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ABSTRACT

SCR-BASED WIND ENERGY CONVERSION CIRCUITRY AND CONTROLS FOR

DC DISTRIBUTED WIND FARMS

By

Ravi Nanayakkara

The University of Wisconsin-Milwaukee, 2012

Under the Supervision of Professor Adel Nasiri

The current state of art for electrical power generated by wind generators are in
alternating current (AC). Wind farms distribute this power as 3-phase AC. There are
inherent stability issues with AC power distribution. The grid power transfer capacity is
limited by the distance and characteristic impedance of the lines. Furthermore, wind
generators have to implement complicated, costly, and inefficient back-to-back
converters to generate AC. AC distribution does not offer an easy integration of energy
storage. To mitigate drawbacks with AC generation and distribution, direct current (DC)
generation and high voltage direct current (HVDC) distribution for the wind farms is
proposed. DC power distribution is inherently stable. The generators convert AC power
to DC without the use of a back-to-back converter. DC grid offers an easy integration of

energy storage.
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The proposed configuration for the generator is connected to a HVDC bus using a 12
pulse thyristor network, which can apply Maximum Power Point Tracking (MPPT). To
properly control the system, several estimators are designed and applied. This includes a
firing angle, generator output voltage, and DC current estimators to reduce noise effects.
A DSP-based controller is designed and implemented to control the system and provide
gate pulses. Performance of the proposed system under faults and drive train torque
pulsation are analyzed as well. Additionally, converter paralleling when turbines operate
at different electrical power levels are also studied. The proposed new Wind Energy
Conversion System (WECS) is described in detail and verified using MATLAB®/
Simulink® simulation and experimental test setup. The proposed solution offers higher
reliability, lower conversion power loss, and lower cost. The following is proposed as

future work:

1) Study different control methods for controlling the SCR’s.

2) Investigate reducing torque pulsations of the PMSG and using the proposed

power conversion method for DFIG turbines.

3) Explore options for communication/control between PMSG, circuit protection

and grid-tied inverters.

4) Investigate the best possible configuration for DC storage/connection to the

HVDC/MVDC bus.

5) Study the filtering needed to improve the DC bus voltage at the generator.
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Chapter 1

1.0 Wind Energy

Wind Energy is becoming a sizeable contributor to the ever-expanding energy
market. Given the impact on the environment from the use of fossil fuels, there is even a
bigger interest in alternative energy sources today [1]. Wind energy is proven as a viable
source of clean energy. Over the past decade, there had been numerous advances in the
design, control, fault tolerance, and power distribution associated with Wind Energy

Conversion systems (WECS).

According to American Wind Energy Association (AWEA), 48,611 MW of wind power
capacity was installed in the U.S as of first quarter 2012. This represents 20% of world’s
installed wind power capacity. The U.S wind industry has added over 35% of all new
generating wind power capacity in the last 5 years. U.S is also well suited for wind
energy penetration. There is a massive demand for electrical energy as well as an
abundance of wind resources. The wind potential is one of the best in the world. It is
estimated that the wind capacity is in the range of 37 trillion kilowatt hours of electricity

annually. This is 10 times the existing power requirements of the country.

The U.S Department of Energy and National Renewable Energy Laboratory has studied
the scenario of 20% wind energy by 2030. It also contrast not adding any new wind
power capacity by 2030. To meet this goal, wind power capacity would have to be
increased to 16,000 MW per year by 2018, and grow at this rate until 2030. It also
assumes that the prevailing technology is sufficient to meet this demand. The net result

of this study is that U.S energy production would be diversified and wind electricity



would stabilize the energy markets from volatile price swings. This also would greatly

reduce the dependence of foreign energy sources.

Currently the following states in the U.S. lead in wind energy production. Texas 10,085
MW, Iowa 3,675 MW, California 3,177 MW, Minnesota 2,192 MW and Washington
2,104 MW. Offshore wind is a new opportunity for US. The first offshore wind farm
was established off the coat of Denmark. It is estimated by the National Renewable
Energy Laboratory (NREL) that the estimated offshore capacity is 4 times the country’s
current generating capacity from all sources. Other countries in the world have taken lead
in increasing the off shore wind capacity. Europe is planning to have 40,000 MW of

wind power by 2015 and China is planning 30,000 MW of installed capacity by 2015.

1.1 Environmental Impact

Wind energy produces zero emissions in generating power from the wind. Electricity
generation in the U.S. is one of the largest sources of air pollution. It is estimated that
40% of Co2 emissions are generated by power generation facilities. The AWEA has
suggested that if a 20% of total energy is generated by wind energy by 2030, it would
reduce Co2 emissions by 825 million metric tons. This is a real benefit to reducing

greenhouse gasses that are directly linked to increasing global warming.



1.2 Wind Generators.

We have been harnessing the power of wind for many years. Wind mills have been used
to pump water and grind grain. The first modern wind turbine was built in 1957. Gedser
wind turbine was 200 kW wind turbine with horizontal axis and three blades connected to
a three phase AC grid [26] . Many different concepts and technology have been tested
since. During 1970’s, due to oil crises, the small wind turbines (22 kW) were built using

inexpensive parts for house hold applications.

In the last three decades, wind turbine rating has increased from 20 kW to 5 MW. The
new concepts such as pitch control and variable speed control methods have been
developed and introduced to the wind industry. Since 1993, wind turbine manufacturers
have changed the generator from the AC induction generator to the synchronous
generator and induction generator with wounded rotor. The new machines have better

capability of handling power in the wind turbine systems [26].

The progression of power electronics both in switches with better power handling
capability and cost/kW encourages the manufacturers to employ sophisticated power
electronic equipment. In fact, power electronics is the basis for most new developments

in wind turbines [26].

Figure 1.1 shows the configuration of a simple wind turbine. A wind turbine simply
consists of blades, a generator, a power electronic converter, and power grid. Sometimes,
wind turbine work in islanding mode; therefore, there is no grid. Usually, there are two or

three blades on a wind turbine. There were some wind turbines with more than three



blades. But based on aerodynamics, three blades is the optimum number of blades for a

wind turbine [27].

Asynchronous and synchronous AC machines are the main generators that are used in the
wind turbines. Based on the generator, the form of the connections of the machine to the
grid and the drive method of the generator, there are numerous wind turbine
configurations. Besides that, manufacturers may use their own configuration to overcome

the high price of the equipment, design constraints and other regulations.

Gearbox Generator PE Grid
Converter

Figure 1. 1 The configuration of a typical wind turbine.

Figure 1.2 shows several configurations of the wind turbines. Type A uses the AC
induction generator. There is also a gearbox to drive the generator. This type is the most
common wind turbine in the wind farms. Type B is called the Doubly Fed Induction
Generator (DFIG) wind turbine. The wounded induction generator is used. A power
electronic converter is used to feed the rotor windings of the generator. The generator is
driven by a gearbox. Type C uses Permanent Magnet Synchronous Generator (PMSG). If

a gearbox is not used, it is called direct driven wind turbine. A full range power



converter is used to connect the generator to the grid. Table 1.1 compares these

configuration in different aspects [26].

I .
Gearbox nduction Soft Grid
Generator 3 Starter 3
Type A
PE
3 Converten 3 3
Gearbox Induction Grid
Generator 3
Type B
PM
Synchronous C PE Grid
Generator 3 onverter 3
Type C

Figure 1.2 Different configurations of wind turbines with different generators.



Table 1.1. Comparison of different types of wind turbine.

Configuration PE converter Drive Operation

A Soft starter Gearbox Fixed speed

B Back-to-back Gearbox Variable speed
converter

C Back-to-back Direct Variable speed
converter

1.3 Power Electronics

As the advanced technology invents high current and voltage power switches, application
of the Power Electronic (PE) converter increases in the industry. Power electronic
equipment is an attractive means to improve the performance of wind turbines. Many
types of power converters are used in the wind industry. The power converter must be
capable of connecting an AC source that is variable voltage and frequency to a fixed

voltage and frequency.

The soft starter is a type of power converter that is used with induction machines in fixed
speed wind turbines. It reduces the transient current during the startup period of a wind
turbine. Figure 1.3 shows a soft starter for one phase. When the speed of the generator is

more than the synchronous speed, the soft starter connects the generator to the grid




smoothly, using the firing angle of the thyristors. When the generator is fully connected,

the thyristors will be bypassed by a bypass switch.

~

Figure 1.3 A single phase circuitry of a soft starter.

A Back-to-Back Converter (BBC) is another type of power electronic converter that is
used in the wind industry. Figure 1.4 shows a back to back converter circuitry. It consists
of a PWM rectifier and a PWM inverter. Therefore, the AC input voltage of the generator
is first rectified and then converts into AC using the inverter. A BBC is a very powerful
PE converter and is capable of controlling active and reactive power. Therefore, it is
used in a variable speed wind turbine. The rectifier sometimes is called generator side

converter and the inverter is called grid side converter.
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Rectifier  Capacitor | Inverter
(Generator side converter) (DC-Link)| (Grid side converter)

/1

Fob |

Figure 1.4 The circuitry of a back to back converter.

Besides the PE converters that are mentioned above, there are other PE converters that
can be used such as Matrix converters, capacitor banks, Tandem converters, Multi-level

converters, etc. [43].

1.4 Statement of thesis subject

e The electrical power generated by the wind generator are alternating current (AC).

e AWind farm power distribution is 3-phase AC. An offshore wind farm or a wind
farm located far from the energy consumers would have to distribute the power
generated using a 3-phase grid connection.

e There are inherent stability issues with AC power distribution. AC distribution
does not offer an easy integration of energy storage.

e The power transfer capacity of AC lines is limited.

e Wind generators have to implement complicated, costly, and inefficient back- to -

back converters to implement AC generation.



1.5 Proposed solution

e The wind turbine output power is in DC form after SCR-based rectification.

e Wind farm power distribution is HVDC/MVDC . An offshore wind farm or a
wind farm located far from the energy consumers would distribute the power
generated using DC grid connection.

e DC power distribution is inherently more stable.

e Wind generators convert AC to HVDC directly without a back-to-back converter.

e DC grid offers an easy integration of energy storage.

1.6 Configuration of the proposed solution

Generator Grid Side _
Side ¥y Converter
Convert
I | er | If\_/
A 4
l Uty
G Grid
end ator Buttary Chargen
Side
Converter n.m.!.
- e Active Reactive a4
—Hﬂ J_J_J_ jir Powerl:ontrol_‘ 4
] ]
H H TTT Grid Side
I I Converter [
H H Ulra
Capacitors _‘
Generator
Side [0
Conva'ller T r T
=g Active Reactive b
E.I., En iy Power Control
Storage = [

Figure 1.5 Architecture of the proposed wind energy conversion system.
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The proposed solution is to convert the AC voltage generated by the wind generators to
HVDC. A common HVDC bus would be used to distribute this power to the grid via
inverters. DC storage can be easily integrated to the HVDC bus. This will allow the
stabilization and smoothing of grid voltage. The nacelle of the wind generator is made
lighter by bringing the power converter and associated circuitry to the base of the tower.
This would allow easy access for maintenance. The proposed solution is fully simulated

and a hardware setup is built to verify this proposed system and control.

1.7 Prior art

The current technology related to wind generators and use of HVDC as distribution in
literature is limited to all generators having a back-to-back converter or the conversion of
AC power to DC using a voltage source converter. The AC power is then converted to
HVDC for distribution. In [6] a line commutated HVDC bus is introduced. Also the
optimal condition for DC power distribution is discussed, but generators still used
produce AC power and not DC. In the paper [16] the controls of a DFIG system
connected to a HVDC are discussed. STATCOM is used to support the generator side
grid. In [17] Voltage source converters are used per generator to convert AC to DC.
HVDC light is used as the distribution method. In[18] Current Source Inverters are

ganged together to produce HVDC.



1.8 Thesis organization

The thesis is organized in to the following chapters:

¢ Introduction on wind energy and need for DC wind farms.

e HVDC systems.

e System architecture and modeling.

e Estimation of Alpha, HVDC Currents and PMSG voltage.

e System Implementation and control.
e Maximum Power point tracking.
e Paralleling of wind generators.

e DC Power inversion to Grid.

11
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Chapter 2

2.0 HVDC/MVDC SYSTEMS

Note: High Voltage Direct Current (HVDC) or Medium Voltage Direct Current(MVDC)

will be referred as HVDC in this chapter.

HVDC systems have been in existence since the early 1930’s with the advent of mercury
arc rectifiers. Today HVDC technology is considered mature, and is used for
transmission of bulk power. The transmission and distribution of electrical energy
started with direct current. The first know transmission link was built in Germany in
1882. It was capable of transmitting at 2kV for 50 km. One issue faced was the
conversion of DC voltage levels to lower consumer levels. This was accomplished by
using rotating DC machines. On the other hand, AC voltage conversion was easily
accomplished by using a transformer. This was a simple low cost device. AC three-
phase generation using synchronous generators is far more superior to DC generation.

These reasons led to the early adaptation of AC distribution.
However, high voltage AC generations has many disadvantages.[28]

e Transmission capacity is limited by inductive and capacitive elements of the
overhead lines and cables and the distance power can be transmitted.
e Charging currents limit the distance of transmission from 40 to 100 km.

e Connecting two different AC systems with different frequencies is not possible.
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HVDC Transmission advantages.

e DC link allows transmission of power between different AC networks.

e DC conductor is fully utilized. There is no skin effect.

e Transmission distance is not limited by inductive and capacitive elements in the
cable.

e For power distribution of 40 km and above, the only solution is HVDC. The
charging currents of AC cable limits the distance the power can be distributed.

e For wind generation the DC link eliminates the flicker due to wind turbulence and

tower shadow.

DC cables need less space and can carry more power than AC cables.

2.2 HVDC Sytem.

The HVDC transmission system consist of a AC to DC converter, HVDC Line and DC

to AC inverter. Figure 2.1 gives this representation [28].
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Power
flow

HVDC
Cable

[5— —

Converter Inverter

77 Bath 77

return

Figure 2.1 HVDC System.

The power flow or the current flow is only in one direction. The power will flow from the
converter to the inverter. This is accomplished by controlling the voltage at the
converter. There are two main converter topologies that are used today to the converter 3

phase AC to DC [13].

e Current source converter (CSC)

e Voltage source converter (VSC)



2.3 Current source converter

15

Current source converters use SCR as a fundamental switching device. In the early days,

mercury arc valves were used. A current source converter converts a constant voltage

source in to a current source. Figure 2.2 shows the overview of such a system [13].

Constant
voltage

1

-

C0r

CSC

AN

Constant
current

Figure 2.2 Current Source Converter.

The building block for a CSC is 6 SCR connected to a 3-phase balanced AC system as

following in figure 2.3.

T P R R

AC/

Figure 2.3 CSC with 6 SCR and firing order.
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Due to the inductance, the 6-bridge SCR would overlap. At any given time two or three
valves can overlap. It can be shown that the converter DC voltage that is rectified is equal
to 1.35 VLL where the VLL is the line-to-line voltage of the 3-phase system. The SCR
are line commutating. Therefore, only the turn on angle in relationship to the forward

biasing voltage can be adjusted to change the output DC voltage.

2.4 Voltage source converter

A voltage source converter uses a IGBT or GTO as switching devices. These devices can

be forced commutated as shown in figure 2.4 [12].

Constant Constant
| current |__voltage

|m @VSCTC

Figure 2.4 Voltage Source Converter.

This allows the switch to be turned on-off anywhere in the cycle. Therefore, these

devices are PWM at a higher frequency than the line frequency of the system.

The VSC convert can operate in four quadrants. Either rectifier/inverter with leading or

lagging power factor. This is given in figure 2.5.
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A Vvo,ave
V+ V+
I - |+
lo,ave
\Y V-
| | +

Figure 2.5 VSC Four quadrant operation.

We can compare the advantages and disadvantages of the two topologies. These are given

in the table below.
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Table 2.1 Comparison of the two converter topologies [13]

Converter type
CSC VSC

AC Side
Acts like a constant voltage source. | Acts like a constant current source.
Requires a capacitor as energy | Requires an inductor as its energy
storage. storing device.
Requires filters for harmonic | requires a small filter for harmonic
elimination. elimination.
Requires reactive power supply for | Reactive power supply is not
power factor correction. required.

DC side
Acts like a constant current source. | Acts like a constant voltage source.
Requires an inductor as its energy
storage. Requires capacitor as energy storage.
Requires DC filters. Capacitor provides DC filtering.

Problamatic for DC line side shorts
faults since the charge capacitor will

Provides inherent fault current limit. | discharge in to fault.

Switches | Line or force commutated with
series capacitor. Self -Commutaed.
Switching occurs at line frequency | Switching occurs at high frequency.
Lower switching losses. Higher switching losses.

Rating

0-500 MW per converter

0-200 MW per Converter.

Upto 600kV

Upto 100kV




19

2.5 HVDC Distribution.
HVDC systems can be configured in many ways for distribution.
e Monopole Distribution.

The monopole distribution system uses a single over head or marine cable for DC power
distribution. The ground is used as a return path. If the ground cannot be used for a
return path a low voltage dedicated metal return path can be used. These two

configuration are given in figures 2.6 and figure 2.7[28].

Power

flow
——-
HVDC

Cable
/N— —\/

Converter Inverter

77 Bath 77

return

Figure 2.6 Monopole distribution.
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HVDC
Cable

LVDC
Cable

Figure 2.7 Monopole distribution with low voltage return.

Electrochemical corrosion of long buried metal objects such as pipelines is a
concern with this system.

Underwater earth-return electrodes in seawater may produce chlorine or otherwise
affect the water chemistry.

An unbalanced current path may result in a net magnetic field, which can affect
magnetic navigational compasses for ships passing over an underwater cable.
Modern monopole systems for pure overhead lines carry typically 1,500 MW. If

underground or underwater cables are used, the typical value is 600 MW.
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e Bipolar Distribution.

The bipolar uses two poles and uses two high voltage lines for power distribution. The
main advantage is that you can transmit twice the power compared to a monopole
configuration. In this configuration there is negligible current flowing in the ground
return path. A dedicated ground return cable can be added to this configuration. These

two configurations are given in figure 2.8 and figure 2.9.

.
HVDC
Cable
/N— —
Converter Inverter

A

[N— HVDC —V
Cable
h—

Figure 2.8 Bipolar Distribution.
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HVDC
Cable
Converter Inverter
"""""""" LvDC
Cable
HVDC
Cable
4

Figure 2.9 Bipolar distribution with dedicated ground return.

Under a normal load, negligible earth-current flows, as in the case of monopolar
transmission with a metallic earth-return. This reduces earth return loss and

environmental effects.

When a fault develops in a line, with earth return electrodes installed at each end of the
line, approximately half of the rated power can continue to flow using the earth as a

return path, operating in monopolar mode.

Due to the fact that for a given total power rating, each conductor of a bipolar line carries
only half the current of monopolar lines, the cost of the second conductor is reduced

compared to a monopolar line of the same rating.
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In a very adverse terrain, the second conductor may be carried on an independent set of
transmission towers, so that some power may continue to be transmitted, even if one line

is damaged.

Bipolar systems may carry as much as 3,200 MW at voltages of +/-600 kV. Submarine
cable installations initially commissioned as a monopole may be upgraded with

additional cables and operated as a bipole.

e Multi-terminal DC distribution

Multi-terminal DC distribution is considered in urban areas were space is limited. It is
similar to AC distribution system. This is a meshed DC system. It is given in figure
2.10. As we can see, we can use a common DC bus to do DC distribution to urban city

centers. The power from alternative energy sources like wind and solar can be converted

back to AC [13].

DC
| | Bus

Figure 2.10 Meshed DC systems.
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2.4 Bipole fault operation

It is necessary to understand the robustness of the system. Part of that analysis is to
understand kinds of faults can be tolerated by the system. In the case of a bipole
configured system there can be two types of faults. This is depicted in the following

figures 2.11,2.12 [28].

HVDC
Cable

Power
flow

Figure 2.11 Configuration of a HVDC system under overhead line fault.

Power
flow

/% HVDC ///%
Cable
Converter/_ Inve(ter

S

[5— HVDC —Y

Cable

Figure2.12 Configuration of a HVDC system underground return fault.
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e Overhead line fault — Transmit in monopole configuration using the ground
return.
e Ground return fault- Transmit in monopole configuration using the overhead line

as return.

Both modes will transmit 50% of power.

It is important to have redundancy in the system. This is a crucial consideration in
building a HVDC system so power can be transmitted from the point of generation to the

consumers.
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Chapter 3

3. 0 System architecture and modeling
3.1 System architecture

Modern PMSG generators are variable speed generators allowing the generation
of power from variable wind. This is possible due to a back-to-back power electronic
converter. This allows variable frequency AC to be converted to DC and inverted back to
AC synchronized to the grid frequency. The proposed system eliminates the need for a
back-to-back converter by using a step-up transformer and 12 pulse thyristor converter

which converts AC to DC.

Figure 3.1 shows the configuration of the system. The DC power is fed to a common DC
bus for distribution. The power flow to the DC bus is controlled by changing the firing
angle of the thyristors. The use of 12 pulse thyristor network reduces the harmonics in the
DC bus, thus reducing the size of the filters needed. Since many of these installations are
offshore, it is also important to reduce the weight of the nacelle. In the proposed system,
the power electronic converter and transformer will be located on the base of the tower

allowing easy access for maintenance.
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DC BUS »__I

DC to AC inverter Grid

Figure 3.1 System architecture for the proposed DC distribution.

The wind farm would have many generators connected to a common HVDC bus.
Each generator would produce variable voltage and current that would be fed to a step-up
transformer to increase the voltage to the desired DC link voltage. The proposed
architecture is scalable to any number of generators. The DC link voltage would be

determined by many factors such as:

e The distance power is transmitted.

e The maximum power generated.

e  Whether the wind farm is located offshore or not, in this case, offshore wind farm
submarine cables would have to be considered.

e Cost of HVDC cabling.
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e Geographical issues related to the conductivity of the earth will affect using earth
as a return path for HVDC distribution.

e Power semiconductor ratings.

e Desired voltage for the inverters that will be converting DC to AC power.

e Power characteristics of the step-up transformer.

e DC link storage device ratings.

Once the DC link voltage is determined, the power converter and the transformer
can be selected. For each wind generator, the three main components would be the
Permanent magnet generator, high voltage step up transformer, and power converter. This

is depicted in figure 3.2.

DC BUS

Generator i

Figure 3.2 PMSG, “STAR-DELTA” transformer and 12-pulse SCR configuration.

a
)

l
i
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3.2 Thyristor Power converter

The power converter for converting variable frequency AC generated by the
PMSG will be SCRs (Sillicon Controlled Rectifier). When you compare a SCR to IGBT

performance, the current technology is such that the SCR have the following advantages:

e Better cost structure for the same power rating.
e Ability to block voltage vs IGBT inability to block due to inherent body diode.

e Lower power loss.

Given the above advantages, SCR are well suited for the application of converting
AC/DC. This is also an industry proven solution for this type of application. In many
very high voltage applications, SCR are used in a series to achieve higher blocking
capacity. For higher current capability, SCR can be paralled. Current technology offers
SCR in the range of 4 kAmpers and 8 kVolt blocking capacities. Some application also

use light triggered SCR for isolation from high voltage.

The SCR is a 3 terminal device and is shown in figure 3.3. The SCR has 3

operating modes as following:

Anode

Gate

Cathode



30

Figure 3.3 Electrical symbol of an SCR.

e Reverse blocking mode- Positive voltage applied to the cathode referenced to
anode.

e Forward blocking mode — Positive voltage is applied to anode referenced to
cathode, gate has not been triggered.

e Forward conducting mode- The SCR is triggered and is carrying positive voltage
and will be in conduction till the current drops below the holding current. (line

commutating device)

Since we can control the gate when the SCR is forward biased, we can change the
average voltage that the converter sees by changing the angle that is used to trigger the
SCR. The time that the Anode of the voltage became positive to the time that the SCR is

trigged, is called the “firing angle” [28].
It can be shown that the DC Voltage that is produced for this converter is as following:
Vie = 1.35V;; cosa (3.1)

Where Vi is the line to line voltage. We can see that by changing a we can change the
output voltage. When o =0, the SCR bridge works as 6 —pulse diode bridge. When o
=90°, output voltage is zero. When a >90° the voltage is negative. Another angle of

interest is y (extinction angle), which is describes as following:

This is the angle (time) that a thyristor takes to turn off. A reverse voltage must be
applied across the device, current through the device becomes negative first and recovers

to zero. The y angle is equal to 180°- (0-+u); where u is the commutation angle.
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3. 3 Power converter -12 pulse

To reduce the harmonics on both the AC and the DC side a 12pulse converter is

used. The harmonics that are produced are following:

The 3 phase currents in a 6 SCR converter are rectangular in shape and have an amplitude
of Id. The currents are also phase shifted by alpha angle. Alpha is the delay angle for the

SCR firing.

The currents can be described as following [14]:

ig(wt) = V2Ig; sin(wt — a) —V2Is sin[5(wt — a)] —V2Ig, sin[7(wt — a)] +

V2Isy4 sin[11(wt — @)] +V2Igy3 sin[13(wt — @)] ... (3.2)

Where only the nontriplen odd harmonics “h” are present.
h=6n+1 (n=12..)

The fundamental frequency rms current value is:

151 == O78Id (32)
_Isa _ _
lgy="2 h=6éntl (n=12,.) (3.3)

In a 12 pulse system the 5 ™ and the 7 ™ components of the currents are removed. This is

when a star-star and star-Delta transformers feed each of the 6 pulse SCR configuration
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that make up the 12 SCR’s. There is an electrical phase shift of 30 degrees between the

star and delta transformers. The phase current is given as following:
2V3 1 1
I, =N—nld(cost9 — 7, cos 116 — 5 Cos 136 ..) 34

To mitigate the harmonics, two 3-phase systems that are 30° electrical degrees apart are

used to feed 12 pulse SCR’s as the following figure 3.4.

Figure 3.4 30° Phase shift between star and delta winding.
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3.4 Phase firing of the 12 pulse SCR

Each SCR is forward biased 120° in a given cycle. The below figure shows when
each of the 12 SCR can be fired. This figure is given for A,B,C rotation of the 3-phase.
“Y” is the 6 SCR of the Y connected transformer and “D” is the delta connected

transformer. Also shown are the Phase A-B,B-C,C-A Sync signals.

TN

N TN
/ N/ N /S N [/ N

VYN

"/
Y \ /

* A\ 2RI
Comparator outputs
Y&D Y-2 I Phase A-B
SCGR ‘ Y3
Firing | D-6 ! 2
| D-1 | Phase B - C
[i 2]
PR | |
’ D-4 w Phase C - A
| D5t
o]
[ ERGE T

Figure 3.5 Phase firing of SCR’s
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3.5 HVDC bus power flow

The power flows from the converter to the DC bus, provided the converter voltage is
higher than the DC bus voltage. Figure 3.6 shows this system. VR1 and VR2 are the
“Star” and “Delta” converters. The DC bus resistance is R. VDC is the bus DC voltage.

a is the firing angle of the SCR.

Figure 3.6 Converter power flow for the 12-pulse rectifier.

VR1 =+/3xVR2 =135V, cosa  (3.5)

(1+V3)
(—=*x1.35V cosa—-VDC(C)
IDC = —E——~ (3.6)
vDC
IDC = 0; cos x= W (37)
T . LL
(1+v3)
(X2 %1.35V,, —VDC)
IDCMAX = —E - (3.8)

R
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Where VLL = n X VPMSG. n = Turns ratio of trasnformer

It can be seen that the range of o is limited to 0 to o at (IDC=0). This is also the range

that the power can be controlled over MPPT.

This assumes that the voltage source has no impedance. If impedance is present the VR1

3XwXLINE

and VR2 voltages will be reduced by , where the “LINE” is inductance of the

line impedance.
3.3 Step up transformer

The two 3 —phase systems are obtained by two step-up transformers that are
wound “star-star” and “‘star-delta”. The primaries of each transformer is connected to
the PMSG 3-phase output. This enables it to increase the PMSG output voltage to the
desired HVDC bus, as well as achieve 30° degrees of electrical phase shift to mitigate

some of the harmonics of the converter.
3.4 DFIG

The proposed system is only valid for PMSG since this type of generator, and the
field for excitation of the stator windings are provided by the Permanent magnets. DFIG
type generators need grid connection to provide the field unless an inverter is used to

provide necessary voltage/current to setup this field as seen in figure 3.7 below:
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AC/DC
Inverter

HVDC BUS

Figure 3.7 Proposed SCR-based rectifier for DFIG wind turbine.

The work will be limited to using PMSG type generators. It should also be

mentioned that a direct drive PMSG can be used in this system[42,43].

3.4 Modeling

The proposed system was fully modeled in MATLAB® and Simulink®. Figure

3.8 represents this system.
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Figure 3.8 Complete configuration of the system in Simulink® environment.
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3.5 Wind Turbine model

The model that is used for the wind turbine is based on following turbine

characteristics:
Table 3.1 Turbine Parameters.
1500 KW RATING REMARK
Rated shaft power kW 1670
Rated electrical power kW 1562
Rated shaft torque kNm 862
Rated voltage A% 3000 rms, fundermental
Rated current A 325 rms, fundermental
Power factor 0.93 Inductive,underexcited
Rated frequency Hz 9.5
Rated speed pm 19
Pole number 60
Load angle deg 33
Rs ohm 0.225 (20°%)
Xds PU 56% Unsaturated
Xqgs PU 46%

The Matlab wind turbine model is given in figure 3.9. The inputs to this block are
generator speed (PU), pitch angle of the blade and wind speed. The output is the

mechanical torque that is generated (PU).
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Figure 3.9 Simulink® Wind turbine model.

Other parameters for the generator are as following:

~Parameters
Nominal mechanical output power (W):
| 1.67e6
Base power of the electrical generator (VA):
| 1.56e6/0.93

Base wind speed (m/s):
|12

Maximum power at base wind speed (pu of nominal mechanical power):
|1

Base rotational speed (p.u. of base generator speed):
J1

Pitch angle beta to display wind-turbine power characteristics (beta >=0) (deg):
|o

Figure 3.10 Simulink® Wind turbine model parameters.

The base wind speed for this turbine is set at 12 m/s. The turbine characteristics and

output power characteristics are given as following:
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Turbing Power Characlenstics (Pitch angle bata = 0 deg)
Max. power at base wind speed (12 m/s) and beta = 0 deg

I N

=
om

b

=

02

Turbana owlput power (pu of nominal machanacal powar)

o 02 04 06 08 1 12 14
Turbine speed (pu of nominal genarator speed)

Figure 3.11 Turbine Power Characteristics (MATLAB®/ Simulink®).

3.6 PMSG Model

The PMSG is modeled as a 1.5 Megawatt generator. The input is the mechanical

motor torque and the output is 3 phase current/voltage.

»Tm
oA

m>
o B

o

Figure 3.12 MATLAB®/ Simulink® PMSG model.
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The following motor parameters are established for this generator.

Stator phase resistance Rs {ohm):
| 225

Inductances [ Ld(H) La(H) ):
|[0.054 0.044]

Specify: |mlt.age Constant {v_peak L-L / krpm) j
Flux linkage established by magnets (WMs):
|41.0387

Voltage Constant (V_peak L-L f krpm):
|223207

Torgue Constant (N.m f A_peak):
| 1846.6513

Inertia, viscous damping, pole pairs, static friction [ Jkg.m~2) FN.m.s) pO TAMN.m)]:
| (40000 0.01 30]

Initial conditions [ wmiradfs) thetam{deg) iaba) 1:

| [0,0,0,0]

The generator is also setup as a salient-pole generator with sinusoidal back emf.

Simulation uses the following signals:

e Stator current (is_d)
e Stator current (is_q)

e Rotor speed wm (rad/s)

The stator currents is_d, is_q is used as the inputs to the estimators. Rotor speed

is used to generate the electrical rotation speed by multiplying by pole pairs .

Wy = =W, (3.9)



42

The rotor speed is fed to the wind turbine generator model as pu speed calculated as

following:

60

Generator p.u speed = wy, vz (3.10)
For a salient round rotor the the d-q inductance is given by:
__ max (L pase to phase)
Ly = . (3.11)
min(L pase to phase)
L, = > (3.12)

3.7 Vy4,Vq estimator

Estimator inputs are is_d, is_q and we. The output is is Vd and Vq and the sin
and cosine of the electrical rotational angle. This estimator provides the estimation of the

d-q axis voltages of the PMSG.

The results of this estimator is scope plots. These are provided in figure 3.13.
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Figure 3.13 PMSG measured and estimated voltage.

The estimated voltage does not have switching noises riding on the voltage wave
forms and acts as an ideal filter. The 3-phase voltage is used to determine the zero cross
point to calculate the firing angle of the SCRs. If there is noise, the detection of the zero-

crossing point is not accurate and could cause erratic firing of the SCR’s.

3.8 HVDC Vdr,Vqr estimator

Estimator estimates the current and voltage of the SCR converter. Estimator
inputs are Vd,Vq,Id and Iq. Output is the Vqr,Idr and Iqr. Converter output also allows
the calculation of HVDC bus voltage and current as well as the firing angle a of the

SCRs. Estimator is given in figure 3.14.
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Figure 3.14 HVDC Vdr,Vqr estimator.
3.9 Step up transformer

The step up transformer has a single 3-phase primary and two 3—phase secondaries. The
primary winding is in a star configuration as well as the first secondary winding. The

second secondary is in a delta configuration and lagging the star secondary.

3 — phase voltage and current from the PMSG is directly fed to this transformer.

b3

e

£33l

Figure 3.15 Star-Delta transformer.

Following are the parameters of the transformer. The turns ratio is 3/5
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Horminal power and freqguency [ Prilvia) , mHz) ]
[[2e6,95]

Winding 1 parameters [ V1 Ph-Ph(drms) , RL{Ohm) , L1(H) ]
[ (3000 0.009 0.00075389)

Winding 2 parameters [ V2 Ph-PhiVrms) , R2(0hm) , L2(H) ]
| (5000 0.025 0.0020941)

Winding 3 parameters [ V2 Ph-PhiVrms) , R3(0hm) , L3{H) ]
| (5000 0.075 0.0062824]

Magretization resistance Rm (Chm)

|2250

Magretization inductance Lm (H)
[37.695

Saturation characteristic [ i16a) , phil(Ms); 2, phi2 ;.. ]
|0 0;1.3084 49.244,544.33 62.376]

Initial fes [ phida, phitd , phidC ] 0cs):
(32,820 -32. 829 28.726)

Figure 3.16 Transformer parameters.

3.10 SCR converter

The simulation uses 6-SCR bridges to convert AC to DC and are in series. The star and
delta windings of the setup transformer feed these two bridges. Gate pulses are provided
in the natural order of commutation, as given in figure 3.17. The output is the converted

DC voltage and current.
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Figure 3.17 MATLAB®/ Simulink® model of an SCR module.

The simulation requires the addition of snubber for avoiding numerical

oscillation. The values are selected as following:

Rs>2 Ts/Cs

Cs < Pn/(1000 2 pi VA2

Pn = nominal power of single or three phase converter (VA)
Vn = nominal line-to-line AC voltage (Vims)
f = fundamental frequency (Hz)

Ts = sample time (s)



Figure 3.18 SCR firing order.

3.11 PI Current regulator

The feedback control scheme for controlling the power flow is in figure 3.19

a max

Ipc REF MPPT

+ -

iﬁ > P Firing angle
+
a min
.

!

IDC

Figure 3.19 current regulator with firing angle modulation.
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Ipc is the measured or estimated DC bus current, Ipc rer mppr 1S the reference current

estimated by the MPPT calculation. The calculated angle is a. The output of the regulator

is the firing angle for the converter. This angle is fed to the the 12 pulse generating block

that generates the 12 SCR firing pulses[41][44].
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3.12 SCR Pulse generator

alpha_deg
A PY
B —
I:l S— [ |
Frieg

PD
Block

Figure 3.20 SCR firing module.

The pulse generator block generates star and delta (12 pulse) for the SCR’s. The input to
this block is the ABC 3 phase voltage and frequency of the 3 phase voltage. This block

also allows the setting of the leading and lagging for the star and delta windings.

3.13 Simulation results

The proposed system is fully simulated. The figure x shows the result of the alpha
estimators and Vqr,Iqr and Idr estimator. The wind speed is changed from 4 m/s to 12.
When the speed of the wind is changed we can see the change in the all the values. As the

wind speed increases the alpha angle is increases to match the MPPT torque.
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Alpha estimator

~olt=

Figure 3.21 Estimated alpha, Estimated Vqr, Estimated Iqr , Estimated Idr and wind

speed.

In the second result, the first two plots are the measured and estimated voltage. The

second is the measured and estimated current. It is observed that the measured and

estimated values closely track each other.
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Figure 3.22 Measured Voltage, Estimated voltage, Measured Current, Estimated current

and wind speed.

The third result is the estimated Vd and Vq of the PMSG generator. The Vq and Vd
values were used to obtain the figure 3-phase estimated voltages by using the Clark

transformations. The bottom two plots are the Id and Iq of the PMSG generator that these

values were obtained from.
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Estimated Vo
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Esfiamated Vs

~olt s

Stator cument I
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:

Figure 3.23 PMSG Estimated Vd voltage, Estimated Vq voltage, measured current Id, Iq

and wind speed.

The fourth result is the plot of the control loop. The input to the control loop are the DC
current of the HVDC bus, estimated alpha angle and the reference DC current generated

by the MPPT. The output is the firing angle for the SCR’s. This is graphed against the

changing wind.
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Firing angle

Figure 3.24 Firing angle, Estimated Alpha, Reference DC current, HVDC Current and

wind speed.

The fifth result is the line to line voltage of the PMSG and the 3 phase currents feeding a

load of 60 ohms. DC current thru the load is given in the last plot.
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Figure 3.25 DC Bus voltage, 3 phase line to line voltage of PMSG, 3 phase current of

PMSG and DC current.
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Chapter 4
4.0 Estimation of Alpha, DC current, and AC voltage

4.1 Control system

In this chapter the estimation of the system will be presented. Figure 4.1 represents the

control system.

12 PULSE
SCR
. CONVERTER
1:ar Step-up
xform DC BUS
. PMSG >
la,b,c
Vg-vd t
Estimator 12 SPcllel_\_)SE
Vq-Vd, Iq'ld ' CO‘NTROL
v A A
Var-Vdr Var| Alpha | |
Estimator Estimator
lqr-ldr 71 | mIc |
"| Estimator
Wind MPPT
speed | DC REF

Figure 4.1 PMSG Control system.

The wind generator power flow will be as following; the generated voltage and current
will flow via the step up transformer and will be fed to the 12 pulse SCR converter
producing the DC voltage. The SCR converter is controlled so the desired power flow is
achieved corresponding to the Maximum Power Point tracking (MPPT). To control the
SCR’s, the voltage, current and frequency of the generator are needed. This information

will be obtained in the following manner:
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The 3 phase current will be sensed. It was shown from the simulation/measured values
that the current is not distorted from the switching of the SCR as much as the voltage

waveforms. The 3-phase current will be used to create the estimators need to control the

system. The first estimator is the “V-V4 estimator”.

4.2 Vq - V4 Estimator

This estimator is derived from the PMSG generator model. [2] The 3 phase voltages are

given as follows [7]

_Vas 1 [- Rs 0 0 | _Ias ] d _ﬂ’as ]
Vi [=| 0 =R, 0 | |[+—]|A,
. dt
Vs 0 0 o Rs s ﬂ’cs
Lhe ] L JL7as s 4.1)

Where i is the 3 phase current generated by the generator, A is the flux linkage associated

with each phase. The flux in each phase can be written as following:

L1 | bl LoD jLibeodd )
|| 5L L0260 L+l -Leeo6,-2) 2Ly~ Lycos6,+7)

s

_% L, —L;cos2(6, +7§[) —% L,—Lgcos2(@,+7) L +L,—L;cos@b, +2—37[)

i | Awcos@)

—iys |+| A, cO86, —2—3”)

CS

A, cos@, +2—7[)
L 3 (4.2)

Where Lis is the linkage inductance of the machine and LA and LB is the mutual

inductace. Oc is the electrical angle and Am is the magnitude of the flux.
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fi 5 cos, cos@, —120) cos@, +120) | f,
fe |= 3 sing, sin@, —120) sin@, +120) | f,
f, 0.5 0.5 0.5 f, (4.3)
(4
Vos ||~ R, 0 !qs 4| dt © 1 Aes
Vis 0 - Rs o — - ﬂds
at (4.4)

Figure 4.2 is the d-q axis of a typical machine. It can be seen from the above derivation
that we can convert the equation governing the generator form a,b,c refrence frame to d-q

axis given in (4.5) and (4.6)

Stator
axis

Figure 4.2 d-q axis representation of a PMSG machine.
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. di, .
Uy = _Rslsd - Lsd d_td+ qua)elsq (45)

. di . (4.6)
— sq .
usq - _Rslsq - qu E_ Lsd Wl + a)eLP

The above equations allow building an estimator for the voltage if the parameters of the
generator are known. Namely Rs, Lsd, Lsq, ¥ and we. e is the electrical field

rotational speed. Oc, the electrical angle is obtained as following:
[ we =0, (4.7)

The below diagram describes the PMSG estimator which is developed from the equation
(4.5,4.6). Isd and Isq is the stator d-q currents. The output of the estimator is Usd and
Usq, and d-q frame voltages for the PMSG. The estimator can be thought of as an ideal
filter that gets rid of the switching noise of the converter. The voltage and current is used

to estimate the HVDC bus voltage and current using the “V -V, estimator” and is given

in figure 4.3
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Figure 4.3 V-V, estimator

In the above estimator, transformer inductance and resistance has to be taken in to

consideration.

L¢g=L4q+Lgx (4.8)

Lyq=Lq +Lox (4.9)
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4.3 Vqr -Vdr Estimator

The 12-pulse SCR converter generates the DC voltage and current. To control
this voltage and current, we need to understand the relationship of the converter and the
PMSG generator. The PMSG generator described above is referenced to its stator frame
or the d-q axis. There need to be a method to extrapolate this reference frame to the
HVDC converter. If we create this reference frame, we can describe the PMSG and

HVDC as one system. This allows us a way to understand and control the system.

The 3-phase variables voltage or current are referenced to the fixed generator

reference frame as: [3-4]

fa = fqcos8 + f;sin6 (4.10)
f» = f, cos (0 —z?n)+fd sin (0 —2?”) (4.11)
fe = fq cos (0 + 2?11) + f, sin (9 + %n) 4.12)

This assumes that the voltages and currents are balanced. Angular displacement is
0 for the d-q reference frame. If we select a second set of orthoganl axis as (d'-q" axis),

we can map the 3-phase variable to this new axis as follows:[3-4]

fa=Fg4cosp+Fgsinp (4.13)
fp = F 4 cos (,B - 2?”) + F*; sin (,B - 2?71) (4.14)

fe = F 4 cos (/3 +2?ﬂ) + Fgsin (,3 +2?n) (4.15)
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B is the angular displacement for the new axis. It can be shown that the

relationship between two axes as following:

F o = f,cos(8 — B) + fy sin(6 — B) (4.16)

Fg=—f,sin(@ — B) +f; cos(6 — B) (4.17)
If we make(8 — B) = 8, then

Fy = f, c0s 8 + fy sin 8y (4.18)

Fy = —f, sin &g +f; cos 8y (4.19)

If we consider the synchronous machine voltage to be Vd, Vq and 1d, Iq

for the d-q axis reference frame, we can formulate the following equations:[3-4]

Vq‘r ZVq CcoS 5R +Vd sin 5R (420)
Vd‘r = —Vq sin5R +Vd COS5R (421)
Iy =1,c088; +1,sind, (4.22)
Iy =—1,sind, + 1, cos S, (4.23)

Since these quantities are related to the converter, we denote them with a “r” suffix. We
also label the new axis as “dr” and “qr”. The relationship between the d-q and dr-qr axis
is represented in figure 4.4. The vector representation allows us to map d-q axis values to

dr-qr vectors[3].
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dr-axis

Figure 4.4 d-q and d; —q, axis relationship.

Since the choice of dr is arbitrary, we can pick this angle to satisfy the following

condition for equation 4.24 as following:

Ve =0 (4.24)

The value of the angle for this condition is:

4.25
tan oy :\% (4.25)
q
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It should be mentioned that it is not absolutely necessary to restrict to the equation (4.24)
for the above mentioned axis, but doing so greatly reduces the complexity of the SCR

converter representation. The below figure 4.5 describe the estimator.

— E}
lq 1/n

— ?
Iq 1/n

“1/n

Figure 4.5 Vqr —Vdr Estimator.

The n is the transformer turns ratio.

We can represent the above derivation for the system as given in figure 4.6 below. The

left hand quantities to the SCR converter describe the PMSG voltage and current. The
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Right hand quantities describe the HVDC bus voltage and currents. The above

calculation show the relationship between these quantities

AC to DC converter

Figure 4.6 d-q and dr-qr representation of the PMSG and SCR converter.

4.4 SCR Converter — 6 pulse

A 6 pulse SCR converter will be analyzed to understand the operation of a 12

pulse SCR converter. Analysis will allow us to represent the converter in the above

found reference frame and create an estimator for the voltage and current. [3]

_ 3 [(VB_3. V3 3_3... . 3 S
Vdc—n_gy[(2 251n)/+2cosy)cosy+(2 S siny 2cosy)sma]
dlgc
2002 (4.26)

The average output voltage for /3 is
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, o3
33y [cosa + cos(a + )] — ——=2 1, Lde (4.27)

21 T €0 ax

Vac =

In most cases the commutation inductance is very small (less that 1%) and the last term

can be ignored. [3]

4
V3Vg

wleo

dc = [cosa + cos(a + )] (4.28)

By substituting in

_ 33y

Ve cosa (4.29)

This is neglecting line inductance.

N |-

cos @ = =[cosa + cos(a + )] (4.30)

For the rectifier denote quintiles with R subscript.

Ve = 22V, cos ag — 2 Xeoly 431)
Iow = 22 I cos 0 (4.32)
Ip = 22 Iy sin 0 (4.33)
Ig =1, = % /(IgR +12;) (4.34)

Ve = Vde =22V, cosa (4.35)
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Since we know the Vdc and Vqr from the estimation, the firing angle a can be estimated

as following:

Vdc
33,

= Var

cosa = (4.36)
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Chapter 5

5.0 Experimental test setup

5.1 Lab setup

A lab setup was built to support the simulation results. Figure 5.1 depicts the setup that is

used. It consists of two main sections, a Power section, and a Control section.

Figure 5.1 A picture of the lab setup showing SCRs, transformers, and control boards.

A block diagram of the setup is given in figure 5.2. This setup is connected to a PMSG

generator to obtain the results.
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Figure 5.2 Block diagram of the test setup.
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Load

The power section consists of the variable speed AC generator, step-up transformer,

SCR’s and load. The SCR’s are connected in the following manner in figure 5.3.

5 s 3

AC/

Figure 5.3 SCR connection.
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The SCR’s are numbered in their natural order of commutation. Each power pole consists
of 3 — SCR . Four power poles are used to create the 12 SCR converter to produce DC
from AC. This is given in figure 5.4. It is seen that the produced DC voltage is twice of

the 6- SCR converter.

\J

-+
AC

) DC

4 6 2
o e ]

T—x 3 —&x 57

-+
DC

4 6 2
— - 5 T ]

\J

Figure 5.4 12 pulse SCR connection.

There are 6 single phase transformers used to create star-star and start-delta 3-phase
configuration that feeds the 12 SCR power converter. The delta winding was connected
so it lags the star winding. Each transformer is a step-up with a ratio of 1:2 turns. This is
given in figure 5.5 and figure 5.6. The DC bus was formed by connecting the 1,3,5 SCR

cathodes to form the positive bus and the delta 4,6,2 SCR anodes form the negative bus.
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Figure 5.5 Star-Star connections.
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Figure 5.6 Star-Delta connections.



70

5.3 Control section

The control section consists of the following:

e 3 phase current sensing.

e Voltage zero cross detection.

e SCR gate drive circuits.

e Digital Signal processor.(DSP)

e AC to DC Power supplies with different voltage rails.

% Current sensing

This is achieved by using 3 current sense transformers (CT). Each transformer is placed
in line with the 3-phase power lines. The CT produces a 0-5 volts signal that is
proportional to the AC current that is flowing in each phase. The current signal is scaled

to a 0-3 volts signal and is read by the Analog to Digital Converter (ADC) of the DSP.

*»+ Voltage Zero crossing

The voltage zero crossing is detected by using external hardware. Each voltage is fed to a
comparator to detect phase to phase zero crossing. This signal is used in a capture input

of the DSP to calculate period/frequency of the incoming AC voltage.

+ SCR Gate Drive

SCR are driven by anexternal 250 KHz PWM signal that is digitally "NAND” with PWM
produced by the DSP. There are 12 individual PWM that are used to gate the 12 SCR.
The gate drives are electrically isolated from the DSP and associated circuitry using pulse

transformers. The output of the pulse transformer is referenced to the anode of the SCR.
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Gate drive output also has a RC snubber circuit across the SCR to reduce the voltage

spikes. This reduces the chance of SCR turning on inadvertently.

DSP is TMS320F28335 manufactured by Texas Instruments Corporation. DSP is
configured to run at 150 MHz. MATLAB®/ Simulink® was used to write the firmware

to control this DSP.

The control board also has op-amps to condition the current that is sensed by the CT. All
this circuitry is supported by many voltage rails/switching power supplies on the board.

The control board generates 1.8 volts, 3.3 volts, 5 volts, +/- 12 volts and 24 volts.
5.4 Simulink DSP programming

a. DSP Program Flow

START

Period, Sync pulse, Buffered
Alpha

1. Calculate \i Y
Period
2. Calculate Sync Capture interrupt PWM interrupt
Capture pulse Clirzdkiiar 1 Calculate angle
Module(Zero- 3. Calculate interrupt 2 1 s
Cros9) frequency

4. Buffer calculate
Alpha

NO interrupt

angle

4
Frequencyi T Alpha
Main Program
> 1. Read ADC |-

2. Calculate Alpha
Wind
Speed

Y

BACK TO START

Figure 5.7 DSP Program flow
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e Interrupt handler

The DSP is interrupt driven. There are two main interrupts that are used to control the
program. ePWMI1 and ECAPTURE. The interrupt handler handles these interrupts.
ePWMI1 interrupt is generated every 50 KHz. This interrupt routine is used to calculate
the angle of the 3-phase voltage. This angle is critical to enable the firing of the SCR in
relationship to a voltage zero-cross. The input to this routine is the period of the voltage
waveform from the ECAPTURE module. The angle calculation is periodically synced to
make the system time accurate. This sync signal is also generated in the ECAPTURE
module. The way the angle is calculated is by generating a counter that is incremented at
interrupt frequency and will count up to the value of the period. When a sync signal is
asserted the counter is set to zero. Since the period that is captured is in DSP clock cycle
time, the value need to be converted to real time. The value of the angle is a number
between 0 and 1, the counter value is divided by the period. This number needs to be
multiplied by 360 to obtain the degrees. This method allows an angle resolution of 1/50

KHz. It is accomplished by implementing the following equation:

Tcap*50 KHz

Tperiod real =
150 MHz

(5.1)

The value of the angle also needs to be converted in to degrees. This is accomplished for

each new period value by the following equation:

Count = Count + 1,up to the Tperiod real (5.2)
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Count

Angle = (5.3)

Tperiod real

CAPTURE interrupt is asserted when the capture module sees a rising edge signal. The
voltage zero cross detection hardware circuitry is connected to this interface of the DSP.
The module is setup after each capture event to reset the capture counter. This way each
capture is the period of the zero cross detection signal. This period represents the period

of the incoming 3-phase voltage.

- t1 > < 2

Zero cross
detection signal

Tcap=0 Tcap=0

Figure 5.8 Calculation of Tcap time in the DSP module.

To keep this module from detecting spurious signals, the signal is captured only within a
valid range of frequency. The reasoning behind this is that the change of frequency from
one cycle to another does not happen rapidly. This is implemented in Simulink as given

in figure 5.8. The whole interrupt routine is represented in figure 5.9.
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Figure 5.8 Valid capture of Tcap time flow diagram.
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Figure 5.9 Interrupt routine for the DSP for real time control.
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* SCR Firing logic.

The SCR’s are fired in relationship to the zero crossing of the 3 phase voltage wave form.
Each SCR can be offset from 0°to 180° degrees. This is the range for the alpha angle that
is generated by the control circuit. In the case of the delta winding, the angle needs to be

further delayed by 30° for a range of 30°to 210"

The circuit has to stop firing after a certain pulse width that can be adjusted. Figure 5.10
is the Simulink code of the SCR firing and the output of the firing pulse pattern is given
in figure 5.11. This firing pattern is logical “AND” with a 250 KHz square wave to
produce the gate drive. The logical “AND” is accomplished by digital hardware on the

drive board.



Figure 5. 10MATLAB®/ Simulink® code for SCR firing circuit.
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SCR Firng
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Figure 5.11 SCR firing pattern vs angle.
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d. Analog to digital converter

The ADC of the DSP is used to read the voltage produced by the Current Transformers.
This is the representation of the 3 phase current that is flowing via the system. The ADC
is 12 bits and produces a number between 0 and 2024 with the last bit used to indicate
negative or positive. The CT are calibrated to read 12 amps. An offset and a gain is

applied to the reading from the ADC convert to a actual reading.

The conversion of the ADC is enabled every 50 KHz by the epwm1.
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5.5 Hardware setup results

The first result is the PMSG voltage that is estimated by the DSP. This is the V-V

estimation and presented in figure 5.12. The data is read by serial communication from
the DSP board using a computer. We can see that it is an accurate representation of the 3
phase voltage. The voltage does not have noise due to SCR switching and the zero

crossings are well defined. The simulation results are supported by this data.

Voltage

1 f 0 15 A bl kil i i b ]
Time

Figure 5.12 DSP Vabc estimated results of 3 phase voltage.
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The second plot in figure 5.13 is the V-V estimation data that is read back from the
DSP via serial communication to a computer. This is the DC bus voltage that is
estimated. The peak to peak range of the data is from 4.5345 Amps to 4.5344 Amps. The
estimation that was shown in MATLAB simulation is implemented real time in the DSP

running at 150 MHz.

Results verify that the estimation of the DC current is possible for this system. It also
shows that by implementing this, a current sensor can be eliminated in the system. This is

an added advantage.

1538

453

AMmMps

153

45344

Figure 5.13 DSP V-V, estimator results of HVDC current read via a serial port.
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The third plot is the Alpha estimation from the DSP. This information is also read by
using a serial communication to the DSP. The Alpha estimation is used by the control
loop in determination of firing the SCR’s. The range of data is from 83.772 to 83.7708.

Essentially the angle estimation is close to 83 degrees in this instance.
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Figure 5.14 DSP Alpha estimator results read back via a serial port.
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The next plots are from the scope reading of the system voltages and sync signal. It is
very important for this system to sync to the incoming voltage frequency for the SCR’s to
be phase fired. The lab setup was connected to a variable frequency synchronous
generator to produce variable frequency voltage. This represents a wind generator
producing variable frequency power. The plots display this incoming voltage as well as
the DC voltage that is produced by the system. The hardware generated synchronizing
signal is also plotted. This signal is fed to the capture module of the DSP to generate the

Tcap.

The green waveform in the plot is the DC bus voltage, Blue is one phase of the 3 Phase
AC waveform. Magenta is the sync signal. Figure 5.15 shows the synchronizing signal
and DC signal relationship. It is zoomed in to clearly show the synchronizing. In Figure
5.16, the frequency is at 24.23 Hz. In figure 5.17, the synchronizing is at 35.05 Hz.
Figure 5.18, the synchronizing is at 43.15 Hz. Figure 5.19, the synchronizing is at 53.19
Hz. It is seen from the results, the system can synchronizing to a wide frequency range.
You can also observe that the output DC voltage is rising. This is due to the PMSG
voltage rising in relationship to the frequency increase. This experiment purely looks at

the synchronizing capability of the system.

The system only uses the star to star winding to synchronize and has to offset to
account for the star to delta winding firing of the SCR’s. This is accomplished in the
DSP’s SCR firing algorithm. This system was setup to only synchronize between SHz

and 80Hz.
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Figure 5.15 Green DC bus voltage, Blue AC voltage, Magenta synchronizing signal.
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Figure 5.17 Green DC bus voltage, Blue AC voltage, Magenta synchronizing signal,

frequency 35.05 Hz.
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The next set of results were obtained by configuring the system to simulate a connection
to a stiff DC bus. A high voltage DC power supply was connected in parallel with the
output of the SCR system and load. The DC bus voltage varied to observe how the
system would behave. This was crucial in seeing how the SCR based system could pump
power to a constant DC bus. For the following plots in figures 5.20 and 5.21, Blue is DC
bus voltage, Red is AC voltage, Green is DC current, and Magenta is AC current. When
the DC bus voltage was lowered 106 volts, both the DC power supply and SCR system

contributed power to the load. This is seen in figure 5.20. As the DC bus voltage was
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increased to 174 volts, all the power was delivered by the DC power supply and is seen in

figure 5.21. The magenta trace which is the AC current goes to zero.
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Figure 5.20 Blue DC bus voltage, Red AC voltage, Green DC current, Magenta AC

current.
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Figure 5.21 Blue DC bus voltage, Red AC voltage, Green DC current, Magenta AC

current.

The next plot was obtain by changing the lab setup. The system was connected to a

variable frequency synchronous generator and a DC power supply to obtain a full system

performance. The system is given in figure 5.22.
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Figure 5.22 Lab setup of the complete system connected to a AC generator.

The synchronous generator in figure 5.22 represents a variable frequency wind generator.
The speed of the generator can be varied by using an AC motor drive. In this setup a
Rockwell Automation drive was commanded to change frequency to generate varying
voltage. The SCR conversion system was fed this 3 phase voltage. A DC power supply
was used to maintain a stiff DC bus voltage and a resistor bank was used as a load. The
results of this set up are given in figure 5.23. Red is the DC bus voltage, Blue is the AC

Voltage, Magenta is the AC current and Green is the DC current.



&9

R

VAVARS

NN NN AN AN AN Y
\/ \/ Vo \\.f g (RN :_\_.r’ o \/ \ S \/ ¥ Y A r’, WY |/ \ /NS \ / }

N YA AYAYa WA
L SO ONS A

5.00MS/s Line /= 0.00V

i+~—20.2000ms | | 1M points

s00mv_ @) 2.00V & soomv @ 1.00V

14 Nov 2012
06:13:21

Figure 5.23 Red DC bus voltage, Blue AC Voltage, Magenta AC current and Green is

DC current.



Chapter 6

6.0 Maximum Power Point Tracking (MPPT)

6.1 Wind regions of operation

Modern variable wind generators have three main regions of operation.

These regions are depicted in figure 6.1.
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Figure 6.1 Wind Turbine regions of operation.

(Adaptive Torque control of variable speed wind turbine, Kathryn E. Johnson, NREL)
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Region 1, This is the startup region. The turbine monitors for the wind speed to see if the
turbine can be operated. If it can, it initiates the startup routine. This region does not use

modern controls to improve the capture of wind energy [30] .

Region 2, This is the region that a wind generator should use modern control techniques
to capture the most maximum energy. The maximum energy that can be captured is given
by the Betz limit. The losses in a turbine keeps the generator from reaching this limit.
The idea is to achieve the maximum power extraction. The controls that are available to
maximize are the Yaw angle, generator torque and blade pitch. Since the wind loading in
this region is minimal, it is customary to only control the Yaw angle and generator

torque. Blade pitch angle is left at an optimal angle to capture the maximum energy[47].

Region 3, This is the region that the generator is operating above the rated speed. The
speed of the wind is above the speed that the maximum power can be extracted. The
turbine has to be protected from reaching its maximum mechanical and electrical limits.
Blade pitch control is used to shed the excess wind power. The generator is held at a
constant speed. Yaw angle and generator torque control also can be used to shed the

excess wind power [48].

6.2 Capture of wind energy.

The performance of the wind turbine not only depends on its hardware but also
wind turbine control techniques influence the performance of the wind turbines.
Therefore, the wind turbine control technique can influence the output of the wind
turbine. Fixed speed and variable speed control methods are two traditional control

methods. Variable speed control methods divided into several control methods[45,46].
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Equation (6.1) show the output power of a wind turbine.

P=c(B. 12,

wind

6.1)
C(BA) = (CE-f-ce " re
: (6.2)
11 0035
A A+0088 p+l 63)
P Rw
Viving (6.4)

Where p=1.2 kg/m’is the air density, A is the area swept by the turbine blades, A is
the Tip-Speed-Ratio (TSR) given by (6.4), S is the pitch angle, ¢ is the performance

coefficient of the turbine given in (6.2) and @ is the generator angular velocity. C1-Cg are

coefficients that are dependent on the structure of the wind turbine [29].

Figure 6.2 shows the power versus TSR. Output power changes with TSR. The
TSR that corresponds to the maximum output power is called optimal TSR. Figure 6.3
shows the output power versus wind turbine speed and compares wind turbine control
methods. One of the lines shows the fixed speed control method and the other one shows
the Maximum Power Extraction (MPE) method (MPE). In MPE algorithm the speed of
the wind turbine is set so that the maximum power can be extracted from the blowing
wind. This speed is called optimal speed. This control method is applicable to variable

speed wind turbines and has better efficiency than the fixed speed method.
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Other control methods can be implemented in the wind turbines. The control algorithm is
designed to achieve a certain criteria for the wind turbines. Therefore, the wind data and
geographical characteristics of the wind site are important for the wind turbine control

algorithm[49,50].
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Figure 6.2 Wind turbine output power versus Tip-Speed Ratio (TSR).
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Figure 6.3 Wind turbine output power versus rotor speed.

6.3 Wind generator mechanical equations.

The wind generator captures the wind energy using the blades and transfers the power to
the electrical generator. In general, a low speed shaft that is connected to the blades is
fed to a gearbox. The gearbox will increase the speed and is connected to the generator
via a high speed shaft. A generator without a gearbox is referred as a “direct drive”
generator. This type of generator has multiple poles to compensate for the low speed

rotation of the blades. Figure 6.4 is the representation of a geared system.
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Figure 6.4 Wind Turbine mechanical system of power transfer.

The mechanical equations for the system are as following:

T =To + Bwy +] 52 (6.5)

Where, Tm is the mechanical torque produce by the wind. Te. is the electrical torque

produced by the generator. B is the frictional coefficient and J is the inertia.

dwm

Tm—Te=me+J7

(6.6)

The power generated by the generator is P,

Pe =Vdcldc = Te we (6.7)

Using this relationship we can generate a Idc reference related to the ®,, reference from

maximum power point tracking as following:

Te we
Vdc

Ildcref = (6.8)
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The above derivations allows us to control a control system to track the maximum power

point. The inputs to this system are the Wind speed, Radius of the blade (R) and A

nominal. ® reference compared to the ®m and the error is fed to a PI controller. The

output is divided by HVDC bus voltage and divided by we to produce a current

reference to the current control loop. This is given in figure 6.5

RBLADE
Vdc

¢+ . ) . /max
V X WREF L/BL >
x : .

T

| dc ref

min

)\NOMINAL Wm We

Figure 6.5 Configuration of the MPPT Control system.

The output is limited to the I dc reference range of minimum and maximum. “Anti-

winding” PI controller is used.
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6.4 Simulation results

The simulation results for the figure 6.5 controller is given in Figure 6.6. The first

plot is the reference current corresponding to the MPPT algorithm. The second plot is the
o reference that is related to the turbine characteristics. In this case, the simulated
turbine has a blade radius of 41 meters, A nominal of 8.1. The final two plots are the

M, the turbine speed and wind speed.
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Figure 6.6 MPPT Simulation results for changing wind speed.
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Chapter 7

7.0 Paralleling of wind generators, Fault analysis and Torque pulsations.
7.1 Wind farm operation

The proposed multi-terminal system is given in figure 7.1. The wind farm would have
many generators connected to a common HVDC bus. Each generator would produce
variable voltage and current that would be fed to a step-up transformer to increase the
voltage to the desired DC link voltage. The proposed architecture is scalable to any
number of generators. The HVDC bus would be inverted back to an existing 3 -phase

grid for distribution for utilities.

e |

AC to DC converter

DC to AC inverter

n 1:ar

AC to DC converter

Figure 7.1 Configuration of the proposed DC distributed PMSG wind farm with multi-

terminal interconnections.
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Two generators tied to a common DC bus is simulated. The DC bus is held
constant. The wind speed and the pitch angle to the generators are varied to simulate the
varying nature of wind. Each generator is controlled to track for MPPT. The pitch angle
for the generator 1 is change from 0 to 10 at 3 seconds and the same is done for the
generator 2 at 6 seconds independently. The speed of wind is increased to 15 m/s at 7
seconds. In all these cases the control loop compensates for the changes and regulates the

output current in each generator to track MPPT. The simulation results are given in figure

7.3

B
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T 1 7 DC BUS
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I S .
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S
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= 5 =
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Figure 7.2 Simulation configuration of Parallel wind generators to a common DC bus.
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The first plot is the total current that is produced by the generators. The second plot is
the DC bus, and it is held constant. The third and fourth plots are the generator 1 and 2

pitch angle. The last plot is the wind speed change.

Total OC Cument

Figure 7.3 Simulation of parallel wind generators connected to a common DC bus.
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7.2 Faults Analysis

There are two possible faults in the system

e Line faults — generator and inverter side.

e DC Bus faults.

A possible architecture, for a system like this is to only use AC switch gear. In
the event of a Line fault at the generator, the faulty generator can be isolated from the rest
of the system using an AC breaker. If the fault occurs at the inverter side, the inverter
can be isolated from the utility grid using an AC breaker as well as the generators. Same
holds true for DC faults where by using AC breakers the DC bus can be isolated and
protected. Figure 7.4 is the proposed breaker isolation system. Figure 7.5 gives the results
of a 3 phase AC ground fault, the behavior of the current and voltage estimation. It is
seen from the simulation that estimators recover well after ground fault and can track the

voltage and current.
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The first plot is the voltage of the PMSG and a ground fault between 2-3 seconds. The

second plot is the estimation of this voltage. The third is the measured DC current. The

fourth is the estimation of the DC current and the last is the wind speed.
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Figure 7.5 Simulation of a ground fault on this system.
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7.3 Torque pulsation

A wind generator captures the power in the wind and converts the energy to
mechanical torque. This torque is used to spin the rotor of the generator. The mechanical
equation for the generator is given in equation (7.1). Tm is mechanical torque, Te is

electrical torque, B is the friction coefficient and J is the inertia constant. ®@m is the rotor

speed in radians/second. We can see from this equation that any sudden changes in Te
can affect Tm. This is a concern for a generator since torque pulsation can lead to
premature failure of the mechanical components. Figure 7.6 is the simulation of the

torque on the generator[31-40].

dwm

T = Te + B +] =2

(7.1)

The first plot is the electrical torque. The second plot is the wind speed and the last is the
pitch angle. As the pitch angle has a step change the electrical torque of the generator has

a sudden change. This is reflected throughout the system.
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Chapter 8

8.1 DC Power inversion to Grid

The power is collected from all the turbines and transferred to the grid side
inverters via a DC bus. Multiple large size inverters transfer the power to the utility grid.
The grid side inverters adjust the DC voltage of the system and perform grid side
functions such as exporting reactive power. Energy storage components (ultra-capacitor
and batteries) are directly connected to the DC system. They exchange power with the
DC system to perform power ramp rate control, power smoothing, power shifting, and
transient stability control at the wind farm output. The typical capacity factor of a wind
farm is around 30-35%. The additional capacity of the inverter can be used to operate the

energy storage elements when the system is not generating nominal power.
8.2 Selection of the inverter, converter and filter topologies

A three-phase 3-level Neutral Point Clamp (NPC) inverter is chosen as inverter of choice
for this application. The 3-level NPC provides higher quality output voltage and current
waveform and requires a reduced output LCL filter size and cost compared with two level
inverters. Only half of the DC bus voltage has to be switched, which leads to reduced
switching losses and higher efficiency. It also creates less Common Mode (CM) current
at the output to grid. For this application, the switching frequency is around 2-4 kHz. An
LCL filter is designed for the inverter, so the output current profile meets the IEEE 1547
standard [19]-[20]. A passive damping resistor is used to prevent the resonance in the

filter [21].
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8.3 Control of grid side inverter

Two techniques are employed to control the inverter. 1. Constant DC bus mode of
operation 2. Direct active/reactive power control. In normal operation, when energy
storage is not connected to the DC bus, the active power control is used to regulate the
DC bus voltage. The current control forms the inner loop and the voltage control will

form the outer loop. The current control loop equations are given as below [22]-[24]:

Vy = —(Kp WL%)(idref +iy) +wli, +e,

(8.1)

Ki). , .
V, = —(Kp +?'j(|qref +1,)— oLy

(8.2)

V4, Vg, g and I are synchronous reference frame voltage and current. In this case, the
DC bus voltage is controlled using the VSI side DC current. For the voltage control loop

the equation (3) can be derived. V., g is DC bus voltage and current respectively.

. . . K,
et = lge =1L = [KP + ?j&dcref _VdC) (83)

If energy storage is utilized on the DC bus, the active power output can be regulated
independently, considering the state of charge of the storage and the power coming from
the wind farm. In this case, several techniques such as power smoothing, power ramp rate

control, grid frequency support, and/or grid reactive power support can be applied.
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8.3 Frequency droop and voltage droop control

The proposed MVDC system can provide frequency and voltage support to the grid.
Typically, renewable energy systems ride on grid frequency and voltage and do not
provide significant ancillary services. However, as renewable installed capacity is rising
to become a significant part of the total grid capacity, it must participate in grid support
functions. There are several mechanisms including generator governor, automatic gain
control and load shedding. The proposed system can provide an alternative mechanism,
which can be applied faster than conventional methods. The proposed MVDC system
with ultra-capacitors and battery backup with DC/DC converter can allow the VSI to
support frequency droop for a short duration before automation generation control take
appropriate action. Similarly it can support the system to keep the AC voltage within

range by regulating the reactive power.

The main advantages of the proposed MVDC system are active and reactive power rate

control, frequency droop control and voltage droop control.

The proposed complete system from the generator to the inverter that ties to the grid is

given in figure 8.1. The controls for both the PMSG and the Inverter are presented.
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Chapter 9

9.0 Conclusion

In chapter 1, the importance that wind energy plays in the future energy generation is
discussed. The current wind generator technology, the difference between a DFIG and
PMSG generators are looked at. The problem and the solution that this work is centered
around is stated and discussed. How wind generators connected to a HVDC/MVDC bus,

tied to a grid via inverters are presented as a possible system.

Chapter 2 is dedicated to studying the HVDC/MVDC distribution. The different
configuration of the HVDC distribution systems are presented. The advantages and
disadvantages of the AC and DC distribution are evaluated. The converter used to convert
AC power to DC power is looked at. Finally faults and redundancy in a DC distribution is

analyzed.

Chapter 3 details this possible solution. The use of SCR as a power semiconductor
device is presented. The system is modeled and simulated in MATLAB® and Simulink®.
The parameter of a direct drive 1.5 MW generator is used in the simulation. The results of

the simulation is discussed.

Chapter 4 focuses on the control system for the PMSG and 12 pulse SCR’s. Three
estimator are developed to aid in controlling this system. The first estimator estimates
the PMSG generator voltages. The second estimator estimates the DC bus current and the

third estimates the Alpha angle for firing the SCR’s.
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Chapter 5 is the Lab setup. The power section where the SCR’s reside and how they are
connected to the star and delta transformers are shown. A Texas instrument DSP is used
to run this system in real time. The program flow as well as SCR gate and signal
connection are illustrated. The system is run and data is gathered. The results are

discussed and compared to the simulated results.

Chapter 6, the MPPT algorithm is developed. The wind turbine regions of operation and
the Betz limits are discussed. Turbine energy capture and the necessary equations
describing the mechanical system are presented. MPPT algorithm is simulated in

MATLAB® and Simulink®.

Chapter 7 looks at how this system can be implemented in a wind farm. Two wind
generators independently running and tied to a common DC bus is simulated. The results
are presented. This proves the proposed system is viable for a wind farm. Another
concern is how to protect such a system from faults. A possible fault isolation system is
presented and simulated. Finally the torque that is generated by this system is studies as

the power is varied.

Chapter 8, the final chapter looks at how the DC bus power is converted to the utility grid
via inverters. The control of the inverter and interaction with the grid are stated. The
inverters hold the DC bus voltage constant, enabling the wind generators to transfer
power independently. This total generation, distribution and grid connection is presented

in this chapter.
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The following was accomplished in this work:

* Controls of a 12-pulse SCRs system to connect PMSG wind turbines to a HVDC

bus was proposed.

» Three estimators are designed to estimate the generator terminal voltage, output

DC current and firing angle in order to control the SCRs.

* The proposed system was fully simulated using Matlab/ Simulink.

* An experimental hardware setup was built to verify the operation of the system.

This setup was connected to a synchronous generator and results are presented.

» Parallel wind generator setup was simulated. The results verifies that the

proposed system will work for a wind farm.

* A fault isolation system was proposed and simulated , which shows how the

system can tolerate faults and recover.

» Torque ripple on the generator was simulated to see the SCR’s switching effecte

on the generator.

» This setup was verified as a robust and a low cost method of implementing PMSG

for HVDC distribution.

The following is proposed as future work:

* Explore different control methods for controlling the SCR’s.

» Investigate reducing torque pulsations of the PMSG.
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Investigate using the proposed power conversion method for DFIG turbines.

Explore options for communication/control between PMSG, circuit protection and

grid-tied inverters.

Investigate the best possible configuration for DC storage/connection to the

HVDC/MVDC bus.

Study the filtering needed to improve the DC bus voltage at the PMSG

connections.
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