdc

-

Lf

Rf

Fig. 6.2.1 L-filter-based grid-connected converter schematic
Using the motor sign convention, the voltage balance across the grid-filter inductor in the
d-q reference frame is [21]

 vd 
v   Rf
 q

id 
d id 

L
i 
f
   s L f
dt  iq 
 q

 iq   vd _ gcc 

 i   v
 d   q _ gcc 

6.2.1.1

Where, s is the angular frequency of the grid voltage. Using space vectors, (6.2.1.1) is
expressed by a complex equation (6.2.1.2) in which vdq, idq, and vdq_gcc are instantaneous
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space vectors of the PCC voltage, line current, and converter output voltage in d-q reference
frame.

vdq  R f  idq  L f

d
idq  js L f  idq  vdq _ gcc
dt

6.2.1.2

In the steady-state condition, (6.2.1.2) becomes (6.1.2.3), where Vdq, Idq and Vdq_gcc
stand for the steady-state space vectors of PCC voltage, grid current, and converter output
voltage in d-q reference reframe.

Vdq  R f  I dq  js L f  I dq  Vdq _ gcc

6.2.1.3

Using PCC voltage orientation frame [42-49], the PCC d-axis voltage is constant and qaxis voltage is zero. Thus, the instantaneous active and reactive powers transferred from the ac
system to the GCC are proportional to d- and q-axis currents, respectively, as shown by (6.2.1.4)
and (6.2.1.5).

p(t )  vd id  vqiq  vd id

6.2.1.4

q(t )  vqid  vd iq  vd iq

6.2.1.5

In terms of the steady state condition, Vdq  Vd  j 0 if the d-axis of the reference frame is
aligned along the PCC voltage position. Assuming Vdq _ gcc  Vd _ gcc  jVq _ gcc and neglecting resistor
Rf, then, the current flowing between the ac system and the GCC according to (6.2.1.3) is

I dq 

Vdq  Vdq _ gcc
jX L



Vd  Vd _ gcc

Where, XL=jsLf stands for the grid filter reactance.
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jX L



Vq _ gcc
XL

6.2.1.6

Supposing passive sign convention is applied, i.e., power flowing toward the converter as
positive, then, the power absorbed by the converter from the grid can be achieved from the
complex power equation, Pg  jQg  Vdq I dq*  Vd I dq* . By solving this equation together with
(6.2.1.6), (6.2.1.7) is obtained. According to (6.2.1.7), the ac system active and reactive powers,
Pac and Qac, are controlled through q- and d-axis components Vq_gcc and Vd_gcc of the
voltage injected into the ac system by the GCC, respectively.

Pac  

6.2.2

VdVq _ gcc
XL

Qac 
,

Vd
Vd  Vd _ gcc 
XL

6.2.1.7

LC-filter based GCC

Figure 6.2.2 shows the schematic of a LC-filter GCC system, in which C represents the
LC-filter capacitor, ia1,b1,c1 represents the three-phase current flowing through the LC-filter
inductor and the corresponding current in dq-reference frame are id1 and iq1.

va_gcc Rf
+
Vdc
-

Lf

ia1 vca

vb_gcc

ib1

vc_gcc

ic1

vcb
vcc

ia

va

ib

vb

ic

vc

C

Fig. 6.2.2 LC-filter-based grid-connected converter schematic
For the LC-filter GCC, the voltage balance equation over the LC-filter inductor is
(6.2.2.1) while the current balance equation over the LC-filter capacitor is (6.2.2.2).
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 vd 
v   Rf
 q

id 1 
d id 1 

L
i 
f
 i   s L f
dt
q
1
 
 q1 

 iq1   vd _ gcc 

 i   v
 d 1   q _ gcc 

id  id 1 
  vq 
d  vd 


C

C

i  i 
 
s

dt  vq 
 vd 
 q   q1 

6.2.2.1

6.2.2.2

Using space vectors, (6.2.2.1) and (6.2.2.2) are expressed by complex equations (6.2.2.3)
and (6.2.2.4) in which idq1 is the space vector of the instantaneous current through the LC-filter
inductor in d-q reference reframe.

vdq  R f  idq1  L f

d
idq1  js L f  idq1  vdq _ gcc
dt

idq  idq1  C

d
vdq  jsC  vdq
dt

6.2.2.3

6.2.2.4

In the steady-state condition, (6.2.2.3) and (6.2.2.4) becomes (6.2.2.5) and (6.2.2.6),
where Idq1 stands for the steady-state space vector of the LC-filter inductor current in d-q
reference reframe.

Vdq  R f  I dq1  js L f  I dq1  Vdq _ gcc

6.2.2.5

I dq  I dq1  jsC Vdq

6.2.2.6

In terms of PCC d- and q-axis currents, the instantaneous active and reactive powers
transferred from the ac system to the GCC are consistent with Eqs. (6.2.1.4) and (6.2.1.5).
Neglecting resistor Rf, the steady state current flowing through the PCC according to (6.2.2.5)
and (6.2.2.6) is

I dq 

Vdq  Vdq _ gcc
jX L

j

Vdq
XC



Vq _ gcc
XL
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V  Vd _ gcc 
V
 j d  d

XL
 XC


6.2.2.7

Where, XC=jsC. Then, according to the complex power equation, we have

Pac  

VdVq _ gcc
XL

Qac 

Vd Vd  Vd _ gcc 
XL

,



Vd2
XC

6.2.2.7

This indicates that the PCC active and reactive powers are still controlled by the
converter q- and d-axis voltages respectively. However, under the same d-axis control voltage,
the PCC reactive power is more toward generating, which allows the GCC to generate a little bit
more reactive power under the PWM saturation constraint.

6.2.3

LCL-filter based GCC

Figure 6.2.3 shows the schematic of a LCL-filter GCC system, in which Linv and Rinv
are the inductance and resistance of the inverter-side inductor, Lg and Rg are the inductance and
resistance of the grid-side inductor, vca,cb,cc is the three-phase capacitor voltage and the
corresponding voltage in dq-reference frame are vcd and vcq.

va_gcc Rinv
+
Vdc
-

Linv

Lg

ia1 vca

vb_gcc

ib1

vc_gcc

ic1

Rg

vcb
vcc

ia

va

ib

vb

ic

vc

C

Fig. 6.2.3 LCL-filter-based grid-connected converter schematic

For the LCL-filter GCC, the voltage balance across the grid-side inductor is

 vd 
id 
 iq   vcd 
d id 

R

L


L
v 
i 
g 
g
s g 
  v 
i
i
dt
q
q
q
d

  cq 
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6.2.3.1

The voltage balance across the inverter-side inductor is

 vcd 
id 1 
 iq1   vd _ gcc 
d id 1 

R

L


L
v 
 inv  i 

inv 
s inv 
  v
i
i
dt
cq
q
1
q
1
d
1

  q _ gcc 
 
 
 

6.2.3.2

The current balance across the LCL capacitor is

id  id 1 
 vcq 
d  vcd 


C

C

i  i 
 
s

dt  vcq 
 vcd 
 q   q1 

6.2.3.3

Using space vectors, (6.2.3.1), (6.2.3.2) and (6.2.3.3) are expressed by complex equations
(6.2.3.4), (6.2.3.5) and (6.2.3.6), respectively, in which vcdq is instantaneous space vector of the
LCL-filter capacitor voltage in d-q reference reframe.

d
idq  js Lg  idq  vcdq
dt

vdq  Rg  idq  Lg
vcdq  Rinv  idq1  Linv

6.2.3.4

d
idq1  js Linv  idq1  vdq _ gcc
dt

6.2.3.5

d
vcdq  jsC  vcdq
dt

6.2.3.6

idq  idq1  C

In the steady-state condition, (6.2.3.4), (6.2.3.5) and (6.2.3.6) become (6.2.3.7), (6.2.3.8)
and (6.2.3.9), where Vcdq stands for the steady-state space vector of the LCL-filter capacitor
voltage in d-q reference reframe.

Vdq  Rg  I dq  js Lg  I dq  Vcdq

6.2.3.7

Vcdq  Rinv  I dq1  js Linv  I dq1  Vdq _ gcc

6.2.3.8

I dq  I dq1  jsC Vcdq

6.2.3.9
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In terms of PCC d- and q-axis currents, the instantaneous active and reactive powers
transferred from the ac system to the GCC are consistent with Eqs. (6.2.1.4) and (6.2.1.5).
Neglecting all the resistors, the steady state current flowing through the PCC according to
(6.2.3.7) to (6.2.3.9) is

I dq 

X inv
X inv  X g

 Vq _ gcc
V  Vd _ gcc  
V
 j d  d


X inv
 XC

 X inv

6.2.3.10

Where, Xinv=jsLinv and Xg=jsLg. Then, according to the complex power equation,
we have

Pac  

VdVq _ gcc
X inv  X g

Qac 
,

Vd Vd  Vd _ gcc 
X inv  X g



X inv
V2
 d
X inv  X g X C

6.2.3.11

This indicates that the PCC active and reactive powers, similar to L- and LC-filter GCC,
are also controlled by the converter q- and d-axis voltages, respectively.

6.3

Hardware Experiment
A hardware laboratory test system of an ac/dc/ac system is built to validate the proposed

DCC vector control method for L-, LC- and neural network controller for LCL-filter GCC
systems. For the purpose of comparison, the inductance of L and LC filters is the same as the
sum of the two inductances of the LCL filter and the capacitor for the LC filter is the same as the
capacitor of the LCL filter. Figure 2.4 shows the L/LC/LCL-GCC hardware test system setup
with the following setups.
1)

An ac/dc converter is connected to an adjustable LabVolt three-phase power
supply signifying the grid.
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2)

Another dc/ac converter is connected to the second LabVolt three-phase power
supply representing an RES.

3)

A LCL filter is built by using six LabVolt smoothing inductors and a three-phase
LabVolt capacitor. The R and L values of the inductors are 0.25 and 25mH,
respectively. The value of each phase capacitor is 2.2F.

4)

The capacitance of the dc-link capacitor is 3260F. The reference dc-link voltage
is 50V.

5)

The ac/dc converter is controlled by a d SPACE digital control system [32].

The control system collects the dc-link voltage and three-phase currents and voltages at
the PCC, and sends out control signals to the converter according to various control demands. To
ensure that the DCC controller works properly, the test systems for L-, LC- and LCL-filter GCCs
were evaluated through computer simulation first before the hardware experiment. In spite of the
simulation verification, the actual system performance in the hardware experiment condition
could be deteriorated due to unexpected disturbances such as unbalanced grid-filter inductance,
unbalanced and distorted grid voltage and deviation of system parameters from pre-measured
values.
The test sequence is scheduled as the following with t=0s as the starting point for data
recording. Around t=50s, there is an increase of the active power transferred from the RES
converter to the dc-link capacitor. Around t=100s, the reactive power reference changes from
generating to absorbing. Around t=150s, there is a decrease of the active power transferred from
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the RES converter to the dc-link capacitor. The system data are not only collected by the d
SPACE system but also monitored by oscilloscopes and/or meters.

6.3.1

L FILTER – Experiment results

Figure 6.3.1 shows the hardware experiment results for L filter using the Direct vector
control method. When the dc-link voltage increases due to an increase of active power
transferred from the RES converter to the dc-link capacitor at about t=50s, the controller quickly
regulate the actual voltage to the reference value of 50V (Fig. 6.3.1a). As the reactive power
demand changes from generating to absorbing at about t=100s, the actual q-axis current is
rapidly adjusted to the new q-axis current reference (Fig. 6.3.1 c) while the oscillation of the dclink voltage is unnoticeable. When the dc-link voltage decreases due to a reduction of active
power transferred from the RES converter to the dc-link capacitor at about t=150s, the controller
quickly stabilizes the dc-link capacitor voltage to the reference value (Fig. 6.3.1 a). For any other
condition changes, the neural network controller demonstrates great performance even under the
distorted and unbalanced PCC voltage and current in the laboratory condition (Fig. 6.3.1 d and
e). Fig 6.3.1 b shows the variation of d axis current respectively with the variations in the q axis
current.
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a) DC Voltage

b) d axis current
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c) q axis current

d) Three-phase PCC Voltage
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e) Three-phase PCC current
Fig.6.3.1 Hardware experiment evaluation of direct vector control mechanism for L filter

6.3.2

LC FILTER – Experiment results

Figure 6.3.2 shows the hardware experiment results for LC filter using the Direct vector
control method. When the dc-link voltage increases due to an increase of active power
transferred from the RES converter to the dc-link capacitor at about t=50s, the controller quickly
regulate the actual voltage to the reference value of 50V (Fig. 6.3.2a). As the reactive power
demand changes from generating to absorbing at about t=100s, the actual q-axis current is
rapidly adjusted to the new q-axis current reference (Fig. 6.3.2 c) while the oscillation of the dclink voltage is unnoticeable. When the dc-link voltage decreases due to a reduction of active
power transferred from the RES converter to the dc-link capacitor at about t=150s, the controller
quickly stabilizes the dc-link capacitor voltage to the reference value (Fig. 6.3.2 a).
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a) DC voltage

b) d axis current
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c) q axis current

d) Three-phase PCC voltage
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e) Three-phase PCC current
Fig.6.3.2 Hardware experiment evaluation of direct vector control mechanism for LC filter

6.3.3

LCL FILTER – Experiment results

Figure 6.3.3 shows the hardware experiment results for LC filter using the Neural
network vector control method. When the dc-link voltage increases due to an increase of active
power transferred from the RES converter to the dc-link capacitor at about t=50s, the controller
quickly regulate the actual voltage to the reference value of 50V (Fig. 6.3.3a). As the reactive
power demand changes from generating to absorbing at about t=100s, the actual q-axis current is
rapidly adjusted to the new q-axis current reference (Fig. 6.3.3 c) while the oscillation of the dclink voltage is unnoticeable. For any other condition changes, the neural network controller
demonstrates great performance even under the distorted and unbalanced PCC voltage and
current in the laboratory condition (Fig. 6.3.2 d and e). Fig 6.3.3 b shows the variation of d axis
current respectively with the variations in the q axis current.
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a) DC Voltage

b) d axis current
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c) q axis current

d) Three-phase PCC Voltage
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e) Three-phase PCC current

Fig.6.3.3 Hardware experiment evaluation of neural network vector control mechanism for LCL
filter
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CHAPTER 7
REAL TIME SIMULATION USING OPAL RT SYSTEM

7.1

Real Time Interface (OPAL RT – RT Lab)
Figure 7.1 shows the controller model developed using RT LAB real time system; it is

the main master and console module of an open loop controller. The master is the main section
where the control design is developed and console is the module which is used for real time use.
When the system in in execution mode the system parameters could be changed through the
console.
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Fig. 7.1. RT LAB master and console
Figure 7.2 shows the control system for an open loop controller developed in the master
unit to run an Induction motor through v/f control. The unit comprises of


PWM generation block which is used to generate 6 PWM signals. In figure 7.3 it
is shown the internal specification of the block where it is shown that we can
change the value of data port number and PWM signal generation as per our
requirement. Figure 7.4 shows the pin out assignment of the PWM signals where
if we need three inverted signals we have to change the Dout of the respective
channels.



The input of the PWM signal generator is fed from the duty cycle generator which
is a three phase v/f control with the three phase input from the main grid.



OpCtrl OP7160EX1 block, which is used to initiate the opal RT PWM signal
generation block and to activate the respective I/O’s.



Measurement unit which is the section that is used to measure the three phase
current and voltage from the grid with a gain of 1.5 for the current unit and a gain
of 60 for the voltage. These specifications are as per the manufacturers details.
Figure 7.5 shoes the internal configuration of the measurement block with an
analog in block OP7160EX1 Analog in. This block taken in the grid values as
input to the RT LAB measurement unit and after the gain values multiplied the
final results are displayed in a scope in the console through the pulse signal
output.



OpComm block is used as a connection between the master unit and the console
unit. The control system developed in the master has some variables that are
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needed to be varied during the execution mode of the experiment. For example,
the frequency is being varied here for the v/f control during the execution mode in
order to verify the PWM signals behavior during different frequencies. This could
be varied only in the console, so Op Comm block is used to create a link do that
the real time variations could be made in the controller.


Two inputs to the Op Comm block, one is the variable frequency input to for the
v/f control represented as Duty_CH00_07 and the other is PWM_error_signals
which is used to start and stop the PWM signal and is used to specify how many
PWM outputs are needed.

7.2

PWM SIGNAL GENERATION

Fig. 7.2. RT LAB master unit
120

Fig. 7.3. RT LAB PWM generation function block parameters

Fig. 7.4. RT LAB configuration file
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Figure 7.4 shows the configuration file for a model. This config file is for the above
model shown in Fig 7.3 to generate PWM signal. The data in port of the PWM block is decided
from the config file. The above shows that pwm0 is associated to the data in 3 and 4 so the data
in for the PWM could either be 3 or 4. The slot for the hardware connection according to the
config file shows as 3B for he required PWM that means on the back side of the hardware
OP8660 block the connection has to be made from the 3rd channel and B block.
Each card inside the hardware has 32 channels with a subdivision of 8 channels. So we
have 4 slots of 8 channels each. Each channel is divided into two divisions of A and B with each
of them having 16 channels. So out of the 4 slots 2 are for A and two for B.

Fig. 7.5. RT LAB PWM generation function pin out assignments
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Fig. 7.6. RT LAB measurement block

Figure 7.7 shows the console unit for the open loop controller developed in the master
unit to run an Induction motor through v/f control. The console comprises of


OpComm block which is used to create the link between the console and the
master unit.



PWM_error output which is used to start and stop the PWM signal generation
block for protection.



Duty1 output is the variable frequency input given to the v/f controller to generate
the duty cycle for the PWM generation block.
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Fig. 7.7. RT LAB Console Unit
The above open loop PWM generation was verified using the hardware synchronized
mode of RT LAB and upon the successful generation of 3 phase sinusoidal PWM waves the
same model was applied to test for the v/F control of Induction motor and RL load.
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7.3

V/F CONTROL OF INDUCTION MOTOR
The open loop v/f control was done using the RT LAB to run an Induction motor. The

induction motor used for this purpose was of Motor solver LLC with the following parameters.


Three phase, 4 pole



Rated Voltage: 30 VAC, 120 Hz max



Rated Output power: 125W@ 3200 rpm



Resistance line to line: 0.6 Ω



Inductance line to line: 2.27 mH

Fig.7.3.1. Induction motor used for the v/f control using RT LAB
Figure 7.3.1 shows the Induction motor used for the v/f control experiment using the OPAL RT
facility. Figure 7.3.2 shows the three phase controlled output current and voltage for the RL
control and V/F control of Induction motor.
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a)

Three phase controlled current

b)

Three phase controlled voltage

Fig.7.3.2. Controlled output current and voltage
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7.4

Verification of STATCOM using RT EVENTS
STATCOM direct vector control model was tested using the RT EVENT PWM

generation method of RT Lab technologies. The controller was same as used for the d SPACE
verification.

Fig.7.4. STATCOM model using RT EVENTS block

7.4.1

RTE conversion Block

Figure 7.4.1 shows the event conversion block. The RTE Conversion OP5110-5120
Event Generator-Detector block converts:
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-

Double-type signals output by the RT-LAB OP5110-5120 Event Detector block
to RTE-type signals or

-

RTE-type signals to double-type signals receive by the RT-LAB OP5110-5120
Event Generator block.

RTE Boolean type conversion is chosen in the parameters in order to generate the PWM
signals. The number of OpHSDIO lines basically refers to the number of PWM signals to be
generated. And the number of events is a calculated quantity based on the time step. It is
calculated on maximum possible events in a time step and the entry has to be equal to or more
than that number calculated. But we need to make sure that the input is not too high as it might
reduce the speed of the overall system.

Fig.7.4.1. OP5110 RTE conversion block
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7.4.2

RTE Event generation Block

Figure 7.4.2 shows the event generation block. Event Generator block is used to supply
transitions information to be applied to a subset of digital output channels of an OP525x carrier
connected to an OP5142 card. Event Generator is a flexible function implemented on CPU. The
pulse is generated by FPGA at the FPGA sampling time (10 nanos) but the processing to
compute the time of each event is computed on CPU. This block could be used to generate
PWM.
The data in port corresponds to the respective configuration file as shown in Fig 7.4.
Number of channels are equal to the total PWM signals to be generated. And the number of
events is same as the one in the conversion block, with the time ratio as the time unit.

Fig.7.4.2. OP5110 event generator block
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7.4.3

RTE SPWM block

Figure 7.4.3 shows the RTE SPWM block. The RTE SPWM block generates square wave
pulses at regular time intervals. The frequency and duty cycle input signals determine the shape
of the output waveform. Maximum frequency is a constant number which could be decided as
per the requirement of the system. We have an option of selecting 1 phase or three phase, as per
our need three phase PWM was needed with aligning the PWM signals to the center. As we do
need the complimentary signal so the respective block had to be checked. If the show enable port
is checked then we get an option of turning on and off the PWM switch according to the needs.
Sample time has to be same as that of the controller and maximum number of events similar to
that in the conversion and event generation block. It has to be noted clearly that the sample time
in case of all these three blocks or any other needed in the process would be same.

Fig.7.4.3. OP5110 RTE SPWM block
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7.4.4

Opcontrol block

Figure 7.4.4 shows the opcontrol block. This block controls the programming of one
OP5142 card, its initialization and the selection of the hardware synchronization mode of the
card. It also enables binding of Send/Recv and I/O blocks to that specific card. Only one OpCtrl
OP5142EX1 block must be found for each OP5142 card used in the model. Use OpLnk
OP5142EX1 blocks in other subsystems sharing the same OP5142 card. This block has to be
changed and re copied from the Simulink library every time different bit stream is used. The bit
stream file name has to be checked properly as it has to match the bit stream generated in the
main folder of the program. This bit stream is different for the different application of OPAL RT
system and these are generated from the company end. The synchronization block is generally
master but could be changed if needed. The board ID number is again important as otherwise
even though the program gets built it will never get loaded into the FPGA as the opcontrol won’t
be pointing to the correct board id. To obtain the board id go to the OPAL RT main window and
follow the steps: Target  Tools  I/O  Board Index  Obtain the index number and plug it
into the opcontrol.
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Fig.7.4.4. OP5110 opcontrol block
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7.5

Verification of STATCOM using RC PWM
STATCOM direct vector control model was tested using the RC PWM generation

method of RT Lab technologies. The controller was same as used for the d SPACE verification
and for RT EVENTS.

Fig.7.5.1. STATCOM model using RCPWM

Figure 7.5.2 to 7.5.4 shows the initialization of the PWM signals. The controller name is
same as mentioned in the opctrl block of the system. As mentioned before the data in port is
always obtained from the configuration file, which is always same for a particular bit stream. As
RCPWM method has its own bit stream and config file, which is constant for any application
using the RC PWM so the data in port will also be same (we always have options of at least 2
ports, so please refer the config file if needed). The trigger pulse is started from the middle of the
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signal and somehow the orientation of the OPALRT systems is as such that the initial triggering
PWM pulse starts from low rising edge so the complementary signals are the first three PWM
and then the original PWM lines, otherwise the system might not function properly as any
controller needs a high rising edge to start but as the OPALRT system is designed for low edge
so complementary has to be first to make it work.

Fig.7.5.2. RCPWM block controller parameters
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Fig.7.5.3. RCPWM block pin out assignments

Fig.7.5.4. RCPWM block synchronization parameters
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7.6

Verification of STATCOM using PWM out

Fig.7.6.1 STATCOM model using PWMout

This block is used to generate PWM signals on digital output channels of an OP525x
carrier connected to an OP5142 card. PWM Out block is entirely implemented in the FPGA chip
specifically to reduce the processing time on CPU. CPU software only transfers the duty cycle
and the frequency to the FPGA. This is recommended for the generation of high-frequency
PWM and a large number of channels.
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Fig.7.6.2. PWM out functional block parameters

Figure 7.6.2 shows the functional parameters of the PWM out block. As in the other
blocks the controller name is always same is the opcontrol block name and the data in port would
be obtained from the config file of the PWM out bit stream. There is a difference in the PWM
signal generation when we use the PWM out block. In other RT Lab blocks shown in above
sections the PWM signals are generated in sequence like the original three then the
complimentary three or vice versa, but in PWM out block the signals generated are alternative
like the original and the complimentary signal are generated one after the other. So a different
wiring had to be made as shown in figure 7.6.3 where a 37 pin D to 9 pin D converter cable was
made in order to create the required PWM signal orientation as described in Table 7.6. In this
block three PWM signals are generated and on selecting generate complimentary signal option
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PWM complimentary signals are generated. The three phase duty signals are generated as per the
control signals generated. And the second input of the PWM out block is Hz, which is a constant
value of frequency which should also be three phase so a mux is used and the initial phase of the
block parameters is made a matrix of three phase [0 0 0].

Fig.7.6.3. PWM out functional block parameters
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Table 7.6. D sub connector for PWM out
9 pin D connector

TYPE

COLOR

37 PIN D
CONNECTOR

Red

GND

20

Black

PWM Signal

1

Red + Black

PWM Signal

3

White

PWM Signal

5

White + Black

Complementary PWM Signal

2

Blue

Complementary PWM Signal

4

Orange

Complementary PWM Signal

6

Green

NC

8

Live wire/ other color

Earth/ NC

9

+5 V supply is needed

Ground/ Earth

with yellow as ground

+5V

and black as +5 V

7.7

Results of STATCOM using RT Lab
Figure 7.7 , a, b, c shows the output of the STATCOM system. Using all the three PWM

generation method the output obtained was similar and as compared with the output of d SPACE
the results were similar. This was well enough to prove the stability of the control system.
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a)

q axis current for direct current vector control

b)

d axis current for direct current vector control
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c)

DC Voltage for direct current vector control

Fig. 7.7. STATCOM performance using RT Lab

7.8

Conclusion
The controllers were tested using the RT Lab system. Initially open loop controller was

tested and after clearing the system bugs the closed loop systems were also tested. The results
obtained verified the stability of the controllers but the system still lacked to figure out the issue
of overcurrent to the inverter. Every time the system is loaded and executed the inverter shows
overcurrent and the controller stops, so every time while loading the controller the inverter
power has to be turned off and after the execution of the system is done the inverter is turned off.
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CHAPTER 8
ORANGE ELECTRIC – THE COMPANY

Orange Electric is the business initiative taken during my master’s study. The
technologies that we develop in our labs are taken towards commercialization. We develop
control software for Utility companies facing challenges in connecting expensive renewable
energy sources to the grid.
These utility companies invest millions in infrastructure, but are unable to realize
maximum returns as they are unable to reach the target output. Our software increases the power
output by 25-30% and can provide a better and efficient solution using the existing
infrastructure.
Our technologies developed in the Lab are taken out to the commercial market for real
time application through Orange Electric. The very first applicable intelligent neural network
controller was developed as viable product that could be applied to the grid integration of
renewable energy sources. The simulation results and the hardware verification led us to invent
the ORANGEBOX. Orange box is a complete solution package developed by us. Orange
Electric is taking part in different business opportunities to gather the initial funding to make the
company operative and accessible by the investors and future customers. Below is the first
product of Orange Electric.
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Fig.8.1. Orange Box
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CHAPTER 9
CONCLUSIONS AND FUTURE WORK
9.1

SUMMARY
Renewable energy, a clean energy source, is rapidly growing worldwide today. To

combat global climate change, there is an urgent need to take strong and early action to
tackle climate change in order to stabilize greenhouse gas concentrations at a level that would
prevent dangerous anthropogenic interference with the climate system. Generating electricity
from renewable energy recourses can make a considerable contribution to CO2 cuts.
However, due to the intermittent nature of renewable energy sources and incompatibility
Of renewable electric energy generation systems with traditional electric utility systems,
generation, delivery and management of the renewable electric energy is a great challenge to the
energy industry, which usually requires the power converters for grid integration of renewable
energy source so as to assure the delivery of the energy generated from renewable sources
efficiently.
FACTS (Flexible AC transmission system) devices have been widely used in
today’s power system. STATCOM (Static Synchronous Compensator) is one kind of FACTS
devices. To increase the power system voltage stability under variable renewable energy
generation conditions, the STATCOM is important to provide reactive power support and
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compensate to the grid. Grid integration of renewable energy sources and application of filters
to improve the final output has significant role in improving the power sector scenario.
Throughout the simulation and experimental analysis, this thesis obtains some important
conclusions. Through the simulation I have tried to verify the stability and safety of the whole
system before trying it in real time. Finally all the controls were tested on real time hardware
simulator using two different systems d SPACE and OPAL RT. On testing the controls we found
that both systems showed similar results which proved the stability and reliability of our controller.
The experiments also concluded the vulnerability of the neural network controller which proved to
work perfectly in any given condition. The high voltage applications showed very positive results
for the neural network controller wherein other conventional controllers failed to operate.

•

Conventional control method

Power converters work properly for both DC capacitor voltage and reactive power
controls if the controller output voltage does not exceed the linear modulation or the
saturation limit. Whenever the reactive power control demand makes the controller output
voltage go over the linear modulation or the saturation limit, then, the actual DC capacitor
voltage becomes uncontrollable. The more the controller output voltage exceeds the limit, the
more the DC voltage deviates from the reference DC voltage. During the malfunction of the
conventional control mechanism, there are more oscillations in the DC capacitor voltage
and the active and reactive powers absorbed by the grid side converter, and the current taken
by the grid side converter from the grid becomes more unbalanced during each control
transition.
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•

Direct Vector control technology

The power converter works properly with the direct vector control mechanism all the
time no matter whether the reactive power reference makes controller output voltage exceeds the
linear modulation limit or not. The current of the grid side converter during the grid disturbances
changes smoothly during each control transition when direct vector control mechanism is
adopted. However, the current oscillation is remarkably at each control transition when direct
vector control mechanism is adopted. And at higher voltages the direct vector control cannot
track the reference voltage and the current.

•

Neural Network Controller

The neural network demonstrates strong learning capability for the vector control
application. The performance evaluation shows that the neural controller can track the reference
d and q-axis currents effectively. Compared to the conventional standard vector control method
and a recently developed DCC vector control technique, the neural vector control approach
produces the fastest response time, low overshoot, and, in general, the best performance by
reducing the feedback error and optimizing the control automatically according the variation in
load.

In summary, the neural network control mechanism designed in this thesis can handle
normal and abnormal operating conditions for control of grid-side converter in renewable
energy conversion and STATCOM applications. Using the neural network control approach,
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the DC capacitor voltage is stable and the oscillation of current taken by the grid side converter
from grid is much less than that using the conventional control mechanism. The benefits of
utilizing the neural network control mechanism include improving system stability, improving
power quality, and protecting system devices.

9.2

FUTURE WORK
1.

My future work comprises of making a power source that has a ± 12V and +5V

DC output as shown in figure 9.2.1. This power supply is to be built from scratch using a normal
computer power source and required protection devices. The reason of making this power source
is to operate the converter board of voltage rating 240V ac as shown in figure 9.2.2. The
previous converter board shown in Figure 2.5.1.2 was a 50 V dc bus board which needed a +12V
dc supply on one side, but the high voltage board supports up to 400V dc and the supply to turn
on the microchips is ± 12V and +5V DC. Due to unavailability of a source with all three + 12V, 12 V and +5 V, I would be building this power source in order to test the board.
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Fig.9.2.1. ± 12V and +5V dc Power source

Fig.9.2.1. High Voltage Converter board

2.

My second objective is to test the STATCOM, AC/DC/Ac and the filter models in

a higher voltage range using the Converter board as shown in figure 9.2.1. After the testing using
the pre simulated models I would help in getting the other models related to motors to be tested
in the low voltage as well as the high voltage board.
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3.

OPAL RT system is capable of handling higher voltage levels up to 600V.

Presently, we tested the direct vector control approach and neural network approach of
STATCOM using the RT LAB system. In future we would also test all other applications related
to the Grid Control and the motor control using the OPAL RT systems.
4.

Lastly, all these experiments done in the lab would be commercialized and taken

to market through the brand ORANGE ELCETRIC.
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