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ABSTRACT

This thesis verifies the performance of a Variable-Speed Wind Power Generation
System (VSWPGS) using Permanent Magnet Synchronous Generator (PMSG) and
Boost Chopper Circuit (BCC) experimentally. The assessments are conducted with a
test bench using a Wind Turbine Emulator (WTE). The WTE reproduces the shaft
torque of a wind turbine (WT) for an arbitrary wind velocity by the servo motor
drives. The shaft-torque reference of servo motor drive is estimated in real time based
on the blade element momentum theory (BEMT) by using windmill wing profiles,
wind velocity data, and windmill rotational speed. Also the difference of inertia
between the WT and the servo motor is compensated simultaneously. The WTE is
newly-proposed for the experimental assessment. The tested VSWPGS using BCC
has three speed control modes to the wind velocity. By combining the three control
modes, the VSWPGS using BCC can extend the variable speed range more than
conventional control methods. The experimental assessments shows that the
VSWPGS using the BCC can reduce the costs while improving the reliability of the
whole system, and has the same performance as the VSWPGS using a PWM

converter of benchmark.
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Chapter 1

Introduction

1.1 Background

The power of the wind has been utilized for at least the past 3000 years [1]. Until the
early 20th century wind power was used to provide mechanical power to pump water
or to grind grain. At the beginning of modern industrialization, the use of the
fluctuating wind energy resource was substituted by fossil fuel fired engines or the
electrical grid, which provided a more consistent power source. In the early 1970s,
with the first oil price shock, the interest in the power of the wind re-emerged. This
time, however, the main focus was on wind power providing electrical energy instead
of mechanical energy. This way, it became possible to provide a reliable and
consistent power source by using other energy technologies, via the electrical grid, as
a back-up. The first wind turbines for electricity generation had already been
developed at the beginning of the 20th century. The technology was improved step by
step since the early 1970s. By the end of the 1990s, wind energy has re-emerged as
one of the most important sustainable energy resources. During the last decade of the
20th century, worldwide wind capacity has doubled approximately every 3 years. The
costs of electricity generated from wind power have fallen to about one-sixth since the
early 1980, and the trend seems to continue. Some experts predict that the cumulative
capacity will be growing worldwide by about 25% per year until 2005. Wind energy
technology itself also moved very fast towards new dimensions. At the end of 1989, a
300 kW wind turbine with a 30-m rotor diameter was state-of-the-art. Only 10 years
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later, 1500 kW turbines with a rotor diameter of around 70 m are available from many
manufacturers. The first demonstration projects using 2 MW wind turbines with a
rotor diameter of 74 m was installed before the turn of the century. Four and five MW
wind turbines are expected to become available in 2001 or 2002.

In the last 12 years, A Survey of Control Issues in PMSG-Based Small Wind-Turbine
Systems in 2013 [2]. The penetration of the wind-turbine power generation is
dramatically increased worldwide. This growing trend is stimulating the research in
the power processing field aiming at optimizing the energy extraction from the wind
and the energy injection into the grid [4]. Particular interest has been focused in recent
years on distributed generation through small wind-turbines because of: lower impact
on the landscape, lower noise level, grid codes and national laws imposing simpler
grid connection and higher feed-in tariffs and capability to work in island-mode for
isolated communities [5].

As power generating systems which can utilize renewable wind energy effectively,
the researches of variable-speed wind generator systems which change windmill
rotational frequency in proportion to the wind velocity are widely carried out [6-32].
The energy conversion efficiencies of propeller windmills change for conditions of
wind velocity and windmill speed. Therefore the converter connected with a generator
must control the windmill speed in proportion to the wind velocity in order to
maintain the energy conversion efficiency maximum [33].

At present, the variable-speed wind generator systems using the PWM converter
(PWM converter method) are introduced [34-56]. The PWM converter is costly
because a lot of switching devices are used and its control system is complicated.
However, the PWM converters are used for large-capacity variable-speed wind
generator systems which need windmill speed control, because the vector control can
be applied to realize the high-speed and high-precise generator torque control.

The converter does not need to supply the excitation energy when the permanent
magnet synchronous generator (PMSG) is used as a generator [57-59]. Therefore, the
wind generator system for the purpose of battery charger uses the diode bridge
rectifier as a converter. It is operated mainly at the rated wind velocity since the
induced voltage is enough to charge the battery [75-78]. The wind generator systems
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using diode bridge rectifier (diode rectification method) can constitute low-cost
converters [60-68]. However, the windmill speed control becomes difficult, since the
converter cannot control the PMSG torque by itself. And, the induced voltage
necessary for system interconnection cannot be obtained at low wind velocity. At
present, the diode rectification method which realizes the windmill speed control and
system interconnection simultaneously at low wind velocity is not reported.

This thesis will address the generator control of a small wind turbine for grid
connection. The wind turbine extracts the energy from the wind through the rotor
blade, which drives the generator to produce electricity.

This thesis focuses on 3-phase AC Permanent Magnet Synchronous Generator
(PMSG). And the research has been focused on the development of a new turbine
design to reduce the cost of wind power and to make wind turbines more economical
and efficient. The investigation of wind power system involves high performance
wind turbine emulators, especially for the development of optimal control solutions.
For the effective utilization of renewable wind energy by power generating systems, a
large number of studies are being conducted on variable-speed wind generator
systems that change the windmill rotational frequency in proportion to the wind
velocity. The energy conversion efficiency of propeller windmills depend on wind
velocity and windmill speed. Therefore, the converter connected to the generator must
control the windmill speed in proportion to the wind velocity in order to maintain the
maximum energy conversion efficiency.

1.2 Aims and objectives

This thesis focuses on an experimental verification of a variable-speed wind power
generation system (VSWPGS).

First, is the whole simulation system consists of models of PMSG, AC/DC converter,
AC/DC rectifier, DC link, Boost chopper circuit, DC/AC inverter, and grid voltage
monitoring unit, which are detailed below. The objectives of the simulation system
are to develop the above mentioned mathematical and simulation models, and to
verify the models through a case study simulation.
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Second, is the whole experimental system model in laboratory consists of models of
wind turbine emulator, PMSG, AC/DC converter, AC/DC rectifier, DC link, Boost
chopper circuit, DC/AC inverter, Transformer and grid line, which are detailed below.
The objectives of the experimental system are to develop the above mentioned
mathematical and control circuit models, and to verify the models through a case
study experimental in laboratory.

Third, is the experimental verification of a variable-speed wind power generation
system using real wind turbine consists of models of real blade wind turbine, PMSG,
AC/DC converter, AC/DC rectifier, DC link, Boost chopper circuit, DC/AC inverter,
Anemometer, Transformer and grid line, which are detailed below. The objectives of
the experimental system of a variable-speed wind power generation system using real
wind turbine are to develop of a new turbine design to reduce the cost of wind power
and to make wind turbines more economical and efficient. are detailed below. the
experimental verification of a variable-speed wind power generation system using a
permanent magnet synchronous generator and a boost chopper with three speed
control modes for wind velocities. The control system is used for the VSWPGS using
the diode bridge rectifier and boost chopper circuit as a converter (boost chopper
scheme). The speed control mode of low wind velocity controls the windmill speed by
controlling the PMSG torque with the boost chopper circuit. The boost chopper circuit
can control the generator torque by adjusting the armature current of the PMSG. The
speed control mode of middle wind velocity controls the windmill speed by
controlling the PMSG torque with the system interconnection inverter. The system
interconnection inverter can control the PMSG torque by adjusting the DC link
voltage. The speed control mode over the rated wind velocity controls the windmill
speed by controlling the windmill torque with the pitch angle control system. The
pitch angle control system can control the windmill torque by adjusting the pitch
angle. The extension of the variable-speed range is realized by using the hybrid
control of three speed control modes, consequently, the system interconnection for all
speed control modes. In comparison with the PWM converter scheme, the proposed
control system has two advantages. First one is the cost reduction produced by
reducing the number of switching devices, and second one is high reliability produced
by simplifying the main circuits and control circuits.
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1.3 Structure of the Thesis

This thesis is organized with following ways:
Chapter 2: Operating principle of the variable-speed wind power generation system

The structures and operation principles of the VSWPGS using PMSG used for system
interconnection are described. Each control principle of VSWPGS using BCC or
PWM converter handled in this thesis is explained. The differential equations
describing the systems, which are necessary for modeling in simulation, are
explained.

Chapter 3: Assessment with simulation of the variable-speed wind power generation
system

The modeling method using MATLAB/Simulink is explained. The modelling is
conducted based on the simultaneous differential equations describing each system.
Also, this chapter explains the modeling method of the wind turbine (WT). The
design method for control parameters of the VSWPGS using BCC or PWM converter
are explained, and the parameters necessary for the simulation are shown. The
simulation is conducted for the conditions of the low, medium and high wind velocity.
The simulation results for each VSWPGS are shown, and the validity of the control
principle for each VSWPGS is proved.

Chapter 4: Wind turbine emulator

This chapter explains the operating principle and the structure of Wind turbine
emulator (WTE) based on the BEMT. Also the structures of the test benches using the
WT or WTE are explained. The simulation results of the VSWPGS using PWM
converter are compared with the experiment results obtained with the test bench using
WTE under the same conditions of low, medium, and high wind velocities.
Furthermore, under the conditions of natural winds, the experiment results obtained
with the bench using WTE or WT for the VSWPGS using PWM converter are shown.
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The obtained experimental results show that the proposed WTE has a sufficient
performance for the experimental assessment.

Chapter 5: Experimental assessment of variable speed wind power generation system

The experimental assessment for the VSWPGS using PWM converter or BCC are
conducted with the test bench using WTE under the conditions of low, medium, and
high wind velocities. By comparing the experimental results of both VSWPGSs, it is
shown that the VSWPGS using BCC can extend the variable speed ranges compared
to conventional control methods. Also the each element of the system, which are used
for experimental assessments, is considered. Then it is shown that the VSWPGS using
BCC can reduce the costs and improve the reliability of the whole system, and has the
same performance with the VSWPGS using PWM converter of a benchmark.

Chapter 6: Conclusion

The comprehensive discussions based on the obtained results are conducted, and the
obtained research outcomes are clarified.




Chapter 2

Operation principle of the
variable-speed wind power
generation system

2.1 Introduction

This chapter shows the literature review of wind energy conversion system modelling
a wind turbine extracts kinetic energy from the wind to drive the wind turbine rotor,
which is connected to a generator producing electricity [90]. And the variable-speed
wind power generation system using a permanent magnet synchronous generator
(PMSG), the gearless mechanism which connects the PMSG with the windmill
directly without using a speed-increasing gear is realized by adopting the multi-pole

PMSG as a generator.
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2.2 Wind turbine control for grid connection

In this section, the literature review on the state of the art of power converters for
different types of VSWPGSs will be made. The comprehensively classified wind
turbine grid connection into three classes: direct-coupled generator grid connection,
doubly-fed induction generator grid connection and fully rated converter grid

connection [81].

2.2.1 Direct-coupled generator grid connection

Until 2000, most wind turbines were based on cage induction generators that are
directly connected to the grid, as shown in Figure 2.1. The rotational speed of the
rotor is essentially fixed and the rotational speed varies only by a few percentage
points. These fixed speed squirrel-cage induction generator (FSIG) wind turbines
have the advantages of being simple, reliable and well proven. However, FSIG wind
turbines suffer from a number of disadvantages. Firstly, fixing the rotor speed
generates high mechanical loading on the structure. Secondly, FSIG wind turbines
cannot maintain maximum aerodynamic efficiency. Finally, FSIG turbines are not
grid friendly in terms of reactive power, low voltage ride through and flicker. For

these reasons an FSIG drive train is no longer favorable for large wind turbines [82].
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Squirrel-cage
Induction generator

Interconnection

Grid

Gear Capamtor Bank Transformer

Fig 2.1 Fixed-speed wind turbine

2.2.2 Doubly-fed induction generator (DFIG) grid connection

The technology of doubly-fed induction generators is becoming more and more
common due to the disadvantages of fixed speed induction generator. Variable speed
DFIG is also an asynchronous generator, the common characteristics of doubly-fed
and fixed-speed generator is that their stator windings can directly be connected to the
grid. Power output from the stator of a DFIG can be delivered directly to the grid, and
the generator rotor absorbs excitation current from the grid. As Figure 2.2 illustrated,
the rotor of DFIG connects to the grid by means of power converter. The power
converter is able to transfer power bi-directly, which means it can deliver power to the
grid and is also able to absorb power from the grid, depending on the rotational speed

of the generator [81].
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Wound
induction generator

&

Gear —I + —I

AC-AC converter

Interconnection
Transformer

(nnanil

Grid

Fig 2.2 Doubly-fed induction generator (DFIG) wind turbine

2.2.3 Fully rated converter grid connection

Figure 2.3 illustrates the characteristics of wind turbine configuration with fully rated
converter grid connection. The wind turbine, with or without a gearbox, is fitted with
either an induction generator or a permanent magnet synchronous generator (PMSG),

and is connected to the grid with a fully rated power converter [81].

Cage—type
Induction generator

t<|Ek«

AC—AC converter

Interconnection

Transformer Grid

Gear

Fig 2.3 fully rated converter grid connection

The advantages of fully rated converter grid connection are:
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1) The generator is completely decoupled from the grid, which means the power
factor can be corrected by an active filter, i.e. the inverter can improve the
output power quality with an unit power factor before injection to the power
grid.

2) It allows variable-speed operation of the wind turbine, which enables
maximum power point tracking (MPPT) between cut-in wind speed and rated

wind speed.

In this thesis the PMSG is chosen for the wind turbine generator, and the power
output from the generator is fully rated delivered to the grid through a power
converter. The frequency and voltage of the power output from a PMSG varies with
the rotational speed of the generator.

For this thesis, the configuration of the PMSG fully rated converter grid connection

consists of AC/DC rectifier, AC/DC converter and DC/AC inverter.

2.2.4 AC/DC Rectifier and AC/ DC converter
There are a number of papers which discussed the strategy of grid connection for
PMSG wind turbines. The most popular control topology is the back-to-back PWM

converter as Figure 2.4 shows.
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Multi polar permanent magnet
Synchronous generator

13 |7/
Interconnection

AC—-AC converter Transformer Grid

Fig 2.4 Wind turbine PMSG with back-to-back PWM converter

The characteristics of the PWM converter are that the converter utilises active devices
at both the generator side for the rectifier and the grid side for the inverter [83].
The advantages of PWM converter are as follows:

o The rectifier is controllable, and

o Both rectifier and inverter bridges are composed of active IGBT devices, with
the current be able to flow from either the generator to the grid or the grid to
the generator.

The major disadvantage of PWM converter topology is:

o The controller is complex and expensive because it requires 12-channel Pulse
Width Modulation (PWM) signals for the rectifier and the inverter. For this
reason, in a practical application, the control system requires at least two or
more Micro-Controller Units (MCU), Digital Signal Processor (DSP), Field

Programmable Gate Array (FPGA), etc.
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A simple topology for wind turbine generation was introduced by [84] and is
illustrated in Figure 2.5, which consists of a diode bridge rectifier, with a DC link to

an active IGBT inverter.

Multipolar permanent magnet
Synchronous generator

Do
Interconnection

AC-AC converter Transformer Grid

Fig 2.5 Wind turbine generator with diode bridge rectifier

Although this type of converter is simple and reliable, but the power factor of the
generator is low. The other problem is that when the output voltage of the rectifier is

lower than the grid, power cannot be injected to the grid.

By summarising the topology of back-to-back and diode bridge rectifier, it is possible
to insert a boost circuit between the diode rectifier and the inverter, in order to solve
the issue of generator power factor, as shown in Figure 2.6. There have been a number
of papers describing the inclusion of Power Factor Correction (PFC) with boost
chopper circuits, however only a few papers discuss it with the wind turbine controller

[68], [69], [85], [86].
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Multipolar permanent magnet
Synchronous generator

MR @
Interconnection

AC-AC converter Transformer Grid

Fig 2.6 Wind turbine generator with diode bridge rectifier and boost chopper circuit

For this topology of converter, operation at relatively low wind speeds is possible due
to the inclusion of the boost circuit. The boost chopper circuit can maintain the DC
bus link voltage at a constant value. This topology is utilised for the converter in this

thesis.

2.2.5 Comparison between Direct Torque Control and Field Oriented Control

Direct torque control (DTC) and field oriented control (FOC) are two of the most
commonly applied algorithms for the control of PMSMs. The DTC approach was first
developed and presented by I. Takahashi [87]. The basic principle of the DTC
approach is that the stator flux linkage and the electromagnetic torque are estimated
and compared with their reference values. Based on the control algorithm of
mitigating the errors between the reference and estimated values, the reference torque
and flux can be achieved by controlling the inverter states. The FOC approach was
pioneered by F. Blaschke in 1970s [88]. The FOC approach has been and continues to
be a significant factor in PMSMs control, which makes it possible that PMSMSs can be

controlled as easily as DC machines. In the FOC approach, the dg-axes are rotating at
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the rotor electrical angular speed with the d-axis aligned with the rotor flux direction.
Thus, the flux producing current component, i, and the torque producing current
component i,s, are along the d-axis and g-axis, respectively. Thus, the dg-axes
currents can be controlled independently by two closed loop controls in the FOC
approach, which indirectly controls the speed and the torque of the PMSMs.

When choosing one control strategy of either DTC or FOC for the generator-side
converter control, their merits and drawbacks need to be analyzed and compared
according to the operation requirements of the direct-drive PMSG systems. The DTC
approach has the advantages that the electromagnetic torque can be changed very fast
by changing the reference, and no coordinate transforms and PI controllers are needed
which decreases the computational effort. On the other hand, the DTC approach also
presents some disadvantages such as: (1) the difficulty to control the torque at very
low speed; (2) the high current and torque ripples; and (3) the high noise level at low
speed. When it comes to the FOC approach, although its implementation requires
large computational effort including PI control and coordinate transformations, it
possesses the following merits: (1) fast speed and torque response; (2) outstanding
low speed performance; and (3) low current and torque ripples.

For the application of direct-drive PMSG systems, the PMSGs are directly driven by
the wind turbine without a gearbox, which means that their operation speeds are
always in a relatively low range. Moreover, the torque ripples of the direct-drive
PMSGs should be controlled at a low level to decrease the mechanical stresses on the
wind turbine. On the basis of the analysis above, the FOC approach was found to be

more suitable for the direct-drive PMSG systems than the DTC approach.
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2.3 System configuration

The variable-speed wind power generation system using a permanent magnet
synchronous generator (PMSG), the gearless mechanism which connects the PMSG
with the windmill directly without using a speed-increasing gear is realized by
adopting the multi-pole PMSG as a generator. The windmill consists of a pitch angle
control system. The pitch angle control system is activated beyond the rated wind
velocity, and the windmill rotational speed is maintained at the rated windmill speed.
Below the rated wind velocity, the windmill rotational speed is controlled in order to
maintain the maximum energy conversion efficiency below the rated wind velocity.
The converter is connected to the PWM inverter for system interconnection through
the DC link condenser. The PWM inverter supplies the power system with the active

power obtained from the converter side

2.4 Boost converter scheme

Figure. 2.7 shows the variable speed wind power generation system using diode
bridge rectifier and boost converter (boost chopper scheme). It is not possible for the
boost chopper scheme to motoring the PMSG, since the diode bridge rectifier limits
the direction of current. However, it does not become serious problem, since the
motoring mode is not carried out in general wind generator systems. However the
diode bridge rectifier cannot control the generator torque, since the armature current

of PMSG changes depend on the relationship between induced voltage and DC link
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voltage. This becomes problem. Then the windmill speed control scheme using the
system interconnection inverter was proposed [68], [69]. The proposed scheme
controls the windmill speed by adjusting the DC link voltage. The scheme decreases
the number of switching devices, and can reduce the size and cost of power
conversion system. However, the proposed scheme has the defect that narrows the
variable-speed range, since the sufficient generator torque cannot be obtained when
the induced voltage is decreases under the low range of wind velocity. Then, in this
thesis, the boost chopper circuit is added to improve the variable-speed range. It is
possible to control the DC link current regardless of the magnitude of the induced
voltage when the boost chopper circuit is added. The generator torque can be
controlled by controlling the DC link current in the low range of wind velocity, in
which the diode rectification scheme cannot control the generator torque. In short, the
variable-speed range from the cut-in wind velocity to the rated wind velocity, which is
equivalent to the variable-speed range of PWM converter scheme, is achieved. The
PWM converter scheme is explained in 2.5. However the boost chopper scheme needs
to add the reactor and switching device for the diode rectification scheme of [68],
[69], it has the advantage which can reduce the size and cost of a power converter in
comparison with the PWM converter scheme. The inverter controls the generator
torque as well as the diode rectification scheme by adjusting the DC link voltage from
the wind velocity, which makes the PMSG generate the induced voltage necessary for
system interconnection, to the rated wind velocity. The reduction of switching loss
and load to the switching device can be reduced by turning off the chopper circuit.

And, it is possible to minimize the capacity of switching device by limiting the usage
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of chopper circuit to the usage in low wind velocity. Under the rated wind velocity,
the windmill speed is controlled with two above-mentioned generator torque control
schemes. Over the rated wind velocity, the windmill speed is controlled with the pitch
angle control system by adjusting the windmill torque. And, the inverter adjusts the
DC link voltage and controls the generator torque to maintain the generated output at

the rated power of PMSG.
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Fig. 2.7 Variable speed wind power generation system using PMSG

for boost converter scheme.

2.5 back to back PWM converter scheme

Figure. 2.8 shows the variable speed wind power generation system using back to

back PWM converter (PWM converter scheme). The PWM converter controls the
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windmill speed by adjusting the generator torque. The PWM inverter maintains the

DC link voltage to be the constant voltage necessary for system interconnection and

keeps the system interconnection. The PWM converter scheme can carry out the high-

speed and high-precise generator torque control from the cut-in wind velocity to the

rated wind velocity, since the PWM converter scheme can apply the vector control

system. Therefore, the frequency characteristics and variable-speed range of the

windmill speed control become the benchmark. The similar PWM converter schemes

are proposed, and the novelty for scheme itself does not exist. This research utilizes

the PWM converter scheme as a comparison object to evaluate the performance of the

boost chopper scheme.
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Fig. 2.8 Variable speed wind power generation system using PMSG

for PWM converter scheme.
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2.6 Summary

The literature review detailed in this chapter has led to a comprehensive
understanding of the concepts relevant to the control of a permanent magnet
synchronous generator for wind turbines with grid line connection. Also, this
described system configuration of the variable-speed wind power generation system
using a permanent magnet synchronous generator for the boost converter scheme and
the PWM converter scheme. By this two schemes are utilized for the converter in this

thesis.
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Chapter 3

Assessment with simulation of the
variable speed wind power
generation system

3.1 Modeling method

This chapter described the control strategy and modeling for simulation using Matlab
Simulink of the proposed variable-speed wind power generation system using boost
converter. Also this paper described the control strategy and modeling of variable-
speed wind power generation system using PWM converter. The steady state and
transient responses for wind velocity changes were simulated using the Matlab

Simulink.
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3.2 Windmill model

The simulation assumes that wind will pass through the windmill, flowing through the
cylindrical tube without interference, as shown in fig.3.1. The velocity diagram of the
blade element in the position of radius r assumes fig.3.2. It is assumed that in fig. 3.1,
The wind speed accelerates peripheral speed only inw (= rQa’), and that the propeller
wind turbine decelerates the inflow wind speed only inV,a. The variable definitions in

fig. 3.1 and 3.2 are as follows.

\K

l

Rotor Disk

Fig. 3.1. Annular flow tube

Where, V) : rotor inflow wind speed [m/s], # : wind speed before passing the rotor

[m/s], u; : wind speed after passing the rotor [m/s], R : rotor radius [m]
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direction of rotation

u=V,(1-a) }\ D

direction of wind flow

Fig. 3.2. Velocity triangle

Where, 2 : the rotor angler speed [rad/s], & : the blade pitch angle [rad], W : the
blade inflow wind speed [m/s], ¢ : the inflow angle [rad], « : the meeting angle [rad],

L : the lift, D : the drag, a, a’ : the interference factor, ¢ : the wind of code [m].

The fore which arises in the blade element caused by wind which passes the propeller
wind turbine is defined as lift L and drag D as show in Fig.3.2. The lift dL and drag
dD which arise in the blade element of minimal width dr in the position of radius r are
given in the following equation using the air densityp, lift coefficientc;, and

coefficient ¢,
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The torques dQ which arises in the blade element of minimal width dr in the position
of radius r is a product between radius r and the sum of the rotational direction
components of lift dL and drag dD. Therefore, considering the number of blade B,

torque dQ is given as.
dQ = %pW r(c,siNg—c, COS@)Bedr ««ceovrrrercnneens (3.3

In addition, output power is calculated as the product of rotor rotational angle speed 2

and torque dQ.
dP = QdQ = %pW 2Qr(c,sing—c, COSP)Bedr =+ v vvveenrenns (3.4)
In addition, the trust is calculated as.
1 2 -
dT =§pW (C,cOSg+CySING)BCAr «vvvvnneeeeenennn. (3.5)

The lift coefficient c; and drag coefficient cqare functions of the meeting angle a. a is

calculated using the geometrical relation in the equation.

In addition, blade inflow wind speed W and inflow angle ¢ can be calculated as

follows.

W =Ju? +(rQ+wf =V, (1-a)f +{rQl—a)f -----eeeees 3.7)

U _Vli-a)
rQ+w re(l-a)

tang =
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Furthermore, torque dQ and thrust dT of the ring division from r to r + dr are given

using momentum conservation and Bernoulli’s law in the following equations.

The following equations are obtained, when the equation derived from equations. (3.5)
and (3.10) and the equation derived from equations. (3.3) and (3.9) are arranged, by

substituting relational expressions of W = u/sin¢ = (rQ + w)/cos¢ as explained in

Fig.3.2.
V, —u :[BCJ(Q COS?“LCd Si”¢j ................. (3.11)
u 8ar sin? ¢
W :( Bc j(c. Sir_‘¢_cd COS¢] ................. (3.12)
w+rQ |\ 8ar singcos ¢

The following equation is obtained here, when the variables of a = Vo —u/Vo,a =
w/Qr ,and ¢ = Bc/2nr are defined. ¢ is the ratio of local ring division wind
receiving area and blade area in the part.
a _ Ccosg+c,sing
l-a  4sin?g
a_gsing—c, cos¢a
1-a' 4sin ¢ cos ¢

The following equation is obtained when x = rQ/V, the local peripheral speed ratio is

substituted in equations (3.8).

1-a
Xtan¢:_' ......................... (3_15)
1+a
The local output coefficient Cp, the local torque coefficient Cp, and the local lift

coefficient Cy are given as follows.
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QdQ  _ Qpu(2ardr2wr _

Cp = = da'(l-a)x’ ............

" 05V (2ardr)r  0.50V(2ardr) 1-a) (3.16)
dQ pu(2zrdr)2wr ,

Co= = —4a'(1-a) ennnnn...

© = 05V mdnr 05V arary & 4 (317)
dT _ pu(2zrdr)2(v, —u)

G = = =4afl-a) ..........
T 05pV2(2ardr)r 050V (27rdr) all-a) (3.18)

Using these local coefficients, the propeller wind turbine output P, the torque Q,

and the thrust 7 are given as.

P= 0_5,0V03J’0R Co27rdr — seeeeeeiiiiiiens (3.19)
2 (R 2

Q=0.5pV, IO Co27r?dr e (3.20)
2 R

T =050V, J'O O o | (3.21)

The procedures to calculate propeller wind turbine performance with the derived

equations are given below.

(a) The blade of propeller wind turbine is divided into adequate number in a radial
direction.
(b) At each division point, the local characteristic value is calculated by the method

detailed in the following.

(D At the division point position 7, the solution of the nonlinear simultaneous
equation composed of equations. (3.13), (3.14), and (3.15) is obtained
Concretely, a, a’, and ¢ are calculated by repeat calculation using the Newton
method. B, ¢, 6, Vj, and Q in the nonlinear simultaneous equation are the
variables given as a condition. ¢;, ¢, are a function of @, and the table for a
is prepared. equation. (3.6).

@ Cp, Cp, Cr indivision point position r are calculated with equations. (3.16),

(3.17), and (3.18).
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(c) After obtaining the characteristic value (Cp, Cp, Cy) at each division point, the
propeller wind turbine performance (P, Q, T) is calculated with integral

computation of equations. (3.19), (3.20), and (3.21).
Fig. 3.3 shows the wind shape of wind turbine. The wind turbine shape is designed for
wind turbine power generation of 300 [W] rated power, rotor diameter 1.52 [m]. Table
4.1 shows the width of code [m], the angle of twist [degree], the profile of NACA
in the position of distance from the rotor center to the radial direction. The app.
Table 4.1 shows the data of lift coefficient and drag coefficient for meeting angle
[degree] of the profile of NACA in table 4.1. The calculation program for wind
turbine performance calculation based on the Rankine-Froude actuator disc theory is
made with Matlab. The program made on Matlab can be referred to on Matlab
Simulink as S-function. Therefore, it can be used as a propeller wind turbine model to

calculate the wind turbine torque generation.

c[ml4+  centerof _
[ ] wind turbine width of

0 I | . distaﬁcefrorﬁ cente.rof rotdr | . | | r[n:]
Fig. 3.3. Wind turbine blade shape model

Fig. 3.4 shows the wind turbine speed reference and electric power reference to keep

max

maximum conversion factor. The limited value wg " of windmill speed is set at 105%
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of rated speed of PMSG. The windmill speed reference cogref is decided so that the tip
speed ratio may become 6 until it reaches wy™™. The wy™ and the electric power
reference P™ are determined in order to obtain the maximum windmill efficiency for
the wind velocity under the assumption of fixed pitch angle of 10degree until the
electric power reaches the rated power P™. The oy is made to be wy™, and the P™

is made to be P"™ when the electric power is over P™.,

— speed reference wref[rad/s] — electric power reference Pref [W]
70 350
— 60 / 300
2 —
= 50 250 %
[ —
= o
S 40 200 8
(&) c
S 5
g 30 150 £
3] =
B 20 100 =
10 /modjl/ mode2 mode3 Mode4 50
O | | | 0
1 3 5 7 9 11 13 15

Wind velocity VO [m/s]

Fig. 3.4. Wind turbine speed reference and electric power reference to keep maximum

conversion factor.

max ax

The P"™ for V, which is less than the wind velocity Vo™ corresponding to wg™ is
calculated in the wind turbine performance calculation for wy" in advance, and the
lookup table of P™ for V, is made. The g is fixed to wy™ from Vo™ to the rated

wind velocity Vo™ (=10.50m/s) corresponding to P™. The P™ for V, is calculated in

the wind turbine performance calculation for m,™ in advance, and the lookup table of
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P"" for Vo is made. In Vo over Vo™, g™ is fixed to wy™ and P™ is fixed to P™'. The

P is decided for Instantaneous Vo by referring the lookup table.

Fig. 3.5 shows the logic for control of wind turbine. Fig. 3.5 assumes the steady state
in which the sufficient time has passed under the condition of fixed Vo. In the real
machine, the timing of changing the control methods, which are divided into model,
mode2, mode3 and mode4, cannot be determined based on V; as shown in figs. 3.4
and 3.5, since V, always changes and the windmill output is influenced by not only Vj
but also the DC link voltage Vg4 and wg [15]. Actually, the control methods are
changed based on wq, the inverter output P. the DRS signal which shows the on/off
condition of time ratio control system, the SRS signal which shows the on/off
condition of speed controller, the PRS signal which shows the on/off condition of

power controller, as shown in fig. 3.6.
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mode mode 1 mode 2 | mode 3 mode 4
pitch angle | fixedpitchangle | same | same |  Vriable pitch
(10[deq]) angle
speed max
refeprence look up table same wq same
; e?g:’gﬁg o look up table same same P rat
pitch angle
regulator
can(\)/ce)zsrter duty cycle speed same +
control with
PWM inverter
pitch angle
regulator
PWM vector control +
converter + same | same iaq feedforward
method iaq feedforwaed +
power regulator
control with
PWM converter
| | | | |
Vo [m/s] >
2 4 6 8 10 12

Fig. 3.5. Logic for control of wind turbine.

30



Chapter 3 Assessment with simulation of the VSWPGS

rotor speed X
o [radls] o, <™ oy >
t tput
convertor outpu There is no condition P>0.9p™
P W]
Duty cycle _ _ —
regulator DRS=1 DRS=0 DRS=0
BOOSLENOPDET | Speed regulator | SRS=0 SRS=1 SRS=0
Power regulator PRS=0 PRS=0 PRS=1
Speed regulator SRS=1 SRS=1 SRS=0
PWM converter
method
Speed regulator PRS=0 PRS=0 PRS=1

Fig. 3.6. Timing to change control method.

3.3  Pitch angle control system

It is not possible to maintain g in @g™, because the windmill output has exceeds P™

when V, exceeds Vo™

under the condition of wy™. Then, the windmill speed is
controlled by the pitch angle control system with speed control loop. In the case of
boost chopper method in this control mode, the power controller of PWM inverter

adjusts Vg so that P may become P™. And, in the case of PWM converter method,

the q axis armature current is adjusted so that P may become P"™.

Fig. 3.7 shows the Simulink and System block diagram of pitch angle control the
model of pitch angle drive system describes the response of displacement servo
system and hydraulic cylinder. It is described as the first-order lag element, because

the hydraulic cylinder has integral characteristics, and because it becomes the
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response of the closed-loop system which comprises the servo gain. The time constant
of the first-order lag element is the time constant of the pitch angle control system

adopted for the wind generation system.

@ > >
ig_re Nz -
o Product 5 g =] <N =m ?

Saturation 22
Pl controller Switch  Rate Limiter Transfer Fen

15 degree /second | (with initial outputs)
theta / theta_set

pitch_angle

PW_set < rated PW
or
Relational Nr=<Nr_set

Operatorl

Logical
Operator

rated PW

pitch_signal

(a) Pitch angle control system Simulink block.

PI controller p.'tCh angle
drive system
Ql’ef +m K. 4+ KI Hset 9 9 e Q
s S+9 turbine

(b) Pitch angle control system block.

Fig. 3.7.  Simulink and System block of Pitch angle control.

3.4 Mechanical model for wind turbine

The mechanical systems of the wind turbine side and generator side in Fig.3.8 are

described in the equations:

2 2
n do n n
ral2) [ n e fe () o -0z
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Where, Q, T4: The generated torque of the wind turbine side and generator side, T,
To: The shaft torque of the wind turbine side and generator side, w:, wq: The rotor
rotational angler speed of wind turbine side and generator side, B, B4: The viscous
friction coefficient of the wind turbine side and generator side, J;, J5: The moment of

inertia of the wind turbine side and generator side.

wind turbine side generator side

Fig. 3.8. Wind turbine model.

The following equation is obtained, when ; is eliminated from equations (3.22)

using the gear ratio ny/n;.

2
o, =|T,-Qlz_ Bg+|3t(ﬁJ o, L

2

.+++(3.23)

J, +Jt(”2j s
nl

Fig. 3.9 shows the Simulink and System model of the mechanical system is made on
the basis of equation (3.23). The Simulink model has the inputs of the generated
torque of the wind turbine side O and the generated torque of the generator side 7,
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Also, the Simulink model has the output of the rotor rotational angler speed of the

generator side wy.

>@—> s

1/((n2/n1)#2*Jt+Jm) Integrator

@.

(n2/n1)~2*Bt+Bm

(a). Wind turbine Simulink block.

>
Tg
| -f/
Q n2/nl 4
VO —» Wind turbine

model

Q

:

Wind turbine
Mechanical
model

(3:.B)

Fig. 3.9. Simulink and System block of wind turbine.

(b). Wind turbine System block.

3.5 Mechanical model for wind turbine emulator

The mechanical systems of the induction motor side and generator side in Fig.3.10.

are described in the equations

2
J, +Jim(&j
nl

doy

d  °

n,

=T -T -2

m nl

—<B_ +B.
g |m£n

2
j ®, -+ (3.24)
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Where, T;,: The generated torque of the induction motor side, 7};,: The shaft torque
of the induction motor side, w;,: The rotor rotational angler speed of induction motor
side, B;,: The viscous friction coefficient of the induction motor side, J;,: The
moment of inertia of the induction motor side. The following equation is obtained,

when w;,, is eliminated from equations (3.24) using the gear ratio ny/n;.

induction motor side generator side

Fig. 3.10. Wind turbine emulator model.

2

..... (3.25)

I+ Jim(an s
nl

Fig. 3.11 shows the Simulink and System model of the mechanical system is made on
the basis of equation (3.25). The Simulink model has the inputs of the generated
torque of the induction motor side 7}, and the generated torque of the generator side
T,. Also, the Simulink model has the output of the rotor rotational angler speed of the

generator side wy.
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an,

Tg

O 2i2

Tim_ref n2/nl 1/((n2/n1)*2*Jt+Jm) Integrator Ve
(n2/n1)*2*Bt+Bm

(@) Wind turbine emulator Simulink block.

V } . Q T ref [ |nduction motor | ¢»
0o—m W . o : .
|nr:i]0tz;ll)|ne —— | Inertia Modification — 2w Mechanical

model

(‘]t’Bt)i(‘]im’Bim) (‘]im1Bim)

(b) Wind turbine emulator System block.

Fig. 3.11. Simulink and System block of wind turbine emulator.

3.6 PMSG and converter main circuit

In the case of boost chopper method, the phase voltage and current of PMSG are
decided by the external circuit connected with the terminal of PMSG and the induced
voltage e of PMSG. Therefore, it is difficult to separate the PMSG from the main
circuit, when the converter model of boost chopper method is constructed. In short,
PMSG cannot be described by the general voltage equation. In the meantime, in the

case of PWM converter method, it is possible to separate the PMSG from the main
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circuit for modeling, because the generator terminal voltage can be controlled by the
PWM converter regardless of the condition of PMSG. The modeling of PMSG

including the converter and main circuit for each case are described.

3.6.1 Modeling of boost chopper method

The PMSG used in this research has the features of brushless, revolving-field type,
and cylindrical rotor. Though the equations from (3.26) to (3.32) are common
awareness, they are explained because they must be quoted for the modeling of boost
chopper method. Fig. 3.12 shows the Simulink and model equivalent circuit of
PMSG. The circuit equations are described by following equations, since the armature
voltage are the sum of speed electromotive forces for permanent magnet field and the

induced voltages for magnetic flux excited by the armature winding [70], [71].thesis

Vau Ra+p|_'a —l/sz:a —]/2ng au €au
Vay |=|-Y2pMy  Ra+pla —Y2pMy [iay |+] €av | ----- (3.26)
Vaw| [-1/2pMy —1/2pMy Ry + ply [iaw | |eaw

Where, Vay, Vay, Vaw: armature voltages, iay, lay, law: armature currents, €ay, €av, €aw:

speed electromotive forces for permanent magnet field, R,: armature winding
resistance, L, self-inductance of armature winding, M;": mutual inductance of
armature winding, wge: rotor angular speed (electrical angle), g rotor position

(electrical angle), p: time derivative operator.
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The magnetic flux linkages @, , $q., P:y Of permanent magnet field are described by

following equations. The @x,' is the maximum value of magnetic flux linkages.

bros = Dia COSOyy +vrvrererenrrnrnennns (3.27)
Dray = Qﬁlfa cos(gge — 272-/3) .................... (3.28)
Do = @'fa Cos(@ge + 27;/3) ................... (3.29)

The 6y is the rotor position (electrical angle) in clockwise rotation from the u phase
armature winding, as shown in fig. 3.12. The speed electromotive forces ea,, €av, €aw
induced in the armature windings are obtained by differentiating the equations (3.27)

—(3.29) in a time.

€ay = PPay = —a;ge@'fasingge ................ (3.30)
€y = PPiay = —wgedﬁ'fasin(ege — 2;;/3) ............... (3.31)
Can = Phtan = 0o Pp SN0 +27/3) < vvveeeeeen (332)

The diode bridge rectifier is conducted, when the potential difference between the line
voltage of PMSG and the DC link voltage V. is positive. The conducting lines are
lines between the maximum phase voltage and minimum phase voltage. And after the
conduction, the current keeps to conduct until the current becomes zero in spite of the
magnitude of line voltage. And in the case of boost chopper circuit, two circuits of T,

on and T, off must be considered for the condition of switch T,.
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(b) Model equivalent circuit of PMSG

Fig. 3.12. Simulink and model Equivalent circuit of PMSG
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Fig. 3.13 shows the converter main circuit of conduction mode 1. The Dy is the
diode of u phase upper arm, and the D,; is the diode of v phase bottom arm. The Ly is
the inductance component of the reactor in the boost chopper circuit, and the r,_ is the
resistance component of the reactor in the boost chopper circuit. The T, is the
switching device in the boost chopper circuit, and its on-resistance is rr. The D is the
diode in the boost chopper circuit, and its resistance component is rp. The Cg is the
DC link condenser, and the Rqc is the electric discharge resistance. And fig. 3.14-3.18
shows the converter main circuits for conduction modes 2 - 6.

Where, ig1: Current flowing through the diode bridge rectifier circuit [A], Duy;:
Diode maximum voltage side of the diode bridge rectifier circuit, Dy,: Diode
minimum voltage side of the diode bridge rectifier circuit, Ly.: Inductance of the
step-up chopper circuit [H], r_: Resistance of inductance itself of the step-up chopper
circuit [Q], Tr: Switch of the boost chopper circuit, rr: Switching resistance [2], D
Diode of the boost chopper circuit, rp: Resistance of the diode itself of the boost

chopper circuit [Q2], Cyc: DC link capacitor [F], Rec: DC link resistance [Q2],  Vqc:
DC link voltage [V],
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a lger Doy Ly

_% pM;iavT e
_% pleiiawT e

_% pM elxiaui e

_% pM ;iaw¢ e iav
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—_ Cdcg Rdc

Fig. 3.13. U-phase, V-phase main circuit of (conduction mode (1))

Iau Ra La Idcz DUl rL de
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2 a-av

aaw

— Cdc§ Rdc

Fig. 3.14. U-phase, W-phase main circuit of (conduction mode (2))
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_% er;liauT e

a‘aw

— Cdc§ Rdc

Fig. 3.16. V-phase, U-phase main circuit of (conduction mode (4))
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— Cdc§ Rdc

— Cdc§ Rdc

Fig. 3.18. W-phase, V-phase main circuit of (conduction mode (6))
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Table 3.1 shows the conduction mode of diode bridge rectifier. At the each
conduction mode, the forward currents, which flow the diode bridge rectifier, are
defined as igc - 14cs. The lines between the maximum and minimum phase voltages of
PMSG are conducted. Therefore, two conduction modes exist, since the v and w
phases have a possibility of becoming a smallest voltage when the u phase is
maximum voltage. In the same way, six conduction modes exist in total, since two

conduction modes exist for each case of v and w phases are maximum voltages.

Table 3.1. Conduction mode of diode bridge rectifier

y Phase of Phase of Phase current
Conduction 3 Y
maximum minimum ) ) )
mode fau Iav I
voltage voltage

O U V = ldel Idel 0

@ U W - ldac2 0 lde2

&) V W 0 - ide3 fde3

@ V U ldcs = ldcs 0

& W U ldes 0 = ldes

& W vV 0 fdcs = Idcs

The phase, which has the maximum sum E, of the speed electromotive force
and the induced voltage of PMSG, makes conduct the upper arm diode of diode
bridge rectifier circuit. The phase, which has the minimum E, makes conduct the

bottom arm diode. The E,y, Eay, and E,, are described by following equations.

E. =€y — pM;(iav + iaw)/z ................. (3.33)

E, =€, — pM;(iaW Fig, )/2 ................. (3.34)
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an =By — pM;(iau + iav )/2 .................... (3.35)

It is necessary for modeling of such behaviors to detect the phase of maximum and
minimum E, and decide the conduction modes. Fig. 3.19 shows the Simulink model
to detect conduction modes. The inputs of Simulink model are E,y, Eay, and Eay. The
output of “max” is the E; of maximum phase, and the output of “min” is the E, of
minimum phase. The maximum and minimum phases are detected with the relational
operators by comparing the outputs of “max” and “min” with E, of all phases. In
addition, the “AND” outputs the signals CM1 - CM6 which show the on/off condition

of each conduction modes.

The phase current cannot be broken until the phase current becomes zero because the
armature winding has the effect of inductance even if the conduction mode changes.
Then multiple conduction modes exist at same time. Therefore, the DC link current igc
of the output from diode bridge rectifiers becomes the sum of currents which flow in

the forward direction at all conduction modes.
idC = idCl + idCZ + idC3 + idC4 + idC5 + idC6 ............ (3.36)

The phase currents iay, iay, and iz of PMSG are described by using the relationship of

table 3.3 as follows.

lau = ldct —lde2 tldca T ldes cvvvvveeeveeeeens (3.37)
iav = idCl - idC3 - idC4 + idCG ................... (3.38)
iaw = idCZ + idC3 — idCS — idCG ................... (3.39)

45



Chapter 3 Assessment with simulation of the VSWPGS
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Fig. 3.19. Simulink model to detect conduction mode

The boost chopper circuit connected with diode bridge rectifier has two operating
modes of T, on and T, off. Fig. 3.20 shows the Simulink and model simplified
converter main circuits for T, on and T, off of conduction mode 1. The simplified
main circuits for the conduction modes 2 — 6, The ey for conduction mode 1 of fig.
3.20 and the ey - eqs for conduction modes 2 - 6 are described at the equations

(3.40) - (3.45). The eqc1 — eqce are the sums of speed electromotive forces generated by
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permanent magnet field and the induced voltages generated by mutual inductances

between each line.

Cuet = Cay — €y — PM (i, =i, )/2 covereeeeiennnn (3.40)
€uer = Euy —Eay — PM, (i ( au)/z ................ (3.41)
€40 = €y —Cay — PMaliay —iny /2 <o veeeneeeees (3.42)
s = €y — €y — PMi iy =iy )2 oo (3.43)
€45 = €aw — €au — PM, ( au aW)/2 ................ (3.44)
s = €y — Eay — DM (i) =i )f2 oeeeeeeee e (3.45)

The following equation is obtained from the equivalent circuit for T, on of fig. 3.20

@)
(2Ra 1+ 70 g+ 2L+ Ly piGf =egeg oo (3.46)

The calculation for T, on needs to be started from the final value for T, off as an initial
value. The Simulink model for T, on is constructed with the following equation

derived from the equation (3.46).

o0 = Cdal +i8N(0-) tereninnt,
N PTET WP S a(0-) (3.47)

The conditions to conduct the diode Dy; and Dy, for T, on are described by following

equations using relational and logical operators.

€4e — (2L +de)p| >0 OR igg>0 «vvvvevnnnnnns (3.48)
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The following equation is obtained from the equivalent circuit for T, off of fig. 3.20

(ZR )‘Oﬁ (ZL' L )—d 'Oﬁ:] =€4q —yoff
a+TL+1p)igg +2La + Lyc g =gy P R RR RS (3.49)

The calculation for T, off needs to be started from the final value for T, on as an initial
value. The Simulink model for T, off is constructed with the following equation

derived from the equation (3.50).

ff
off _ (edcl ~Vge )
Ha—(

' +I0ff 0_ .............. 350
2La+de%+2Ra+rL+rD ) -

The conditions to conduct the diode D,; and Dy, for T, off are described by following

equations using relational and logical operators.
ey —V T —(2L'a + de)pigfjl >0 OR iS50 ceerveeeeeenns (3.51)

The generated torque T4 of PMSG is described with the pole number P, flux linkage

®r,, and torque current iy in dg synchronous rotating frame as follows.

1/(2*La+Ldc) Transfer Fen

" ] ‘ 3 >D
% Gain s+H2*Ra+rL+rT)/(2*La+Ldc)

Idcoff(0-)

Relational = -
Operatorl ON_OFF Logical

0 Operatorl
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Logical
Operator2

Relational
ZERO Operator2

(@) Tr on Simulink block
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Fig. 3.20. Simulink and model simplified converter main circuit of

(Conduction mode (D)
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The generated power Py of PMSG is described with the armature voltage v, and

armature current i, as follows.
Pg =Vaqlag +Vaq'aq ...................... (3.53)

The time ratio By of T, on and T, off is renewed at the switching frequency of 1kHz.
The current ige; for T, on is calculated with equation (3.47), and the iy for T, off is
calculated with equation (3.50). The “Enabled Subsystem” can realize the switching
of calculation formulas in MATLAB Simulink. And, the final values just before the
switching mode of T, on and T, off changes are used as the initial values immediately
after the switching mode changes. In MATLAB Simulink, the “Switch block”

triggered by Bg can realizes these procedures.

The two operating modes of T, on and T, off of the boost chopper circuit exist for six
conduction modes of diode bridge rectifier. The Simulink block becomes the
complicated Subsystem which has the Subsystems of two operating modes in the
Subsystems of six conduction modes. And, the calculations become large-scale
including the calculations as follows, the speed electromotive forces eay, €ay, €aw Of
equations (3.30) - (3.32), the detection of conduction modes of fig. 3.19 including E,y,
Eav, Eaw OF equations (3.33) - (3.35), the DC link current iqc of equation (3.36) which
is outputted from the diode bridge rectifier, the phase currents iy, iav, law Of equations
(3.37) - (3.39), the eqc1 - eqes Of equations (3.40) - (3.45) which are the sums of the

speed electromotive forces by permanent magnet field and the induced voltages by
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mutual inductances between each lines, the generated torque T4 of PMSG of equation

(3.52), and the generated output Py of equation (3.53).

3.6.2 Modeling of PWM converter method

The Simulink model of PMSG is constructed by utilizing the voltage equations of
(3.42) and (3.43) in dq synchronous rotating frame [71], [72]. Though the following
equations of (3.54) and (3.55) are common awareness, the description is carried out to

clarify the condition of simulation.

iad = (Vad — Raiad + e Laiaq —€y )/s La .............. (354)

The Simulink model of PMSG is constructed with equations of (3.54) and (3.55). The
inputs are v, and rotor angular speed wge (electrical angle), and the output are i, T,
and P4. The switching behaviors of IGBT in the PWM converter are not considered,
and the output voltage limitation caused by the DC link voltage V. is considered. The
sufficient accuracy is obtained by the analysis in fundamental wave, since the
switching frequency of 2kHz is used in the practical wind generator system. And, the
calculation considering switching behaviors increases the simulation time by about 10
times in comparison with the case of the calculation not considering switching
behaviors. It is needed to avoid the increase in the simulation time when the wind

generator system is evaluated, since examinations for a few minutes are carried out.
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ref

Fig. 3.21 shows the model of PWM converter main circuit. The V, ~ is used as V,, and

the limiter of +Vy/2 is applied after converting V,"'

to the three-phase value. The
output voltage restriction caused by V4. is considered by this limiter, and the

behaviors for starting and V4. changes become more realistic.

Converter
PMSG—H+-— | LV,
@
g Vg, ig T\/aref
Y Converter
0
R control system

Fig. 3.21. Model of PWM converter main circuit

3.7 Mechanical systems

The modeling of mechanical system is constructed by utilizing the equations of (3.25)

the equation deduced in (3.25) is described again. by equation (3.56).

2 2
e
Ny Ny Ny

Where, Q, Ty: generated torques for windmill and PMSG sides, Ty, T»: shaft torques
for windmill and PMSG sides, wgy: Rotor angular speed (mechanical angle), By, Bp:

Viscous friction coefficient for windmill and PMSG sides, J;, Jn: moments of inertia
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for windmill and PMSG sides, and ni/n,: gear ratio. The Simulink model is

constructed by using the following equation deduced from the equation (3.57).

~(n,/n
. Q-lhp/mJty (3.57)

T ((nZ/nl)Z‘]t + Jm)5+(n2/n1)2 B, + B,

The gear ratio n1/n2 becomes 1, since the gearless is achieved by adopting the

multipole PMSG. The Simulink model is made based on the equation (3.57). The

inputs are Q and Te, and output is wyg.

3.8 DC link division

The DC link division is the junction of converter and inverter. Though the circuit
structure of boost chopper method and PWM converter method in the DC link
division is same, it is necessary to use the different model since the different converter

is connected to the DC link division.

3.8.1 Modeling of boost chopper method

Fig. 3.22 shows the Simulink and model DC link model of boost converter method.
The DC link current iq charging the DC link condenser Cgyc from PMSG is described
by equation (3.36). The current i, which flows from the DC link division to the

system side is calculated with the following equation, since the electric power Vgci_
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which pass the DC link division is equal to the electric power Vsgisq+Vsglsg Which

passes the inverter.

IL:(VSdISd -|—Vsq| ) do Tttt (358)
68 5, »<_[Bd |
. )
Il
(D g Vdeoff(0-) ICRon
Ide
IC
.
[_Bd > <N » (2D
Seiich ICR A= "
[Ba > h N—_ EE —»(1) Boost Convertor ON
Switch2 IC3  Saturation Ve ,\_‘
»NOT
— v
n
)
IC1 ICRD“
: {IL
(Vsd*Isd+Vsq*Isq)/Vdc
[TT] Vdcoff——<[Vdcoff] |
> pldc
IC2
L » (1) L—»(3) Boost Convertor OFF

Ps L

(@) DC link model of boost converter method Simulink block

e D1 . L ™ D g i
= =

(b) Model DC link model of boost converter method

Fig. 3.22. Simulink and model DC link model of boost converter method

Fig. 3.23 shows the Simulink and model simplified DC link model of boost converter

method for T, on and T, off. In the case of boost chopper method, the converter main
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circuit connected to Cy. changes for the conditions of T,. The transition from T, off to
T, on must be considered, when the behavior for T, on is considered. The g°"(0-) in
fig. 3.23(a) is the electric charge charged in Cqc just before switching from T, off to Tr

on. The following equation is obtained from fig. 3.23(a).

on(n
Vdocn = Rdc(|8r|; - IL): —CLJA|8Bdt+ q C(O ) ................ (3.59)
dc dc

The calculation for T, on needs to start from the last value for T, off as an initial value.
The Simulink model for T, on is constructed by using the following equation deduced

from equation (3.60).
V2 = (_ i )/SCdc +V 2 (0 _) ................ (3.60)

|8R = (Vd?:n + RdciL)/Rdc .................. (3.61)

The transition from T, on to T, off must be considered, when the behavior in T, off is

considered. The g°"

(0-) in figure 3.23(b) is the electric charge charged in Cyc just
before switching from the T, on to the T, off. The following equation is obtained from

fig. 3.23(h).

: . 1 (f. . off (0 —
Vae = Rdc(lgfé _IL):C_ j (ugfj -igh )dt+ a c( ) (3.62)

dc dc

The calculation for T, off needs to start from the last value for T, on as an initial value.
The Simulink model for T, off is constructed by using the following equation deduced

from equation (3.62).

Vdcc):ff = (ing - igg )/ SCyc +Vd0cff (0 _) """"""" (3.63)
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ig‘g — 6/(1%‘(‘( + RdciL)/Rdc ................... (3.64)

The DC link voltage V. for T, on is calculated by equation (3.60), and V. for T, off is
calculated by equation (3.63). The “Enabled Subsystem” can realize the switching of
calculation formula in MATLAB Simulink. And, the final values just before the
switching mode of T, on and T, off changes are used as the initial values immediately
after the switching mode changes. In MATLAB Simulink, the “Switch block”
triggered by By can realizes these procedures. The Simulink block is composed of the
subsystems for two operating modes and the current i_ of equation (3.58) which flows

from the DC link division to the system side.

1 z
3 L le—<xle
Vdcon =
Integrator -1/Cde Enable

Vdcoff(0-)

Rdc ICRon

(@) T, on. Simulink block

.

q°"(0-)

(b) 7, on. model
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3

Idc

- pis 3 & ” K+ + Enable
-. T s - s
Vdcoff

\L(:I) Integratorl ~ 1/Cde
Vdcon(0-)
IRde ICRoff

D,

IL

(@) T, off. Simulink block

.Off .
lic D1 n Le ™D g IL
— =5 —

(c) T, off. model

Fig. 3.23. Simulink and model Simplified DC link model of boost converter method

3.8.2 Modeling of PWM converter method

Though the equations (3.65) - (3.68) of 3.8.2 are the common awareness [19], they are
explained to clarify the condition of simulation. Fig. 3.24 shows the Simulink and DC
link model of PWM converter method. The current ig. which flows from the PMSG to

the DC link division is calculated by following equation. The equation is deduced
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since the electric power Vgclge Which pass the converter is equal to the electric power

Vadlad+Vaglag Which pass the DC link division.
IdC = _(Vad Iad +Vaq|aq) dC .................. (3.65)

The current i_ which flows from the DC link division to the system side is described
by the equation (3.58) as well as the boost chopper method. And the following

equation is deduced from fig. 3.24.

. . 1 e .
VdC — RdC(Igg _|L): aJ‘(IdC_ICR)dt .............. (366)
C

The Simulink model is constructed with the following equations deduced from the

equation (3.66).

o—f 3 -

Va_dq r\'ad*lad Y |—> +
I: > 5 -(Vad*Iad+Vagq+lag)/Vde

Ia_dq e

Vagq*laq Pa

e |j>
2 Ps
Vs.dg Vsd*Isd %
. +
& (Vsd*Isd+Vsq+lsq)/Vde

Integrator

Vde

X
Vsq*Isq

(@) DC link model of PWM converter method Simulink block
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Converte_r _ _ Inverter
lac  Ilcr 1L
— > —>

| Cdc% Ve [JRec ||

(b) DC link model of PWM converter method

Fig. 3.24. Simulink and DC link model of PWM converter method

3.9 Converter control system

Since the circuit of converter division is completely different between the boost
chopper method and the PWM converter method, it is necessary for converter control
systems to utilize different control logics. The control logics and modeling for both

methods are explained in this section.

3.9.1 Modeling of boost chopper method

In the boost chopper method, the speed of PMSG is controlled by adjusting the
current igc which flows from the PMSG to the DC link division or adjusting the
generated torque T4 of PMSG. It was shown that Ty can be controlled by adjusting the
DC link voltage Vg or adjusting ig. [15]. And, the adjustable range of V4. necessary

for adjusting T, becomes always under the voltage which enables the system
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interconnection in the operating range of low windmill speed for low wind velocity.
This operating range is corresponding to mode 1 of fig. 3.4 and fig. 3.5. Then, the iy
which corresponds to Ty necessary for controlling speed of PMSG is flowed to the DC
link division direction with the boost chopper circuit driven by the duty ratio control
system of fig. 3.25. The V. is maintained at 100V which is necessary for the system
interconnection by the inverter, when the duty control system is activated. The duty is
estimated by the PI controller. The input of PI controller is the deviation between the

windmill angular speed reference wgref and the windmill angular velocity wy.
ref
Duty: (KP + KI /5)(609 _a)g ) ................ (3.69)

Where, the Kp is the proportional gain, and the K is the integral gain. The Duty is the
ratio of T, on period for switching period of 100% and it is estimated in the range of 0
- 100%. In addition, the duty By correspondent to switching frequency of 1 kHz,
which is used for actual switching of T,, is estimated based on the Duty. The
experimental model is constructed by the equation (3.69) and the “Pulse Generator

block” which estimates the By based on the Duty.

The Duty becomes 0 or the switching stops when the windmill speed is
comparatively high and the sum ey, of the speed electromotive force by permanent
magnet field and the induced voltage by mutual inductances is over 100V, since Vy is
maintained at 100V by the inverter. These operation ranges are corresponding to the
mode 2 - mode 4, and only rectification by the diode bridge rectifier and reactor is

carried out.
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Boost_signal
) l

ref

- < Kis Duty Pulse i Bd
P PS¢ Generator

Fig. 3.25. Duty ratio control system

The duty control system is activated when the pitch angle control, the speed control
with the inverter described in 3.3, and the electric power control. The pitch angle
control system will have been turned on when the pitch angle reference is over the
rated wind velocity, the rotational speed is controlled by regulating the wind turbine
torque. The wind turbine torque is regulated by the pitch angle control system as

follows

K
HrEf — (K 0 + le(a)éef _ a)g ) ................. (370)
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3.9.2 Modeling of PWM converter method

The PWM converter method controls the speed of PMSG and electric power by
adjusting the torque current iy of PMSG or generated torque Ty of PMSG. The iy can
be controlled by vector control system. Fig. 3.26 shows the PWM converter control
system. In the operating range which corresponds to model - mode3 in figs. 3.4 and
3.5, the speed control of PMSG is used jointly with the feed-forward control of torque
current. In the operating range which corresponds to mode4, the pitch angle control
system carries out the speed control of PMSG, and the converter control system
carries out the electric power control and torque current feed-forward control. In the
operating range under rated wind velocity which corresponds to model - mode3, the
torque current reference iaq_P|ref for controlling speed of PMSG is estimated by the PI
controller which uses the deviation of windmill angular speed reference wgref and

windmill angular speed wq as the input.
i;gf_Pl = (KP +K, /S)(wéﬁ —a)g) ................ (3.71)

And the torque current reference i, re™ Of torque current feed-forward control is

estimated by following equation.
i;qu_FF - me/ngfaa)ge“ ................... (3.72)

The torque current reference iaqu given to the current control system is the sum of

current references estimated by equations (3.71) and (3.72).

= ref = ref ref
[ =

= ref -
aq aq_Pl + Iaq_FF + Iaq_P ............... (3_73)
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In the operating range over the rated wind velocity which corresponds to mode4, the
torque current reference iaq_p.rGf for controlling electric power of PMSG is estimated
ref

by the PI controller which uses the deviation of electric power reference Ps

corresponds to the rated power of 300W and electric power Ps as the input.
- ref f
|£_P — (KP +K, /s)(Psre — Ps) ................ (3.74)

And the torque current reference iaq re® Of torque current feed-forward control is

ref

estimated by equation (3.72). The torque current reference iy gr IS the sum of
equations (3.74) and (3.72).

cref _ -ref -ref

|aq =Iaq_P +Iaq_FF ................... (3_75)

The switching between the speed control at operating ranges of model - mode3 under
the rated wind velocity and the electric power control at operating range of mode4
over the rated wind velocity is synchronized with on/off of the pitch angle control,
since the pitch angle control system is activated when the wind velocity exceed the
rated value. The current control in dg synchronous rotating frame is carried out for the
torque current reference iaqref for controlling speed and electric power of PMSG and
the magnetic flux current reference i»™. The i, is set for 0 in order to maintain the
power factor of 1. The high-speed current control becomes possible by using the
current control in dg synchronous frame, since the decoupling control system can be
adapted easily. The current controller considering the decoupling control system is

described as following equations.
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f - ref - .
VI = (Kp + K, /s)(larfj iy )— Ogelglag  +ovrriiee e (3.76)
ref -ref - - f
Vag = (KF> +K, /s)(ugg - |aq)+ Ogelylag + Oge@ry < ovveeeennn. (3.77)
@ fa -+
0, ] Pge .
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Fig. 3.26. PWM converter control system
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3.10 Power system and inverter main circuit

The switching behavior of IGBT in the PWM inverter is not considered as well as the
PWM converter. Only the limitation of output voltage given by the DC link voltage
Vg is considered. Though the equations (3.78) - (3.79) explained in 3.10 is the
common awareness [72], the explanation is carried out to clarifying the condition of
simulation. Fig. 3.27 shows the system and main circuit of PWM inverter. The
following equations in dqg synchronous rotating frame is obtained by converting the

circuit equations deduced from fig. 3.27 from three-phase values to dq values.
i, :(_ Ry +a)s|—sisq +Vy — €y )/sLS ............. (3.78)
isq :(_ w Ly — Rsisq +Vgy — €4 )/sLS ............. (3.79)

Where, R: line resistance of power system, L. line inductance of power system, and

ws: angular frequency of power system.

The Simulink model of power system is constructed from the equations (3.78) and
(3.79). And the electric power Ps of power system, which is used as the feedback
value for the converter and inverter control systems, is described by following

equation.

P, = Vgqisq +Vsqisq .................... (3.80)
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Fig. 3.27. system and main circuit of PWM inverter.

3.11 Inverter control system

The inverter control system using vector control carry out the system interconnection
of generated power of PMSG as the effective power by controlling d axis current ig
which corresponds to active power, and maintains the power factor at 1 by controlling
g axis current is; which corresponds to reactive power. Though it is common in both
methods that the vector control is used and the power factor is maintained at 1 by
controlling isq to 0, the explanations of each method are carried out individually since

the estimation methods for s, are different.
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3.11.1 Modeling of boost chopper method

Fig. 3.28 shows the inverter control system of boost converter method. In the boost
chopper method, the speed control is carried out by using the duty control system,
when the sum ey of the speed electromotive force by permanent magnet field and
induced voltage by mutual inductances is under voltage which enables the system
interconnection. The inverter control system controls the DC link voltage V. to be the
constant voltage of 100V necessary for system interconnection. The iss"™ is estimated

by following equation.

isrgf :(KP 4 K,/S)(Vdrff _Vdc) ................ (3.81)

The speed control using duty control system cannot be carried out when ey, exceeds
100V, since the boost chopper system cannot step-down. The condition of T, off
continues when eq; exceeds 100V, and the converter main circuit is almost same with
the circuit composed of the diode bridge rectifier. This operating range is
correspondent to mode2 - mode4 of figs. 3.4 and 3.5. The speed control is carried out
by the inverter control system in mode2 and mode3 that are under the rated wind
velocity in mode2 - mode4. The generated torque T4 of PMSG can be controlled by
adjusting the DC link voltage Vg as described in 3.9.1. Then, the DC link voltage
reference Vdcferf for controlling windmill speed wy is estimated by using following

equation.

Vdrgf_w = (KP +K, /5)(603” _wg) ................ (3.82)
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In mode4 which exceeds the rated wind velocity, the speed control is carried out by
the pitch angle control system, and the electric power control is carried out by the
inverter control system. The DC link voltage reference Vdc_pref for controlling the
electric power Ps of power system is estimated by using following equation, since the

Tg4 can be controlled by adjusting Vgc.
Vdrcef_P = (KP +K, /5)(psref _ ps) .................. (3.83)

The VdC_Pref of equation (3.83) is estimated when the pitch angle control system is on.
The V™™ is set at 100V necessary for system interconnection. The DC link voltage

ref

reference Vq.© is obtained by adding Vdc_wref to Vg™ and reducing and Vdc_pref from

const
Vdc .

Vdréaf _ dcconst +Vref _Vdrgf_P ................... (384)

dc_w
The 14" for controlling Vy is estimated with following equation.
sref ref
i —(KP + KI/S)(VdC _Vdc) ................. (3.85)

The current control in dg synchronous rotating frame is carried out. The d axis current

reference 1,4 is estimated with equation (3.85), and q axis current reference loq™" is
set at 0 in order to maintain the power factor of power system at 1. The high-speed
current control becomes possible by using the current control in dq synchronous
rotating frame, since the decoupling control system can be adapted easily. The current

controller considering the decoupling controller is described as following equations.
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VE = (Kp +K, /sNiZ —ig )+ & —a,Liig

............. (3.86)
Vsaef :(KP + K,/S)(isrgf _iSq )+ X I T R R (3.87)
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Fig. 3.28. Inverter control system of boost converter method.
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3.11.2 Modeling of PWM converter method

Fig. 3.29 shows the inverter control system of PWM converter method. The PWM
converter method carries out the speed control and electric power control of PMSG in
the converter side. In the PWM converter method, the DC link voltage Vg is
controlled at constant of 100V in order to carry out speed control and electric power
control of PMSG, while the system interconnection is carried out in the operating
ranges of model - mode4. The d axis current reference is™ of equation (3.85) is
estimated by using the constant DC link voltage reference Vg™ of 100V. And the isqref

is set at O in order to maintain the power factor of power system at 1. The current

controller is composed of equations (3.86) and (3.87).

ref
Vdc + v
P Kpy +
Vdc -
iref

; H sd ref ref
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; Controller ref i
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+
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o— » L. -
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Fig. 3.29. Inverter control system of PWM converter method.
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3.12.1 Pl gain of the boost chopper scheme

In the boost chopper scheme, it is not possible to describe the generated torque Tq of
PMSG as the function of Duty and DC link voltage V. that are actuation variables of
speed controller. In short, the gain design using the arrangement of pole and zero
based on the classical control theory cannot be applied, since the plant cannot be
described by the transfer function of single input and single output. Then, it is
necessary for the boost chopper scheme to design the PI gain of speed controller by
trial-and-error considering the simulation results. The PI gains of speed controller in
duty control system and inverter control system are selected to be the values which
seem to be optimum after examining the integrated values of generated electric power
Py and responses at the wind velocity given the sinusoidal minute fluctuation of
0.5m/s amplitude and 0.2Hz frequency for each operating points. And, the 1/10
moment of inertia is used in the simulation to shorten the calculation time. The PI
gain is designed to be more optimum by considering the relative comparison. The
appropriate designed value must be obtained, since the frequency which is higher than
the frequency of actual wind velocity is used.

The gain design of current control system for inverter is explained. The equations
(3.88) and (3.89) of dg-axis currents iy and isg are derived from the dg model of

current controller for inverter side.

. 1 .
Iy :(mj(_vsd + o, |_s|sq +esd> .............. (3.88)
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i 1 .
I =| ——— -V, —@o.Lld ) «eeeeeeieiiiii..
sq (RS-I-SLSJ( sq s—s sd) (389)

Where, isq, isy: dg-axis current for inverter side [A], w,: grid system angular frequency
[rad/s], L: line inductance [H], iy, is,: dg-axis current for inverter side [A], Via, Vg
dg-axis voltage for inverter side [V], Ry: line resistance [W], and ey;: dg transform of
inverter side.

The equations (3.90) and (3.91) are derived from the decoupling circuits. The v,,;” and

vy, are the outputs of current PI controllers.

Vd:_vsd+a)|_i F By e (3.90)

s s —s'sq

Vg = —Vq — @5 Ll

sq s —s'sd

Where, Vi, Vi dg-axis voltage for inverter side [V], eyw: dg transform of inverter
side.

The Vs and Vi, shown by the equations of (3.90) and (3.91) achieve non-interference.
Therefore the decoupled d-axis model of current controller is obtained by substituting
the equation (3.90) to the equation (3.88). And the decoupled g-axis model of current
controller is obtained by substituting the equation (3.91) to the equation (3.89).

1
= R+ pL Gf reeeeeeeeeeeeenieaan (3.92)
1
TR gL e (3.93)
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The transfer functions of plants for each current control system are same because of
equations (3.92) and (3.93). The outputs of current PI controllers are dg-axis voltage
references. However these are treated as real voltages since the inverter behavior is
assumed to be ideal in the design procedure. Therefore the current control system of

inverter is shown in Fig. 3.31.

Power
' system
jref + o) Vs > 1 i
S S
B R + sk

Fig. 3.31. Current control system of inverter.

The proportional gain Kps and integral gain Ky of the current PI controller is designed
with the MATLAB sisotool. The power system parameters shown in Table 3.2 are
used for calculating the transfer function of plant. Table 3.3 shows the parameters of
the boost converter system. The gain of the PI current controller of PWM vector
control inverter is designed in order to obtain the wind velocity frequency of 500 rad/s

and the damping ratio {=0.8

Table 3.2 shows the common parameters of boost converter scheme and PWM

converter scheme. The parameters of permanent magnet synchronous generator

74



Chapter 3 Assessment with simulation of the VSWPGS

(PMSG), mechanical systems, DC link division, electric power system, and windmill

turbines are common as shown in table 3.2, since the same models are used.

Table 3.2. Common parameters of boost chopper scheme and

PWM converter scheme.

Permanent Magnet Synchronous Generator
Rated power 300[W]
Rated voltage 200[V]
Pole number 16
Stator resistance 1.419[Q]
Stator inductance 0.4741[mH]
Mutual inductance 0.2139[mH]
Stator flux 0.07293[Wh]
Gear ratio 1
DC link
Resistance 1000[ Q2]
Capacitance 1[F]
Power system
Line resistance 0.01[Q]
Line inductance 0.0001[H]
Transformer
Output:
Type S3P-240-10
Number of phase 3 phase
Output voltage 0 ~240[V]
Voltage fluctuation rate 5% or less
Allowable current 20[A]
Capacity 3.46[KVA]
Input:
Input voltage 200[V]
Input frequency 50/60[Hz]
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Table 3.3 shows the control parameters for the boost chopper scheme. The control
parameters of the boost converter and duty control system are designed with the
simulations using the implemented Simulink models. The control parameters of
vector control system applied in the inverter side are designed with the conventional

scheme considering the arrangement of pole and zero based on the control theory.

Table 3.3. Control parameters of boost chopper scheme.

Boost Convertor System
Inductance of boost convertor circuit 1[mH]
Duty Cycle controller
Proportional gain of speed regurator 20
Integral gain of speed regurator 100
Switching frequency 1[kHz]
Vector controller for Invertor
Proportional gain of DC link voltage regurator [-100
Integral gain of DC link voltage regurator -500
Proportional gain of speed regurator 1
Integral gain of speed regurator 500
Proportional gain of maxmum power regurator [0.000001
Integral gain of maxmum power regurator 0.001
Proportional gain of d axis current regurator 6.24/206
Integral gain of d axis current regurator 6.24
Proportional gain of g axis current regurator 6.24/206
Integral gain of g axis current regurator 6.24
Setting of phase voltage 100/sqrt(3)
DC link voltage reference 35
Pitch angle control
Proportional gain of speed regurator 5
Integral gain of speed regurator 10
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3.13 MATLAB Simulink model of the PWM

converter method
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Fig. 3.32. MATLAB Simulink block of the PWM converter method
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3.13.1 PI gain of the PWM converter scheme

It is possible for the PWM converter scheme to describe the generated torque T, of
PMSG as a function of torque current iy, Since the vector control is carried out.
Therefore, it is possible to describe the plants as transfer functions of single input and
single output including mechanical system and design the gain by using the
arrangement of pole and zero based on the classical control theory. Fig. 3.33 shows
the speed control system of PWM converter scheme.

The P1 gain of speed PI controller the vector control is applied to the converter control

system. Therefore the generated torque Ty of PMSG is proportional to g-axis current

iag.
T —

Where, T,: generator torque [Nm], P: stator pole, ®y,: stator flux [Wb], i: g-axis
current [A].
The mechanical system considering the PMSG and wind turbine is described with

following equation since the n;/n,=1.

Ty

2 2
............. 3.95
‘]m+Jt(rr]]2j S+ Bm—i—Bt(:Z] ( )

1 1

a)g:

Where, wg: generator speed [rad/s], T,: generator torque [Nm], J,,: PMSG moment of
inertia [kgm2], J;: windmill moment of inertia [kgmz], B,,: coefficient of viscosity for
PMSG [Nm/(rad/s)], B;: coefficient of viscosity for wind turbine [Nm/(rad/s)].
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The inertia is the sum of J,, for PMSG and J, for wind turbine. Also the coefficient of
viscosity friction is the sum of B, for PMSG and B, for wind turbine. The plant is
series block diagrams of equations (3.94) and (3.95) as shown in Fig. 3.36. It is

described in time-lag of first order system.

PMSG and Machanical Model
Pdq,

4 i
wref aqg

2 2
g Pl > @qg
” [”Zj 3+ 3y [s+ [”ZJ B,+B,
] M

Fig. 3.33. Speed control system of the PWM converter scheme.

The output of PI controller is g-axis current reference iaqref. The current control loop
of minor loop is omitted, since the bandwidth of current control loop is wider than
that of speed control loop. Therefore the iaqref Is used as iaq. The proportional gain Kpg
and integral gain K;s of the speed PI controller is designed with the MATLAB
sisotool. The generator parameters shown in Table 3.2 are used for calculating the
transfer function of plant. Table 3.4 shows the parameters of the PWM converter
system. The gain of the Pl speed controller is designed in order to obtain the wind

velocity frequency of 5 rad/s and the damping ratio ¢ of 0.8.

Table 3.4 shows the control parameters of PWM converter scheme. The control
parameters of vector control system applied in the converter and inverter sides are

designed with the conventional scheme considering the arrangement of pole and zero.
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Table 3.4. Control parameters of PWM converter scheme.

PWM Cnvertor System
Vector controller for Convertor

Proportional gain of speed regurator 100/3.12
Integral gain of speed regurator 100
Proportional gain of maxmum power regurator |0.000001
Integral gain of maxmum power regurator 0.001
Proportional gain of d axis current regurator 225/315
Integral gain of d axis current regurator 225
Proportional gain of g axis current regurator 225/315
Integral gain of g axis current regurator 225
Setting of stator flux 0.07293

Vector controller for Invertor
Proportional gain of DC link voltage regurator |-5
Integral gain of DC link voltage regurator 100
Proportional gain of d axis current regurator 25/357
Integral gain of d axis current regurator 25
Proportional gain of g axis current regurator 25/357
Integral gain of g axis current regurator 25
Setting of phase voltage 100/sgrt(3)
DC link voltage reference 35

Pitch angle control

Proportional gain of speed regurator 5
Integral gain of speed regurator 10

The PI1 gain of current controller used in converter the equations (3.96) and (3.97) of

dq axis currents iag and iaq are derived from the dg model of PMSG.

iad = (ﬁ](a)geLaiaq +Vad) ................. (3.96)
i 1 .
Iaq = (mj{_ wge(Lalad +P fa)+ Vaq} """""" (3.97)

where, 1,4, i44: dgq-axis current [A], wg.: angular velocity of the field (electrical angle)
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[rad/s], L,: stator inductance [H], V.4, V4 dg-axis voltage [V], R,: stator resistance

[W], @p,: stator flux [Wb].

The equations (3.98) and (3.99) are derived from the decoupling circuits. The v,,;” and

V4, are the outputs of current PI controllers.

V,, :V;\d S I T (3.98)

ge—a'aq

Vg = V‘;q + a)geLaiad @Dy e (3.99)

where, Va4, V4t dg-axis voltage [V]. The v,4 and v,, shown by the equations of (3.98)
and (3.99) achieve the non-interference. Therefore the decoupled d-axis model of
PMSG is obtained by substituting the equation (3.98) to the equation (3.96). And the
decoupled g-axis model of PMSG is obtained by substituting the equation (3.99) to the
equation (3.97).

lag ==V eeeerrrrennenaan. (3.100)

................... (3.101)

The transfer functions of plants for each current control system are same because of
equations (3.100) and (3.101). The outputs of current PI controllers are dg-axis voltage
references. However these are treated as real voltages, since the inverter behavior is
assumed to be ideal in the design procedure. Therefore the current control system of

converter current is shown in Fig. 3.34.
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' PMSG
jref + o] Va R 1
: R, + 5L,

Fig. 3.34. Current control system of the converter.

The proportional gain Kp, and integral gain Ky, of the current PI controller is designed
with the MATLAB sisotool. The generator parameters shown in Table 3.2 are used
for calculating the transfer function of plant. Table 3.4 shows the parameters of the
PWM converter system. The gain of the PI current controller of PWM vector control

converter is designed in order to obtain the wind velocity frequency of 500 rad/s and

the damping ratio {=0.8.
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3.14 Simulation results of Boost chopper scheme

Fig. 3.35- 4.43 shows the simulation results. The simulation models for the permanent
magnet synchronous generator wind generation system using the boost converters are
implemented by using MATLAB/Simulink. The simulation models consider the
natural wind, the main circuits, the converter and inverter control systems, and the
pitch angel control system. The simulation results are similar to the simulation results

of fig. 3..44- 3.52.
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Fig. 3.36. Wind turbine Torque
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Fig. 3.39. Duty cycle
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Fig. 3.40. d-axis and g-axis voltage for converter side
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Fig. 3.42. d-axis and g-axis current for inverter side

87



Chapter 3 Assessment with simulation of the VSWPGS

Vdc, vdc_ref [V]

101
100.8
100.6
100.4
100.2

100

99.8
99.6
99.4
99.2

a9

vdc vdc ref
20 40 60 80 100 120 140
Time [sec]

160

Fig. 3.43. DC link voltage and its reference
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3.15 Simulation results of PWM converter scheme

Fig. 3.44- 3.52 shows the simulation results. The simulation models for the permanent
magnet synchronous generator wind generation system using the PWM converters are
implemented by using MATLAB/Simulink. The simulation models consider the
natural wind, the main circuits, the converter and inverter control systems, and the
pitch angel control system. The simulation results are similar to the simulation results

of fig. 3.35- 3.43.
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Fig. 3.49. d-axis and g-axis voltage for converter side
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Fig. 3.52. DC link voltage and its reference

3.13 Summary

The principles of an inverter based on PWM converter control system are presented in
detail, and a number of mathematical models are given. An inverter based PWM
converter system has been modelled using MATLAB/Simulink and Figure 3.28-3.32

demonstrates that the PWM algorithm was successfully implemented.
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Wind Turbine Emulator

4.1 Wind turbine emulator

Fig. 4.1 shows the basic structure of the wind turbine emulator. The wind turbine
model is based on the blade element momentum theory (BEMT) [76]. The wind
turbine model consists of the three-dimensional table data of wind turbine
characteristics and the mechanical model considering the difference between real
wind turbine and induction motor. The 3D table data are composed of the torque Q for
Vo and w,. The 3D data are calculated by applying the wind turbine parameters of Fig.
4.2 to the BEMT in advance. The wind velocity Vo [m/s] is given as a condition of
emulation. The windmill rotational speed w, [rad/s] is detected with the rotary
encoder (RE). The wind velocity Vo and w, are used as inputs of the three-dimensional
table.
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Fig. 4.1. Wind turbine emulator.
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Fig. 4.2. Wind turbine blade shape model
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Table 4.1 Three-dimensional table data

code number A B C D E F G H |
r {m]: diatance rom center of rotor 008 010] 012] 014 016 02L] 026] 031 036
¢ [m]: width of code 0.09%| 0.094] 0.093] 0092] 0090] 008] 0080] 0.076] 0.071
3 [deg] :angle of twist - - - 24 44 56 5.6 5.6 5.6
profile of NACA - NACA4415
J K L M N 0 P Q
041 046] 051 056| 061] 066 071 076
0.066| 0062 0058 0053] 0048 0.044] 0.040| 0.035
58 58 58 58 59 59 6.0 6.0
NACA4415

4.2 Blade element momentum theory

From section at 3.2 The windmill model used in this research is the small wind
turbine using 3 blades of NACA4415. The rotor diameter is 1.52 [m]. The cross
sections of real wind turbine blade are shown in Fig. 4.3. The wind turbine blade is
divided into 17 points from A to Q, and the all points are analyzed with the fluid
analysis with finite element method software ANSYS. The results are obtained as the
pressure applied to the nodes of model. The lift and drag coefficients of wind turbine
blade are derived from the results, since they are required for the blade element

momentum theory is shown in table 4.2.

J//// fo[ofe]s]s]elalslutal

Fig. 4.3. Real wind turbine blade shape

i
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Table 4.2 Airfoil profile result

NACA4415(numberE) NACA4415(numberH) NACA4415(numberL) NACA4415(numberP)

a [C Cg a |C Cg a |C Cg a |C Cg

11 0.225024725 | 0.028443495 1] 0.536879124 | 0.056488784 1] 0.190444441 ] 0.024290411 1] 0.204506021 | 0.028952689
2] 0.262529754 | 0.028899429 2] 0.622935437 | 0.056696127 2] 0.225304916 | 0.024712506 2| 0.240157789 | 0.029838411
3] 0.300034783 | 0.029355364 3] 0.708991751 | 0.056903471 3] 0.260165391 | 0.025134601 3] 0.275809557 | 0.030724134
4] 0.337539813 | 0.029811298 4] 0.795048064 | 0.057110815 4] 0.295025866 | 0.025556696 4] 0.311461326 | 0.031609857
5| 0.375044842 | 0.030267233 5| 0.881104378 | 0.057318159 5] 0.329886341 ] 0.025978791 5] 0.347113094 | 0.032495580
6] 0.412549872 | 0.030723168 6] 0.967160692 | 0.057525503 6] 0.364746816 | 0.026400887 6] 0.382764863 | 0.033381303
7] 0.444471540 | 0.033539486 7] 1.032313504 | 0.063900988 7] 0.390030301 | 0.029483946 7] 0.409895688 | 0.036184181
8] 0.476393209 | 0.036355804 8] 1.097466316 | 0.070276474 8] 0.415313786 | 0.032567006 8] 0.437026513 | 0.038987059
9] 0.508314877 | 0.039172122 9] 1.162619128 | 0.076651959 9] 0.440597271 | 0.035650065 9] 0464157338 | 0.041789937
10] 0.540236546 | 0.041988440 10] 1.227771940 | 0.083027445 10] 0.465880756 | 0.038733125 10] 0.491288163 | 0.044592815
111 0.572158215 | 0.044804758 11] 1.292924752 | 0.089402931 11] 0491164241 | 0.041816185 11] 0.518418988 | 0.047395693
12] 0.594339752 | 0.049792194 12] 1.320981368 | 0.101193912 12] 0.502888839 | 0.047609013 12] 0.527515078 | 0.054451345
13] 0.616521289 | 0.054779630 13] 1.349037985 | 0.112984893 13] 0.514613438 | 0.053401842 13] 0.536611168 | 0.061506997
14] 0.638402826 | 0.059767067 14] 1.377094601 | 0.124775875 14] 0.526338036 | 0.059194671 14] 0.545707259 | 0.068562649
15] 0.660884363 | 0.064754503 15] 1.405151218 | 0.136566856 15] 0.538062635 | 0.064987500 15] 0.554803349 | 0.075618301
16] 0.683065901 | 0.069741940 16] 1.433207834 | 0.148357838 16] 0.549787234 | 0.070780329 16] 0.563899440 | 0.082673954
17] 0.693783593 | 0.079128418 17] 1.442582479 | 0.171666609 17] 0.554558059 | 0.079125062 17] 0.564496724 | 0.094299276
18] 0.704501286 | 0.088514897 18] 1.451957124 | 0.194975380 18] 0.559331884 | 0.087469885 18] 0.565094009 | 0.105924598
19] 0.715218978 | 0.097901375 19] 1.461331769 | 0.218284151 19] 0.564105709 | 0.095814708 19] 0.565691293 | 0.117549920
20] 0.725936671 | 0.107287854 20| 1.470706414 | 0.241592922 20] 0.568879534 | 0.104159531 20] 0.566288579 | 0.129175242
21] 0.736654364 | 0.116674333 21| 1.480081059 | 0.264901695 21| 0573656360 | 0.112504444 21| 0.566885863 | 0.140500564
22| 0.741374267 | 0.129851647 22| 1.494690921 | 0.296828341 22| 0.574679419 | 0.124461466 22| 0.575629984 | 0.157591953
23] 0.746094170 | 0.143028961 23| 1.509300784 | 0.328754987 23| 0.575702479 | 0.136418488 23| 0.578725464 | 0.174383342
24] 0750814074 | 0.156206275 24] 1.523910646 | 0.360681634 24| 0.576725538 | 0.148375511 241 0.580002044 | 0.191174731
25] 0.755533977 | 0.169383589 25| 1.538520509 | 0.392608280 25| 0.577748598 | 0.160332533 25| 0.584374105 | 0.207966120
26] 0.760253881 | 0.182560904 26| 1.553130371 | 0.424534927 26| 0.578771658 | 0.172239556 26| 0.588746166 | 0.224757510
27] 0.891200527 | 0.251760318 27| 1.564648658 | 0.471831030 27| 0.583490531 ] 0.177592198 27| 0.596633553 | 0.247359820
28] 1.022147173 | 0.320959733 28| 1.576166945 | 0.519127133 28| 0.588209405 | 0.182944840 28| 0.604520941 | 0.269962130
29] 1.153093819 | 0.390159147 29] 1.587685232 | 0.566423236 29] 0.592928279 | 0.188297482 29] 0.612408328 | 0.292564410
30] 1.284040465 | 0.459358562 30] 1.599203519 | 0.613719339 30] 0.597647153 | 0.193650124 30] 0.620295716 | 0.315166751
31| 1.414987111 | 0.528557977 31| 1.610721806 | 0.661015442 31| 0.602366027 | 0.199002767 31| 0.628183104 | 0.337769062
32| 1.448722335 | 0.583770300 32| 1.633140598 | 0.729852059 32| 0.591536801 | 0.231417065 32| 0.637463850 | 0.364873994
33| 1.482457559 | 0.638982623 33| 1.655559388 | 0.798688676 33| 0.580707575 | 0.263831363 33| 0.646744596 | 0.391978927
34] 1516192783 | 0.694194946 34] 1.677978178 | 0.867525293 34] 0.569878349 | 0.296245661 34] 0.656025342 | 0.419083860
35| 1.549928007 | 0.749407269 35| 1.700396968 | 0.936361910 35| 0.559049123 | 0.328659959 35| 0.665306088 | 0.446188793
36] 1.583663231 | 0.804619592 36| 1.722815755 | 1.005198528 36| 0.591536801 | 0.361074257 36| 0.674586834 | 0.473293726
37| 1.616042734 | 0.880762624 37| 1.733866500 | 1.085146436 37| 0594831103 | 0.385743247 37| 0.685873672 | 0.507823560
38| 1.648422237 | 0.956905657 38| 1.744917244 | 1.165064344 38| 0.598125405 | 0.410412237 38| 0.697160510 | 0.542353395
39] 1.680801739 | 1.033048690 39] 1.755967989 | 1.245042251 39] 0.601419708 | 0.435081227 39] 0.708447348 | 0.576883230
40] 1.713181242 | 1.109191722 40] 1.767018733 | 1.324990159 40] 0.604714010 | 0.489750217 40] 0.719734186 | 0.611413065
41] 1.745560745 | 1.185334755 41| 1.778069478 | 1.404938067 41| 0.608008313 | 0.484419207 411 0.731021025 | 0.645942900
42| 1.789618553 | 1.296947143 42| 1.805012176 | 1.506627401 42{ 0.612739421 | 0.508601519 42] 0.740372742 | 0.683474290
43| 1.833676360 | 1.408559531 43| 1.831954873 | 1.608316736 43| 0.617470529 | 0532783831 43| 0.749724460 | 0.721005680
44] 1.877734168 | 1.520171919 44] 1.858897571 | 1.710006070 44] 0.622201638 | 0.556966143 441 0.759076178 | 0.758537070
45| 1.921791975 | 1.631784307 45| 1.885840268 | 1.811695405 45| 0.626932746 | 0.581148455 45] 0.768427896 | 0.796068460
46] 1.965849783 | 1.743396695 46| 1.912782966 | 1.913384739 46| 0.631663855 | 0.605330768 46| 0.777779614 | 0.833599851
47] 2018201592 | 1.896431143 47| 1.967468680 | 2.031811082 47| 0.634450404 | 0.636214302 471 0.783955997 | 0.873832340
48] 2070553402 | 2.049465590 48] 2022154394 | 2.150237426 48] 0.637236953 | 0.667097836 48] 0.790132380 | 0.914064830
49] 2122905211 | 2.202500038 49] 2.076840109 | 2.268663769 49] 0.640023502 | 0.697981370 49] 0.796308764 | 0.954297319
50] 2.175257021 | 2.355534485 50] 2.131525823 | 2.387090113 50| 0.642810051 | 0.728864904 50] 0.802485147 | 0.994529809
51] 2.227608830 | 2.508568933 51] 2186211537 ] 2.505516456 51] 0.645596600 | 0.759748439 51] 0.808661531 ] 1.034762299
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4.3 Airfoil profiles

The lift coefficient ¢, and drag coefficient cq4 are the characteristic of airfoil. They are
required in order to perform the wind turbine blade performance calculations. The
airfoil profile calculation using the finite element method software "ANSYS" is
described as the method for obtaining the airfoil characteristics.

In this research, the shape of the wind turbine blade airfoil profile NACA4415 is used.
The NACAA4415 is one of the NACA4 character systems. In the United States, the
extensive wind tunnel tests for airfoil series with varying systematically were carried
out to obtain the airfoil characteristics. The NACA4 character-based wing is the first
tested one, and windmills based on the NACA4 are often used since the design
procedure is simple.

4.3.1 Fluid analysis using finite element method

software ANSYS

The lift coefficient ¢, and drag coefficient cq of designed blade shape are calculated
with the fluid analysis using finite element method software ANSYS. The cross
section of designed blade shape is represented with NACA4415 as shown in Fig. 4.4.
The XY coordinate data of NACA4415 are used in fluid analysis. Which was
explained in 4.3.2 shows the calculated results of fluid analysis. The ¢, and c4 are
derived from the calculated results of L and D indirectly by equations in (3.1) and
(3.2).
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— (xu, yu) — (x, yI)|
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0 0.2 04 0.6 0.8 1
Xy X; [m]

Fig. 4.4. XY coordinate data of NACA4415.

4.3.2 Analysis results due to the ANSYS

The fluid analysis using finite element method software ANSYS is executed to
calculate the state of the pressure applied to the airfoil. Fig.4.5-4.15. shows the wind
vector illustration, wind velocity distribution, and pressure distribution for the airfoil
of NACA4415 when the meeting angles are 0, -10, +10[deg.].
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The angle of attack of 0 [deg]

Inflow direction
of wind

Fig 4.5. The angle of attack of 0 [deg] of the wind vector illustration
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5.720 m/s

1 5.005 m/s

=1 4.290 m/s

= 3.575 m/s

:> — 2.860 m/s
|nﬂnﬂv¥ \l,iviimjntinn 2145 mis

1.430 m/s

0.715 m/s

0.000 m/s

Fig 4.6. The angle of attack of 0 [deg] of the wind velocity distribution
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I 5.685 N/m"2
4.706 N/m"2

—1 3.726 N/m"2

—1 2.746 N/m"2

1.767 N/m”2

:<> I 0.787 N/m~2
Inflow direction

Df Wind -0.192 N/m"2

-1.172 N/m"2

-2.151 N/m"2

-3.131 N/m"2

Fig 4.7. The angle of attack of 0 [deg] of the pressure distribution

The angle of attack of -10 [deg]

Direction of rotation

-
I F : Power of the entire windmill  [Nm]
W : Blade inflow wind speed [mis]
W o : Angle of attack [rad]
o ‘g .. D:Drag
S == ¢ Chord length
D
C

Fig 4.8. The angle of attack of -10 [deg]

102



Chapter 4 Wind turbine emulator

Inflow direction
of wind

Fig 4.9. The angle of attack of -10 [deg] of the wind vector illustration
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2.860 m/s

Inflow direction
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Fig 4.10. The angle of attack of -10 [deg] of the wind velocity distribution
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5.685 N/m"2
4.706 N/m"2
3.726 N/m"2
2.746 N/m"2

1.767 N/m"2

—

Inflow direction
of wind

0.787 N/m"2

-0.192 N/m"2

-1.172 N/m"2

-2.151 N/m"2

-3.131 N/m"2

Fig 4.11. The angle of attack of -10 [deg] of the pressure distribution

The angle of attack of +10 [deg]

Direction of rotation

L “ F : Power of the entire windmill - [Nm]
W : Blade inflow wind speed /3]
G a : Angle of attack [rad]

D T Lelift

== D : Drag

u ¢ : Chord length
W ¢

Fig 4.12. The angle of attack of +10 [deg]
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Inflow direction
of wind

Fig 4.13. The angle of attack of +10 [deg] of the wind vector illustration

6.435 m/s
I 5.720 m/s
5.005 m/s
4.290 m/s

3.575mls
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Inflow direction
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Fig 4.14. The angle of attack of +10 [deg] of the wind velocity distribution
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5.685 N/m"2
4.706 N/m"2
3.726 N/m"2
2.746 N/m"2
1.767 N/m"2

0.787 N/m"2

Inflow direction

Df Wind -0.192 N/m"2

-1.172 N/m"2

-2.151 N/m"2

-3.131 N/m"2

Fig 4.15. The angle of attack of +10 [deg] of the pressure distribution

The ¢, and cq4 are obtained by the fluid analysis using finite element method for each
point and each meeting angle from 0 to 51 degrees. The concrete numeric data are not
shown in circumstances of the space. Fig. 4.16, 4.17 and 4.18 shows the calculated
three dimensional data and the wind turbine blade performance calculated output data.
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Fig. 4.16. Calculated wind turbine blade performance output result.
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Fig.4.17. Windmill output torque.
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Fig 4.18. Windmill output power.
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4.4 Mechanical model

The mechanical systems of the real wind turbine side and generator side in Fig. 4.19
are described in the equations

2 do 2
{]g +Jt(n_an }d_tg:-rg _Qn_rhz_{Bg + Bt[n_nij }wg .............. (41)

Where, Q, T4: The generated torque of the wind turbine side and generator side, Ty,
To: The shaft torque of the wind turbine side and generator side, w:, wq: The rotor
rotational angler speed of wind turbine side and generator side, B, B4: The viscous
friction coefficient of the wind turbine side and generator side, J;, Jg: The moment of
inertia of the wind turbine side and generator side.

wind turbine side generator side

Fig. 4.19. Mechanical model for real wind turbine

The WTE uses an induction machine as a wind turbine. The mechanical systems of
the induction motor side and generator side in Fig. 4.20 are described in the equations

2 2
n do, n n
{Jg + Jim{azj }d—tg—Tg —Timaz—{Bg + Bim[n—ij }a)g .............. (42)

Where, T;,: The generated torque of the induction motor side, 7y;,: The shaft torque
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of the induction motor side, w;,: The rotor rotational angler speed of induction motor
side, B;,: The viscous friction coefficient of the induction motor side, J;,: The
moment of inertia of the induction motor side.

induction motor side generator side

Fig. 4.20. Mechanical model for wind turbine emulator.

The moment of inertia and coefficient of viscosity are different between the real wind
turbine and induction motor. The differences affect the transient and steady state
responses. It is important to compensate the differences since the V, always change.
The difference can be compensated by following equation.

T :JJi—;“(Q—Bta;t)Jr Bim@  c e eccneecntenneeanann (4.3)

Where, Tin"™" : torque reference of induction motor [Nm].

4.5 System configuration of WTE

The system configuration of WTE is shown in Fig. 4.21. The equation (4.3) is used to
compensate the difference of moment of inertia and coefficient of viscosity between
induction motor and wind turbine. All estimations are executed with the dSPACE
control system. The T,-mmf is estimated for 7 and w,. The inverter applies the vector
control to an induction motor. The induction motor generates the electric torque

corresponding to the 7}, instantaneously.
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T- ref
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P o = Q-Ba )+Bna |—y —
Q Inverter
a From
9 RE
Wind Turbine |« 2
model based on vV :
BEMT ‘ 0 Data of natural wind
velocity

Fig. 4.21. WTE base on BEMT.

4.6 Experimental system of real wind turbine

(PWM converter scheme)

Fig. 4.22 shows the experimental system using the real wind turbine of the PWM
converter scheme. The wind turbine side, the natural wind velocity data is given by
the real time data of anemometer (CYG-5103VM, CLIMATEC Japan). The
rotational speed of PMSG is estimated in the DSP by using the signals from the
rotary encoder (RE, E6C3-CWZ3XH, Omron Japan). Also, the digital signal
processing (DSP) unit calculates the wind turbine torque reference from the wind
velocity data and rotational speed of the induction motor (IM). The natural wind
velocity data is given by the real data of anemometer from real time. The rotational
speed of IM is estimated in the DSP by using the signals from the rotary encoder
(RE). The torque of IM is controlled by the off-the-shelf inverter. The IM is operated
based on the wind turbine torque reference sent from a DSP through the D/A board
(DS2102). After the wind turbine emulator is activated, the PMSG starts to rotate,
and the converter control system starts to control the windmill rotational speed for
the maximum power point tracking. The PWM signals for controlling the CNV, and
INV are sent from a DSP to the short-circuit prevention circuit (FPGA) through a
digital 1/0O board (DS4002). The PWM signals are sent to the CNV and INV through
the optical circuit.
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Fig. 4.22. Experimental system using the real wind turbine
(PWM converter scheme)
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4.7 Experimental system of wind turbine emulator

(PWM converter scheme)

Fig. 4.23 shows the experimental system of the PWM converter scheme. The digital
signal processing (DSP) unit calculates the wind turbine torque reference from the
wind velocity data and rotational speed of the induction motor (IM). The wind
velocity data or the natural wind velocity data is given by the stored data in a PC. The
rotational speed of IM is estimated in the DSP by using the signals from the rotary
encoder (RE). The torque of IM is controlled by the off-the-shelf inverter. The IM is
operated based on the wind turbine torque reference sent from a DSP through the D/A
board (DS2102). After the wind turbine emulator is activated, the PMSG starts to
rotate, and the converter control system starts to control the windmill rotational speed
for the maximum power point tracking. The PWM signals for controlling the CNV,
and INV are sent from a DSP to the short-circuit prevention circuit (FPGA) through a
digital I/O board (DS4002). The PWM signals are sent to the CNV and INV through

the optical circuit.
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Fig. 4.23. Experimental system using the wind turbine emulator
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4.8 Change of the wind velocity of wind turbine

emulator. (PWM converter scheme)

Fig. 4.24 shows the change of the wind velocity ¥V, [m/s]. The change of wind
velocity includes the ranges of low wind velocity, middle wind velocity, and high
wind velocity. The high wind velocity means the wind velocity that exceeds the

rated value. All ranges include the change of wind velocity.
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Fig. 4.24. Wind velocity.

115



Chapter 4 Wind turbine emulator

4.9 Experimental results of wind turbine emulator

(PWM converter scheme)

Fig. 4.25- 4.38 shows the experimental results. The windmill rotational speed reaches
the windmill rotational speed reference, and the power generation starts after 5 [sec]
when the wind velocity is 5[m/s]. In this region of low wind velocity, that windmill
rotational speed can be controlled to keep the tip speed ratio at optimized value. The
speed control is carried out with the converter and inverter control systems even when
the variations of wind velocity causes. The generated power is sent to the power
system by the inverter.
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Fig. 4.25. Generated power
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Fig. 4.26. Wind turbine Torque
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Fig. 4.28. Tip speed ratio

118



Chapter 4 Wind turbine emulator

——PW_set

50

0; [~

= 50 e
= _100 w‘-“'ﬁ:n\
@ -150 \
='-200
a.

0 20 40 60 80 100 120 140
Time [sec]
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Fig. 4.30. Rotational speed Reference
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Fig. 4.32. d-axis and g-axis current for converter side
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Fig. 4.34. g-axis current reference of Feed forward control
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Fig. 4.36. g-axis current Reference of Power regulator
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Fig. 4.37. DC link voltage and its reference
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Fig. 4.38. d-axis and g-axis current for inverter side
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4.10 Simulation results of wind turbine model

(PWM converter scheme)

Fig. 4.39- 4.52 shows the simulation results. The simulation models for the permanent
magnet synchronous generator wind generation system using the PWM converters are
implemented by using MATLAB/Simulink. The simulation models consider the
natural wind, the main circuits, the converter and inverter control systems, and the
pitch angel control system. The simulation results are similar to the experimental
results of fig. 4.25- 4.38.
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Fig. 4.40. Wind turbine Torque
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Fig. 4.42. Tip speed ratio
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Fig. 4.44. Rotational speed reference
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Fig. 4.46. d-axis and g-axis current for converter side
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Fig. 4.48. g-axis current reference of feed forward control
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Fig. 4.50. g-axis current reference of power regulator

130



Chapter 4 Wind turbine emulator

—\dc Vdc_ref
60
50
=
- 40
2
<'30
>
_g 20
-
0
0 20 40 60 80 100 120 140
Time [sec]
Fig. 4.51. DC link voltage and its reference
Is_d ——Is_q
2.5 N’J
2 /
z 5
2 1
® os
0
-o.s

0 20 40 60 80 100 120 140
Time [sec]

Fig. 4.52. d-axis and g-axis current for inverter side
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4.11 Natural wind velocity of real wind turbine.

(PWM converter scheme)

Fig. 4.53 shows the change of the natural wind velocity ¥, [m/s] not user filter is
given by the real time data of anemometer (CYG-5103VM, CLIMATEC Japan). The
change of natural wind velocity includes the ranges of low wind velocity, middle wind
velocity, and high wind velocity. The high wind velocity means the wind velocity that
exceeds the rated value. All ranges include the change of wind velocity. The PWM
converter scheme (of real wind turbine) and PWM converter scheme (of wind turbine
emulator) are tested for the same change of the wind velocity, and the control

performances of both schemes are discussed.
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Fig. 4.53. Natural wind velocity of the real wind turbine
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4.12 Experimental results of real wind turbine.

(PWM converter scheme)

Fig. 4.54-4.59 shows the experimental results of the variable speed wind power
generation system (VSWPGS) using the real wind turbine. The anemometer is setted
up near the real wind turbine to avoid the detecting error. And the direction of nacelle
is fixed, and the wind in front of the wind turbine is considered. The speed control is
carried out with the converter. The windmill rotational speed w, is tracking the
windmill rotational speed reference w,”?, and the power generation is executed
properly for the natural wind velocity V. The tip speed ratio x is controlled to be
around 5.8. It means the maximum power point control is successful. The g axis stator
voltage reference Vagr‘?f is regulated to control the g stator current i,,. The iy
characterize the torque of generator and output power. The generated power Py is sent
to the power system by the inverter. The inverter controls the DC link voltage V. to
be constant Vdcref of 100V. The V. rises when the P, comes into the DC link capacitor
Cuc, since the Cg 1s charged. The active current iy, is controlled to keep the Vg at
Vi@, The power transferred to the power system P is tracking the P, with time lag

and attenuations, since the filtering effects of C;. and the power loss of inverter exist.
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Fig. 4.54. Generated power and system power of the real wind turbine
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Fig. 4.55. Tip speed ratio of the real wind turbine
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Fig. 4.56. Rotational speed Reference and Rotational speed of the real wind turbine
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Fig. 4.57. d-axis and g-axis voltage reference for converter side of the real wind turbine
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Fig. 4.58. DC link voltage and its reference of the real wind turbine

Is_d 1s_q

Time [sec)

Fig. 4.59. d-axis and g-axis current for inverter side of the real wind turbine
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4.13 Experimental results of wind turbine emulator

(PWM converter scheme)

Fig. 4.60-4.65 shows the experimental results of the variable speed wind power
generation system using wind turbine emulator. The same V) is used for the wind
turbine emulation. All of the results agree very well with the results for the real wind
turbine of Fig. 4.54-4.59. It is obvious that the proposed wind turbine emulator can

represent the behavior of real wind turbine for arbitrary wind velocities.
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Fig. 4.60. Generated power and system power of the wind turbine emulator
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Fig. 4.61. Tip speed ratio of the wind turbine emulator
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Fig. 4.62. Rotational speed Reference and Rotational speed of the wind turbine emulator
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Fig. 4.63. d-axis and g-axis voltage reference for converter side of the wind turbine emulator
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Fig. 4.64. DC link voltage and its reference of the wind turbine emulator
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Fig. 4.65. d-axis and g-axis current for inverter side of the wind turbine emulator
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4.14 Summary

This chapter explains the operating principle and the structure of WTE based on the
BEMT. Also the structures of the test benches using the WT or WTE are explained.
The simulation results of the VSWPGS using PWM converter are compared with the
experiment results obtained with the test bench using WTE under the same conditions
of low, medium and high wind velocities. Furthermore, under the conditions of
natural winds, the experiment results obtained with the bench using WTE or WT for
the VSWPGS using PWM converter are shown. The obtained experimental results are
validated, and they show that the proposed WTE for the experimental assessment has
a sufficient performance.
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Chapter 5

Experimental assessment of
variable speed wind power
generation system

5.1 Performance evaluation scheme

The implementation of the boost chopper scheme is evaluated with the experimental
study using MATLAB Simulink models and DSP control system. The experimental
systems for the boost chopper scheme are implemented. The experimental systems
consider the windmill, the main circuits used in each scheme, the converter and
inverter control systems, and the pitch angel control system. This research verifies the
fundamental implementation of the boost chopper scheme by comparing with the
implementation of the PWM converter scheme.

5.2 Experimental system of wind turbine emulator

(Boost chopper scheme)

Fig. 5.1 shows the experimental system of the boost chopper scheme. The digital
signal processing (DSP) unit calculates the wind turbine torque reference from the

wind velocity data and rotational speed of the induction motor (IM). The wind
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Chapter 5 Experimental assessment of variable speed wind power generation system

velocity data or the natural wind velocity data is given by the stored data in a PC. The
rotational speed of IM is estimated in the DSP by using the signals from the rotary
encoder (RE). The torque of IM is controlled by the off-the-shelf inverter. The IM is
operated based on the wind turbine torque reference sent from a DSP through the D/A
board (DS2102). After the wind turbine emulator is activated, the PMSG starts to
rotate, and the converter control system starts to control the windmill rotational speed
for the maximum power point tracking. The Duty and PWM signals for controlling
the Duty, and INV are sent from a DSP to the short-circuit prevention circuit (FPGA)
through a digital 10 board (DS4002). The PWM signals are sent to the CNV and INV
through the optical circuit.

N\
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Wind Speed
Data 11
< DS2001
DSP T :"7
iDS3001 | 1L,
) 1 Isy
DS2102 | | == Isw
Branch < Vsz;
circuit st;/
Y ¥ @ Grid
INV CNV INV
| Transformer
1iO4S ]
— Duty :“\ Inverter
== Duty, PWM signal signal SS PWM signal

Ty —
Circuit

Fig. 5.1. Experimental system using the wind turbine emulator
(Boost chopper scheme)
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5.3 Experimental system of wind turbine emulator

(PWM converter scheme)

Fig. 5.2 shows the experimental system of the PWM converter scheme. The digital
signal processing (DSP) unit calculates the wind turbine torque reference from the
wind velocity data and rotational speed of the induction motor (IM). The wind
velocity data or the natural wind velocity data is given by the stored data in a PC. The
rotational speed of IM is estimated in the DSP by using the signals from the rotary
encoder (RE). The torque of IM is controlled by the off-the-shelf inverter. The IM is
operated based on the wind turbine torque reference sent from a DSP through the D/A
board (DS2102). After the wind turbine emulator is activated, the PMSG starts to
rotate, and the converter control system starts to control the windmill rotational speed
for the maximum power point tracking. The PWM signals for controlling the CNV,
and INV are sent from a DSP to the short-circuit prevention circuit (FPGA) through a
digital I/O board (DS4002). The PWM signals are sent to the CNV and INV through

the optical circuit.
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Fig. 5.2. Experimental system using the wind turbine emulator
(PWM converter scheme)
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5.4 Phase locked loop (PLL) control system

Fig. 5.3 shows the structure of phase locked loop (PLL) control system. This PLL
control system is provided in the library of SymPowerSystems. This circuit consists
the three-phase input signal is converted to a dq0 rotating frame (Park transform)
using the angular speed of an internal oscillator. The quadrature axis signal V is
proportional to the phase difference between the grid system voltages of V,, Vs, and
Viw and the internal oscillator rotating frame. The V, is filtered with the “Variable
frequency mean value block”. The Proportional-Integral-Derivative (PID) controller,
with an optional automatic gain control, keeps the phase difference to 0 by acting on a
controlled oscillator. The PID output, corresponding to the angular velocity w;, is

filtered and converted to the frequency f; in hertz, which is used by the mean value.

e o 5 f

| Variable |

I uvw to dq0 frequency I Low_pass filter
Vsu o—4—> u mean value | (Rate limited)

| |
Vsv © | "V ] fS Ll pip Controlled )
Vew | W \Vj | Oscillator S
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I V 7'y

I C()s q I

e o e e e |

Phase detedtor Automatic
Gain Control

Fig. 5.3. Structure of phase locked loop control system.
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Chapter 5 Experimental assessment of variable speed wind power generation system

5.5 Laboratory prototype

Fig. 5.4. shows the laboratory prototype. It is consists of PC: computer, dSPACE:
digital signal processing, D/A: digital/analog board, I/O: digital input/output board,
Inverter: Yaskawa VARISPEED-G5, RE: rotary encoder, IM: induction motor,
PMSG: permanent magnet synchronous generator, CNV: Myway MWINV for
converter side, Boost: boost converter circuit, Diode: diode bridge rectification
circuit, INV: Myway MWINV for inverter side, FPGA: FPGA controller board,
Sensor: voltage and current sensor boards, TF: 3 phase transformer, Gridline.

e

[Fower analyzer PFASS30

Fig. 5.4. Laboratory Prototype.
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5.6 Structure of wind turbine emulator

Fig. 5.5 Show the structure of the wind turbine emulator. The inverter applies the
vector control to induction motor and the induction motor generates the electric
torque. The rotational speed of PMSG is estimated in the DSP by using the signals
from the rotary encoder (RE).

Inverter
YASKAWA
(Varispeed616-GS5)

nduction motor

Fig. 5.5. Structure of the wind turbine emulator.
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Chapter 5 Experimental assessment of variable speed wind power generation system

5.7 Structure of real wind turbine

Fig. 5.6 shows the structure of the real wind turbine (RWT). The 3 same blades, the
rotary encoder (E6C3-CWZ3XH, Omron Japan) with the resolution ratio of 3600p/r
to measure the rotor position of the RWT and the permanent magnet synchronous
generator (PMSG). The anemometer (CYG-5103VM, CLIMATEC Japan) with the
output of 0-1V/0 - 50m/s to measure the wind velocity VO were used for the real time
experiment of RWT. In this paper, the experiment results were obtained when the
directions of wind turbine and anemometer were fixed.

Wind turbine blade shape
PMSG

Anemometer

W
|

(CYG-5103VN) FT

)

~]
e

Cable from rotarv encoder to controller

-

Cable from generator to controller

Fig. 5.6. Structure of the real wind turbine.
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5.8 Experimental results of wind turbine emulator

(Boost chopper scheme)

Fig. 5.7 shows the change of the wind velocity Vo [m/s] includes each mode shown in
fig. 3.5 of chapter 3. The change of wind velocity includes the ranges of low wind
velocity at 5m/s which corresponds to model, and the wind velocity at 6m/s which
corresponds to the switching point between mode2 and mode3, middle wind velocity
at 7m/s which corresponds to mode2 and mode3, and high wind velocity at 11m/s
which corresponded to mode4. The high wind velocity means the wind velocity that
exceeds the rated value. All ranges include the sinusoidal change of amplitude: 0.5
[m/s] and 0.2 [Hz], the boost chopper scheme (of wind turbine emulator) and PWM
converter scheme (of wind turbine emulator) are tested for the same change of the
wind velocity, and the control performances of both schemes are discussed.
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Fig. 5.7. Change of wind velocity
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Figs. 5.8-5.19 show the experimental results of the boost chopper scheme. The
system activates at Sm/s which exceeds cut-in wind velocity of 3m/s, and the power
generation has been started after about 9 seconds in which windmill speed w, reaches
to the windmill rotational speed reference a)gref. In the wind velocity of 5 m/s which
corresponds to model, the speed control is carried out by the duty control system. It
can be confirmed by the windmill speed w, and Duty shown in fig. 5.15-5.20 that the
speed control is well carried out. In the wind velocity of 6m/s which corresponds to
the switching point of mode2 and mode3, it can be confirmed by the w,, Duty, and
DC link voltage V', shown in fig. 5.21-5.26 that the speed control is carried out while
the speed control system is smoothly switched. In the wind velocity of 7m/s which
corresponds to mode3, the speed control is carried out by adjusting V, with the
inverter control system. It can be confirmed by the w, and V. that the speed control is
well carried out. In wind velocity of 11m/s which corresponds to mode4, the speed
control is carried out by the pitch angle control system, and the electric power control
is carried out by the inverter control system. It can be confirmed by the w,, V4. and
pitch angle & shown in fig. 5.27-5.38 that the w, is controlled at of the rated speed and
the generated power P; shown in fig. 5.27-5.38 is controlled at the rated power of
300W.
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Fig. 5.8. Rotational speed reference and Rotational speed of boost chopper scheme
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Fig. 5.9. Duty control signal of boost chopper scheme
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—X
7
6 T |
T ﬁ_,f.hﬁﬂ*«*m -
5
4
>
3
2
1
0
10 20 30 40 50 60 70 80 90 100 110 120 130
Time [sec]

Fig. 5.11. Tip speed ratio of boost chopper scheme
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Fig. 5.13. Power set of boost chopper scheme
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Fig. 5.15. System power of boost chopper scheme
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Fig. 5.17. d-axis and g-axis current of boost chopper scheme
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5.9 Experimental results of wind turbine emulator

(PWM converter scheme)

Figs. 5.20 - 5.31 show the experimental results of PWM converter scheme. The system
activates at wind velocity of 5m/s which exceeds cut-in wind velocity of 3m/s, and the
power generation has been started after about 11 seconds in which wg reaches in wy™
as well as the boost chopper scheme. The system is operated under the rated wind
velocity which corresponds to model - mode3 until about 115 seconds. It can be
confirmed that the wy follows ¢ However, the response of PWM converter scheme
has been retarded for the increase of a)gref corresponds to the increase of wind velocity,
since the restriction of torque current reference i,,™ has been established so that PMSG
may not carry out the motoring. The operating range which exceeds the rated wind
velocity corresponds to mode4 starts after 115 seconds. The pitch angle control system
starts around 118 seconds, and the speed controller of converter control system stops
simultaneously, and the maximum electric power tracking control is activated. The
sinusoidal change of wind velocity is superimposed in this operating range. The «wy is
maintained at of rated speed by speed control by pitch angle control system and the
electric power control by converter control system and the generated output Ps is
maintained at the rated power of 300W.
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Fig. 5.20. Rotational speed reference and Rotational speed of the PWM converter scheme
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Fig. 5.21. g-axis current reference of feed-forward control of the PWM converter scheme
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Fig. 5.22. Wind turbine Torque of the PWM converter scheme
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Fig. 5.23. Tip speed ratio of the PWM converter scheme
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Fig. 5.24. Integrated power system of the PWM converter scheme
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Fig. 5.25. Power set of the PWM converter scheme
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Fig. 5.26. DC link voltage and its reference of the PWM converter scheme
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Fig. 5.27. System power of the PWM converter scheme
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Fig. 5.29. d-axis and g-axis current for converter side of the PWM converter scheme
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Fig. 5.31. g-axis current reference of power regulator control of the PWM converter scheme
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Table 5.1 shows the integrated powers of each mode of the BCC and PWM converter
schemes. At 0-55 sec, which corresponds to mode 1, integrated Ps of the BCC scheme
decreases compared to the PWM converter scheme, since the tracking characteristic
of wy for wy™ is inferior. At 55-80 sec, which corresponds to the switching point of
modes 1 and 2, the BCC scheme uses the hybrid control of the duty control system
and speed control of the inverter side. In this operating range, integrated Ps of the
BCC scheme decreases, since the tracking characteristic of the speed reference is
inferior to the PWM converter scheme. At 80-105 sec, which corresponds to mode 3,
the BCC scheme charges the DC link condenser. Therefore, integrated Ps decreases.
In this period, the speed control is performed by charging the DC link condenser,
since the wind velocity increases. In the operating range of 105-130 sec, which
exceeds the rated wind velocity and corresponds to mode 4, there is significant
difference between integrated Ps of the BCC scheme and the PWM converter scheme,
since the DC link capacitor of BCC scheme discharges. At this operating range, the
pitch angle control is activated, the efficiency of the converter of the BCC scheme
changes, since the operating circuit changes for the operating modes.

Table 5.1. Integrated power of each mode.

Integrated electric power |Integrated electric power
Mode Time[sec] in kJ for Boost in kJ for PWM
Converter system Converter system
model 0~55[sec] 0-1647 0-1859
model or mode2 55~80[sec] 1647-2861 1859-3197
mode3 80~105[sec] 2861-4817 3197-5344
mode4 105~130[sec] 4817-9785 5344-9813
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5.10 Experimental system of real wind turbine

(Boost chopper scheme)

Fig. 5.32 shows the experimental system using the real wind turbine of the boost
chopper scheme. The wind turbine side, the natural wind velocity data is given by the
real time data of anemometer (CYG-5103VM, CLIMATEC Japan). The rotational
speed of PMSG is estimated in the DSP by using the signals from the rotary encoder
(RE, E6C3-CWZ3XH, Omron Japan). Also, the digital signal processing (DSP) unit
calculates the wind turbine torque reference from the wind velocity data and
rotational speed of the induction motor (IM). The natural wind velocity data is given
by the real data of anemometer from real time. The rotational speed of IM is
estimated in the DSP by using the signals from the rotary encoder (RE). The torque
of IM is controlled by the off-the-shelf inverter. The IM is operated based on the
wind turbine torque reference sent from a DSP through the D/A board (DS2102).
After the wind turbine emulator is activated, the PMSG starts to rotate, and the
converter control system starts to control the windmill rotational speed for the
maximum power point tracking. The Duty and PWM signals for controlling the
Duty, and INV are sent from a DSP to the short-circuit prevention circuit (FPGA)
through a digital 10 board (DS4002). The PWM signals are sent to the CNV and
INV through the optical circuit.
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Fig. 5.32. Experimental system using the real wind turbine
(Boost chopper scheme)
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5.11 Experimental results of real wind turbine.

(Boost chopper scheme)

Fig. 5.33 shows the change of the natural wind velocity VO [m/s] user filter is given
by the real time data of anemometer (CYG-5103VM, CLIMATEC Japan). The change
of natural wind velocity includes the ranges of low wind velocity, middle wind
velocity, and high wind velocity. The high wind velocity means the wind velocity that
exceeds the rated value. All ranges include the change of wind velocity. The boost
chopper scheme (of real wind turbine) and boost chopper scheme (of wind turbine
emulator) are tested for the same change of the wind velocity, and the control

performances of both schemes are discussed.
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Fig. 5.33. Natural wind velocity of the real wind turbine
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Figs. 5.34-5.39 show the experimental results of the boost chopper scheme. The
system activates at Sm/s which exceeds cut-in wind velocity of 3m/s, and the power
generation has been started after about 10 seconds in which windmill speed w,
reaches to the windmill rotational speed reference w,?. In the natural wind velocity,
at 5 m/s which corresponds to model, the speed control is carried out by the duty
control system. It can be confirmed by the windmill speed w, and Duty shown in fig.
5.34-5.36 that the speed control is well carried out. In the wind velocity of 6m/s which
corresponds to the switching point of mode2 and mode3, it can be confirmed by the
g Duty, and DC link voltage V. shown in fig. 5.37-5.39 that the speed control is
carried out while the speed control system is smoothly switched. In the wind velocity
of 7m/s which corresponds to mode3, the speed control is carried out by adjusting V.
with the inverter control system. It can be confirmed by the w, and V. that the speed
control is well carried out. In wind velocity of 11m/s which corresponds to mode4, the
speed control is carried out by the pitch angle control system, and the electric power
control is carried out by the inverter control system. It can be confirmed by the w,,
Vie, and pitch angle 6 shown in fig. 5.42, 5.43 and 5.45 that the w, is controlled at of
the rated speed and the generated power P, shown in fig. 5.41 is controlled at the rated
power of 300W.

The control system similar in Fig. 3.5, Logic for control of wind turbine was
described in section 3.2.
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5.12 Experimental results of wind turbine emulator

(Boost chopper scheme)

Fig. 5.40-5.45 shows the experimental results of the variable speed wind power
generation system using wind turbine emulator. The same V) is used for the wind
turbine emulation. All of the results agree very well with the results for the real wind
turbine of Fig. 5.34-5.39. It is obvious that the proposed wind turbine emulator can

represent the behavior of real wind turbine for arbitrary wind velocities.
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5.13 The each element of the system

The each element of the system, which are used for experimental assessments, is
discussed.

5.13.1 Boost chopper scheme

The primary characteristic of a boost chopper circuit is to increase the voltage. If the
converter configuration consists of diode rectifier bridge and boost chopper circuit, it
can reduce the cut-in wind speed for a wind turbine. This allows a low voltage output
from the diode rectifier at a low wind speed. The boost circuit also can provide a
stable DC voltage for the following inverter circuit. Because the current only flows
from the generator to the grid, this configuration is appropriate for the occasions when
the wind turbine can start its operation by itself with low wind speed. And in fig 5.1
illustrates a simple topology of a diode rectifier for a wind turbine PMSG with grid-
connection with a 3-phase diode bridge rectifier At the generator side, the rectifier
circuit consists of 6 passive diodes. And at the grid side, the full bridge inverter is
composed of 6 IGBTs. And the strategy inserts a boost circuit between the rectifier
and inverter bridge, and adds a feedback circuit to maintain the DC output voltage.
The feedback circuit compares the voltage from the filter capacitor and the reference
voltage. The output from the differential amplifier is compared with a triangular wave
to produce the PWM signal that will control the switching IGBT, and determines the
duty ratio of the PWM signal.

5.13.2 PWM converter scheme

In fig 5.2 shows the rectifier circuit consisting of 6 active switching devices in the
topology of a back-to back converter or PWM converter scheme. This arrangement is
bi-directional, and both circuits at the generator side and inverter side are
symmetrical. At the generator side, in order to stabilise the DC bus voltage, the
controller samples the voltage of the DC bus link and generator output, and locks the
frequency output from generator to produce firing angle time for each of the
switching devices after some calculations. At the inverter side, based on the voltage,
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frequency and amplitude of the power grid, the controller produces PWM signals to
control the IGBTSs conduction.

The advantages of back to back converter are as follows:
* The rectifier is controllable, and

* Both rectifier and inverter bridges are composed of active IGBT devices, with the
current be able to flow from either the generator to the grid or the grid to the
generator.

The major disadvantage of back-to-back topology is:

* The controller is complex and expensive because it requires 12-channel Pulse Width
Modulation (PWM) signals for the rectifier and the inverter. For this reason, in a
practical application, the control system requires at least two or more Micro-
Controller Units (MCU), Digital Signal Processor (DSP), Field Programmable Gate
Array (FPGA), etc. to control the chips on the board.

From the experimental results of a variable-speed wind power generation system
using a permanent magnet synchronous generator and a boost chopper circuit, with
three speed control modes for wind velocity. The control system is used for the
variable-speed wind generator system using the diode bridge rectifier and boost
chopper circuit as a converter (boost chopper scheme). The speed control mode of low
wind velocity controls the windmill speed by controlling the PMSG torque with the
boost chopper circuit. The boost chopper circuit can control the generator torque by
adjusting the armature current of the PMSG. The speed control mode of middle wind
velocity controls the windmill speed by controlling the PMSG torque with the system
interconnection inverter. The system interconnection inverter can control the PMSG
torque by adjusting the DC link voltage. The speed control mode over the rated wind
velocity controls the windmill speed by controlling the windmill torque with the pitch
angle control system. The pitch angle control system can control the windmill torque
by adjusting the pitch angle. The extension of the variable-speed range is realized by
using the hybrid control of three speed control modes, consequently, the system
interconnection for all speed control modes is achieved. Compared to the back to back
or PWM converter scheme, the proposed control system has two advantages:
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* the cost reduction achieved by reducing the number of switching devices and

« the high reliability achieved by simplifying the main circuits and control circuits.

5.14 Summary

This chapter has discussed the experimental results, the quantitative evaluation of
various wind velocities. By the boost chopper scheme and PWM converter scheme
are tested for the same change of the wind velocity, the control performances of both
schemes, and analyzed both scheme with system advantages and disadvantages.

To summarize by comparison of the detection results, if the integrated powers of each
mode of the boost chopper scheme and PWM converter schemes.
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Chapter 6

Conclusion and Discussion

6.1 Conclusion and Discussion

First, the whole system framework is illustrated, clarifies the aim of research and
describes objects which will be achieved in this project.

Next, the operating principle of the variable-speed wind power generation system, An
overview of the fundamental principles relating to wind turbines with grid connection
is presented. It briefly summaries what technologies are currently employed in the
development of the converter wind turbine, and the achievement made by this project.

Next, the assessment with simulation of the variable-speed wind power generation
system, The principles of an inverter based on PWM converter control system are
presented in detail, and a number of mathematical models are given. An inverter
based PWM converter system has been modelled using MATLAB/Simulink. At
specifications of a 300W wind turbine, and the outcomes in chapter 5 demonstrate
that the model meets the design parameters.
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Next, The wind turbine emulator, The operating principle and the structure of WTE
based on the BEMT. Also the structures of the test benches using the WT or WTE are
explained. The simulation results of the VSWPGS using PWM converter are
compared with the experiment results obtained with the test bench using WTE under
the same conditions of low, medium and high wind velocities. Furthermore, under the
conditions of natural winds, the experiment results obtained with the bench using
WTE or WT for the VSWPGS using PWM converter are shown. The obtained
experimental results are validated, and they show that the proposed WTE for the
experimental assessment has a sufficient performance.

Finally, The experimental assessment of the VSWPGS using the BCC scheme. The
implementation process considering all systems for BCC scheme was proposed to
verify the validity. Also the implementation process of the VSWPGS using the PWM
converter scheme was described as the benchmark comparison. The experimental
systems of both schemes were built to evaluate the performance of the BCC scheme.
It was confirmed that the BCC scheme enabled the windmill rotational speed control
from the cut-in wind velocity to the over rated wind velocity. Therefore, it was
confirmed that the BCC scheme obtained the similar performance to the PWM
converter scheme. The developed WTE can be utilized for analyzing various
mechanical and electrical characteristics of grid tied PMSG wind power system.

Published Papers
The present work has resulted in four conference papers [75, 78, 79 and 80] and

one journal publications [89].
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Appendix-A

FPGA control for PWM converter

library ieee;
use ieee.std_logic_1164.all;

use ieee.std_logic_unsigned.all;

entity siba is

port(
IU,IVIW,CU,CV,CW,clk : in std_logic;
IUPIUN,IVPIVN,IWP,IWN : out std_logic;
CUP,CUN,CVP,CVN,CWP,CWN : out std_logic);

end siba;

architecture rtl of siba is

signal
counter_IUP,counter_IUN,counter_IVP,counter_IVN,counter IWP,counter IWN
std_logic_vector(7 downto 0);

signal
counter_CUP,counter_CUN,counter_CVP,counter_CVN,counter_CWP,counter_ CWN:s
td_logic_vector(7 downto 0);

signal IUa,IUb,IUa_r,IUb_r,JUP_s,IUN_s : std_logic;

signal IVa,IVb,IVa_r,IVb_r,IVP_s,IVN_s : std_logic;

signal IWa,IWb,IWa_r IWb_r,IWP_s,IWN_s : std_logic;
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FPGA CORD

signal CUa,CUb,CUa_r,CUb_r,CUP_s,CUN_s : std_logic;
signal CVa,CVb,CVa_r,CVb_r,CVP_s,CVN_s : std_logic;
signal CWa,CWb,CWa_r,CWb_r,CWP_s,CWN_s : std_logic;

begin

--Synchronization of signal--
process (clk)
begin
if (clk'event and clk ='1') then
IUa <=1U;
IUa_r <=not IUa;
IUb <= not 1U;
IUDb_r <=not IUb;

IVa <=1V;

IVa_r <=not IVa;
IVb <= not 1V;
IVb_r <=not IVb;

IWa <= IW;

IWa_r <= not IWa;
IWDb <= not IW;
IWb_r <=not IWb;

CUa <= CU;
CUa_r <= not CUa;
CUb <= not CU;
CUb_r <=not CUb;

CVa <= CV;
CVa_r <= not CVa;
CVb <=not CV;
CVb_r <=not CVb;
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CWa <= CW;

CWa_r <= not CWa;

CWb <= not CW;

CWb_r <=not CWhb;
end if;

end process;

--count program-- % Inverter side with reset counter
process (clk)
begin
--INV--
--1U palse counter
if (IUa and IUa_r) ='1") then
counter IUP <="00000000";
elsif (clk'event and clk ='1') then
counter IUP <= counter IUP +'1"
end if;

if (IUb and IUb_r) ='1") then
counter IUN <= "00000000";

elsif (clk'event and clk ='1') then
counter IUN <= counter IUN +'1';

end if;

--IV palse counter
if (IVa and IVa_r) ='1") then
counter_IVP <= "00000000";
elsif (clk'event and clk ='1') then
counter_IVP <= counter_IVP + '1";
end if;

if (Vb and IVb_r) ='1") then
counter_IVN <="00000000";
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elsif (clk'event and clk ='1') then
counter IVN <= counter IVN +'1';
end if;

--IW palse counter
if (IWa and IWa_r) ='1") then
counter IWP <="00000000";
elsif (clk'event and clk ='1') then
counter IWP <= counter IWP + '1';
end if;

if (IWDb and IWb_r) ='1") then
counter IWN <="00000000";

elsif (clk'event and clk ='1') then
counter IWN <= counter IWN + '1%

end if;

--CNV-- % Converter side with reset counter
--CU palse counter
if ((CUa and CUa_r) ='1') then
counter CUP <="00000000";
elsif (clk'event and clk ='1') then
counter CUP <= counter CUP +'1%
end if;

if ((CUb and CUb_r) ='1") then
counter_CUN <= "00000000";

elsif (clk'event and clk ='1') then
counter_CUN <= counter_CUN +'1%

end if;

--CV palse counter
if ((CVa and CVa_r) ='1") then
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counter_CVP <="00000000";
elsif (clk'event and clk ='1') then
counter CVP <= counter CVP +'1';
end if;

if ((CVb and CVb_r) ='1") then
counter_ CVN <= "00000000";

elsif (clk'event and clk ='1') then
counter CVN <= counter CVN +'1%;

end if;

--CW palse counter
if ((CWa and CWa_r) ='1') then
counter CWP <="00000000";
elsif (clk'event and clk ='1') then
counter CWP <= counter CWP +'1%;
end if;

if ((CWb and CWb_r) ='1") then
counter CWN <="00000000";

elsif (clk'event and clk ='1') then
counter CWN <= counter CWN + '1%;

end if;

end process;

--Shift proglam(dead time)--
process (clk)
begin
--INV-- % Inverter side with Enable registers
--1U palse
if (clk'event and clk ='1') then
if (counter_ITUP ="01110011") then
IUP_s <=1Ua;
elsif (counter_TUN ="01110011") then
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JUN s <=1Ub;
end if;

end if;

--IV palse
if (clk'event and clk ='1') then
if (counter IVP ="01110011") then
IVP s <=1Va;
elsif (counter_ IVN ="01110011") then
IVN_s <= 1Vb;
end if;

end if;

--IW palse
if (clk'event and clk ='1') then
if (counter IWP ="01110011") then
IWP_s <=1Wa;
elsif (counter IWN ="01110011") then
IWN_s <= IWb;
end if;

end if;

--CVN-- % Converter side with Enable registers
--CU palse
if (clk'event and clk ='1') then
if (counter_CUP ="01110011") then
CUP_s <= CUa;
elsif (counter_CUN ="01110011") then
CUN_s <= CUb;
end if;

end if;

--CV palse
if (clk'event and clk = '1') then
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if (counter CVP ="01110011") then
CVP_s <= (CVa;

elsif (counter CVN ="01110011") then
CVN_s <= CVb;

end if;

end if;

--CW palse
if (clk'event and clk ='1') then
if (counter CWP ="01110011") then
CWP_s <= CWa;
elsif (counter_ CWN ="01110011") then
CWN_s <= CWb;
end if;
end if;

end process;

--Output signal--
-INV % Inverter side output
IUP <=1UP_s and IUa;
ITUN <=TUN_s and IUb;
IVP <=1VP_s and IVa;
IVN <=1VN_s and IVb;
IWP <=1WP_s and IWa;
IWN <=1IWN_s and IWbh;

--CVN % converter side output
CUP <= CUP_s and CUa;
CUN <= CUN_s and CUb;
CVP <= CVP_s and CVa;
CVN <= CVN_s and CVb;
CWP <= CWP_s and CWa;
CWN <= CWN_s and CWb;
end rtl;
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FPGA control for Boost chopper converter

library ieee;
use ieee.std_logic_1164.all;

use ieee.std_logic_unsigned.all;

entity siba is
port(
IU,IV,IW,CU,clk : in std_logic;
IUP,IUN,IVP,IVN,IWP,IWN : out std_logic;
CUP : out std_logic);
end siba;
architecture rtl of siba is

signal counter_IUP,counter_IUN,counter_IVP,counter_IVN,counter_IWP,counter_IWN :

std_logic_vector(7 downto 0);

signal counter_CUP : std_logic_vector(7 downto 0);
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signal 1Ua,lUb,1Ua_r,1Ub_r,IUP_s,IUN_s : std_logic;

signal 1Va,IVb,IVa_r,IVb_r,IVP_s,IVN_s : std_logic;

signal IWa,IWb,IWa_r,IWb_r,IWP_s IWN_s : std_logic;

signal CUa,CUb,CUa_r,CUb_r,CUP_s : std_logic;

begin

--Synchronization of signal--

process (clk)

begin

if (clk'event and clk ='1") then

IUa <= IU;

IUa_r <=not IUa;

IUb <= not IU;

IUb_r <=not IUb;

IVa<=1V;

IVa_r <=not IVa;

IVb <=not IV;
IVb_r <=not IVb;
IWa <= W,

IWa_r <= not IWa;

IWb <= not IW;
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IWb_r <=not IWb;

CUa<=CU;

CUa_r <= not CUsg;

CUb <=not CU;

CUb_r <=not CUb;

end if;

end process;

--count program-- %

process (clk)

begin

~INV--

--1U palse counter

if (IUa and IUa_r) ='1") then

counter_IUP <= "00000000";

elsif (clk'event and clk = '1") then

counter_IUP <= counter_IUP +'1";

end if;

if (IUb and IUb_r) ='1") then

counter_IUN <= "00000000";

Inverter side with reset counter
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elsif (clk'event and clk ='1") then

counter IUN <= counter IUN +'1";

end if;

--1V palse counter

if ((IVaand IVa_r) ='1") then

counter_IVP <= "00000000";

elsif (clk'event and clk ='1") then

counter_IVP <= counter_IVP + '1';

end if;

if (IVb and IVb_r) ='1") then

counter_IVN <= "00000000";

elsif (clk'event and clk ='1") then

counter_IVN <= counter_IVN +'1';

end if;

--IW palse counter

if (IWaand IWa_r) ='1") then

counter_IWP <= "00000000";

elsif (clk'event and clk ='1") then

counter_IWP <= counter_IWP +'1',

end if;
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if (IWb and IWb_r) ='1") then

counter_IWN <= "00000000";

elsif (clk'event and clk ='1") then

counter IWN <= counter IWN + '1";

end if;

-DUTY-- %
--DUTY palse counter

if (CUaand CUa_r) ='1") then

counter_CUP <= "00000000";

elsif (clk'event and clk ='1") then

counter_CUP <= counter_CUP +'1;

end if;

end process;

--Shift proglam(dead time)--

process (clk)

begin

Duty ratio side with reset counter
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-INV-- %

--1U palse

if (clk'event and clk ='1") then

if (counter_IUP ="01110011") then

IUP_s <= 1Ug;

elsif (counter_IUN = "01110011") then

IUN_s <= IUb;

end if;

end if;

-1V palse

if (clk'event and clk ='1") then

if (counter_IVP ="01110011") then

IVP_s <=1Vj;

elsif (counter_IVN ="01110011") then

IVN_s <= IVb;

end if;

end if;

--IW palse

Inverter side with Enable registers
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if (clk'event and clk ='1") then

if (counter_IWP ="01110011") then

IWP_s <= IWa;

elsif (counter_IWN ="01110011") then

IWN_s <= IWb;

end if;

end if;

--DUTY-- % Duty ratio side with Enable registers

--DUTY palse

if (clk'event and clk ='1") then

if (counter_CUP ="01110011") then

CUP_s <= CUag;

end if;

end if;

end process;

--Output signal--

--INV % Inverter side output

IUP <= |UP_s and 1Ua;
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IUN <= IUN_s and IUb;

IVP <= IVP_sand IVa;

IVN <= IVN_s and IVb;

IWP <= IWP_s and IWa;

IWN <= IWN_s and IWb;

--DUTY % Duty ratio side output

CUP <= CUP_s and CUg;

end rtl;
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Rotary Encoder Parameter of omron

Item/Type

E6C3-CWZ3XH

Supply voltage

5t0 12 V DC (+10% -5%)

Current consumption

100mA max

Output circuit configuration

Line driver output

Output capacity

"H" revel output voltage : 2.5V min.
(at output current : -10mA)
"L" revel output voltage : 0.5V max.

(at output current : 10mA)

Maximum response frequency 125kHz

Phase differense of output 90+45° between output A and B
Starting torque 10mH-m

Moment of inertia 2.0x107¢ kg-m2

Slewing speed 5000r/min

Shaft loading Radial : 80N Axial : 50N
Ambient temperature -10to +70°C

Ambient humidity

35 to 85%RH

Degree of protection

IEC60529 : IP65
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MWPE — IFRX
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Anemometer CYG-5103VM

Type equation CYG-5103VvM
Feature Voltage output
Recommended use About 30m distance

Wind speed output

0-1V/0-5V/0-50m/s

0-1V/0-5V/0-100m/s (optional)

Wind direction output

0-1V/0-5V/0-360 °

8-24VDC
Power
5mA @ 12vDC
(LM is ok in a two-core * 2 pairs) outer diameter 7mme
Cable within 0.5mm# 2 2-core twisted pair * 3 sets (6-core)

shielded cable recommended weather
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