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Summary

In order to help the reader understand the structure of the report, a summary of all the chapters is
made in the following.

1. Introduction

This chapter presents at the beginning a short retrospective of wind energy evolution during the
last years. This retrospective is necessary to understand way the European Union has proposed
the DeepWind Programme.

A short description of the DeepWind Programme is presented afterwards, along with the tasks
that Aalborg University has to fulfil.

Because one of these tasks represents the starting point for the current master thesis, a more
detailed description is made about this task.

The last part of the chapter presents the objectives along with the limitations.
2. Theoretical Background
The most important theoretical concepts used during the project are presented in this chapter.

The chapter starts by presenting the three level neutral point clamped (NPC) converter, because
this topology is used for the prototype. Only the most important information about the converter
is presented here, along with a selection of references.

The problem and solution for the neutral point voltage balance is presented, because this topic is
very important for the NPC, and it is part of the practical implementation.

The chapter continues by presenting the permanent magnet synchronous machine (PMSM)
model, in a short section.

The state of the art for scalar and vector control is presented in the last part of the chapter, along
with the control theory specific for PMSM.

3. Control Description and Implementation

This chapter presents which control methods are selected for the project. Because a decision was
made to use both scalar and vector control, these two are presented separately.

Scalar control is presented first, followed by vector control. As it can be seen from the report,
these two control methods have a similar structure with similar components. All these similar
components will be presented, in the vector control subchapter, to avoid repeating the same
theory twice.

After each control method is described, the implementation process is presented. This
implementation process provides the PI controller parameters.



The last part of the chapter presents the speed and position estimator. Although the estimator is
used for vector control, it is presented in a separate subchapter, because it represents the most
important component of the control.

4. Simulations

Using the information from chapter two and three, a Simulink model of the entire system is
created. These simulations were selected based on the second objective.

The results are presented for each simulation, along with necessary explanation.
5. Hardware Design of Converter

The main circuits of the three level NPC prototype are presented in this chapter. Only general
block diagrams are used to highlight the main circuits, because the design was not made during
this project. For a more detailed description of the prototype and the components, references are
provided.

6. Laboratory Experiments

During this chapter, all the laboratory experiments are presented with measurements and
explanations. In order to have a comparison between the Simulink model and the real system, the
tests are made under similar conditions as the simulations.

7. Conclusions
This chapter presents the main conclusions of the project.
Appendix A. Reference Frame Transformation
The reference frame transformations used in the report are presented.
Appendix B. Neutral Point VVoltage Balance Results

The voltage measurements obtained, using space vector modulation, are presented at the
beginning. The rest of the appendix presents the DC link voltages for all the experiments,
obtained using sinusoidal pulse width modulation.

Appendix C. Numeric Parameters

All the numeric values used during the project are presented in this appendix. These numeric
values represent the machine parameters, the control parameters and the convertor parameters.
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Chapter 1. Introduction

Introduction

This chapter presents the wind energy evolution in the last years at a global level. The focus will
be then changed to the European Union and its programmes, which support the development of
renewable energies. A short presentation of one of these programmes, contracted by Aalborg
University, called DeepWind, will be made, to relate the requirements of the programme with the
project at hand. The objectives of this project will be presented in the second part, along with
necessary information for each objective. The final part of the chapter will present the
limitations imposed for the project.

1.1 Wind Energy Evolution

Political and economical conditions have lead to a significant increase in research and
development of renewable energies in the last decade [1, 2]. Because of this, wind energy has
become one of the mainstream renewable technologies with more than 300,000MW installed
globally until 2013 [2], as it can be seen from Fig. 1.1.
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Fig. 1.1. Global cumulative installed wind capacity 1996-2013 [2].

From the total amount of wind power installed globally until 2013, Europe is the leading region,
with 38% of the total installed renewable power [2], which covers approximately 7% of the
electricity demand.

Europe is the leader in installed wind power due to the policies implemented, and due to the long
term objectives imposed by the European Union [3]. These targets, presented in [3], require that
by 2050, 50% of the energy consumed in Europe to be produced by wind turbines.

In order to achieve this goal, massive investments are made in research and development, to
increase the energy capacity of each generator, and to provide better solutions for the structure
[3]. As a result, the average generator capacity installed each year has increased from 200kW for
onshore and 450kW for offshore in 1991, to 1,700kW for onshore and 2,800kW for offshore in
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2010 [3]. This trend is expected to be maintained in the future, allowing for an increase above

3,000kW.
TABLE 1.1.
LONG TERM OBJECTIVES SET BY THE EU REGARDING WIND POWER [3].
Onsh | Offsho | Total | Averag | Averag | (TWh) | (TWh) | (TWh) | EU-27 Wind
ore re wind | wind e e onshor | offshor | total gross power’s
wind | (GW) | energy | capacit | capacit | e e electricity | share of
(GW capacit |y y consumpt | electrici
) y factor | factor ion ty
(GW) | onshor | offshor demand
e e
2020 190 |40 230 26% 42.3% | 433 148 581 3,690 16%
2030 | 250 | 150 400 27% 42.8% | 591 562 1,154 | 4,051 29%
2050 | 275 | 460 735 29% 45% 699 1,813 | 2,512 | 5,000 50%

The European Union is supporting this development thought Framework Programmes since 1984
and plans to continue at least until 2020 [4]. Aalborg University is one of the participants
engaged in one of these programmes called DeepWind [5]. A short description of the programme
is presented in the following section.

1.2 DeepWind Programme

The DeepWind programme was proposed on the hypothesis that a new wind turbine concept,
developed specifically for offshore, has potential for better cost efficiency than existing offshore

technology [5].

Considering this hypothesis a series of objectives have been set [5]:

>

>

>

To explore the technologies needed for development of a new, simple, floating offshore
concept, with a vertical axis rotor, and a floating and rotating foundation;
To develop calculation and design tools for development and evaluation of very large
wind turbines, based on this concept;
Evaluation of the overall concept with floating offshore horizontal axis wind turbines;

As part of the DeepWind programme Aalborg University is responsible for a series of tasks:

>
>

>

AS an

Design the bearings of the wind turbine;
Construct a design tool which is able to design a wind turbine generator in the range of 5
to 20MW, specific for an offshore application;
Propose a converter topology adequate for this application;

integrated part in the DeepWind Programme, the current master thesis focuses on the
converter topology for the wind turbine.
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1.3 Converter and Control for DeepWind Programme

In order to identify the best converter topology for the current application, a student project was
proposed at Aalborg University [6]. The project concluded that the best topology to be used in
this situation is the three level neutral point clamped (NPC) converter [6].

This converter topology is preferred, instead of the two level converter, which is most widely
used, because of its advantages as: reduced voltage across each switch (only half of the DC link
voltage per each switch, compared to the entire DC link voltage per each switch, for the two
level), reduced current ripple losses, reduced switching/conduction losses and reduced total
harmonic distortion.

The decision was made to use the three level NPC converter. A small scale prototype of the
converter is built. This step is considered to be the first objective of the current master thesis,
which will be presented in more detail in the following subchapter.

Although the control of the converter is not a task required for Aalborg University, by the
DeepWind Programme, it will be considered as an objective for the current master thesis.

When the control strategy is developed, the particularities specific to this application must be
taken into consideration. As a start, it should be noted that the participants engaged in this
project, responsible with the structure of the wind turbine, have proposed a vertical axis Darrieus
type turbine.

This turbine has to be anchored to the bottom of the sea, leaving the entire structure to float.
Because of the uniqueness of the construction, the generator along with the converter will be
located underwater, at the bottom of the wind turbine.

The Darrieus wind turbine imposes special requirements for the control strategy, requirements
which must be taken into consideration when the control is elaborated. These special
requirements, specific to the Darrieus wind turbine, are presented in the following:

» The unique structure restricts it from self-starting even with high levels of wind speed.
Hence, the generator will have to work as a motor in the starting phase and accelerate the
turbine until a certain rotating speed is reached. During the start procedure, since the
machine will be working as a motor, power will be consumed from the grid,;

» Stopping the turbine. The size and weight of the entire structure creates a very large
moment of inertia, and because the turbine cannot be stopped using traditional
mechanical breaks, the generator has to be able to stop the entire structure;

» Pitch control cannot be implemented for this system, since the blades of the turbine are
fixed. Hence the entire structure will have to be controlled by the generator via the
converter.

Based on the information presented and the requirements imposed by the DeepWind Programme,
the objectives for the current master thesis can be elaborated.
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1.4 Project Objectives

To have a clear understanding of why the following objectives are selected for this project, each
objective will be presented in a separated section, along with all the necessary information.

Objective 1:
A three level NPC prototype converter has to be constructed.

The prototype is constructed as a requirement of the DeepWind Programme, to test the topology
proposed for the main converter. A secondary reason is that the converter has to drive a small
scale generator prototype, which was constructed to test the analytical design program.

The main beneficiaries of this objective are the people involved in the DeepWind project and the
author of this thesis, because of the experience gained while constructing a convertor and
working in a laboratory.

The PCB schematics used in the current project are taken from a previous AAU project [7], in
order to save time with converter design. All the components are ordered according to the bill of
materials, provided in the project, and the soldering and testing part is made by the author, in the
laboratory.

Objective 2:
Propose suitable control strategies for the converter, in different working situations as:

> starting the turbine as motor;
working as a motor;

working as a generator;
emergency breaking;

holding the turbine at zero speed;

YV VYV

The Darreius wind turbine imposes special requirements for the converter, like the ones
presented in the Converter and Control for DeepWind Programme subchapter presented earlier.
The control implemented on the converter has to be able to handle all these situations;

The main beneficiary of this objective is the author conducting this report, because it has to study
the state of the art methods in control strategies, and propose suitable ones for this project. Also
the DeepWind Programme will benefit from this objective, ensuring that tests can be made in
different situations.

To complete this objective, a review of the state of the art methods in control is made. Using the
information gained, the most suitable method that can be applied on this system is selected.

Objective 3:
Construct a mathematical model of the system and simulate the proposed control strategies.

The simulations are made to: test the functionality of the system, test the control strategies
selected during the previous objective and to improve the control by tuning the system. Also, the

4
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simulation provides important information before the real system is tested, information which
can be used to improve the system and to reduce the implementation time.

After the model is constructed in Matlab Simulink, the control is implemented to drive the
system. In order to validate the control, numerous simulations are made using the conditions
imposed at objective two.

Objective 4:
Test the converter in the laboratory for all the situations simulated.

On the constructed converter, the proposed control strategies are tested to validate the behaviour
of the system and to verify its functionality.

The author of this report is the main beneficiary of this objective because it has the chance to
learn how to build a setup in the laboratory, study, develop and implement DSP programming on
the convertor and test the overall system;

With the constructed converter, and the available machine prototype, provided by the DeepWind
project, the setup is made. The control is implemented on a DSP, thus providing the control for
the converter.

1.5 Project Limitations
Because of limited time and/or resources some limitations have to be imposed to the project:

» The design of the converter is not an objective for this project. The design presented in
[7] will be used to construct the converter.

» Sinusoidal pulse width modulation, without DC balance capabilities, is used in laboratory
experiments;

> Because field weakening control is not an objective for this project, it was only presented
as a theoretical concept. Experimental tests were made in the laboratory, using this
control, but are not presented in the report.
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Theoretical Background

This chapter presents the main theoretical topics that will be required to handle the objectives.
The focus is placed on the most important components of the system: converter, machine and
control. In the first section, a short description of the three level NPC converter is made,
information which is required to understand its structure and functionality. The model of the
permanent magnet synchronous machine in rotating “dq” reference frame s presented
afterwards. The state of the art control methods that can be applied for this type of machine are
presented in the last section.

2.1 Three Level NPC Converter

The circuit diagram of a three level neutral point clamped (NPC) converter is presented in Fig.
2.1. [8]. It can be observed that two capacitors (C44, C42) are placed on the DC link, creating a
neutral point 0. The two diodes connected to the neutral point (D, D.,) are called clamping
diodes. E is the voltage across the DC capacitors and it is normally half of the DC voltage V.,
but neutral point voltage deviation can appear because the capacitors are charged and discharged
by the neutral current i, [8].

T
Ip
’ D1 |_Sl
+ Cut
EI."' D2 |_82
Da AN A
A Ia
¢ —{—
Ve . B ¢ >——¢ N
0 ¢—e——¢ ¢ * C lc —
Do S LOAD
I ¥ L L
" Ca2 S
| D | L
- '

Fig. 2.1. Three level NPC converter [8]
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The working procedure of the convertor is represented by the switching states of each phase.
Since the procedure is similar for each phase, only the switching states for phase A are presented
in TABLE 2.1.

TABLE 2.1
SWITCHING STATES FOR ONE PHASE OF THE CONVERTER
Switching Switching State for Phase A Phase Voltage
State s 2 S3 s (Vao)
P On On Off Off E
0 Off On On Off 0
N Off Off On On -E

As it can be seen from the table, in order to obtain at the output of the converter a positive
voltage equal with the voltage across the capacitor E, the upper two switches S; and S; have to be
on and the lower two switches Sz and S4 have to be off. This is also called the P switching state
because it produces a positive voltage at the output.

To obtain a negative voltage at the output, with the same magnitude, the status of the switches
has to be opposite to the P state, and this is called N switching state.

The three level NPC converter is also able to produce a zero voltage level at the output, which is
determined by the switching state 0, when the interior switches (S, and S3) are on, and the
exterior switches are off (S; and S,).

From these three switching states (P, N and 0) it should be noted that switch one and switch three
always work in opposition (S; = S5), same as switch two and four (S, = S,).

By properly controlling these switching states, on all three phases, the neutral point voltage
unbalance can be eliminated. The reasons why this phenomenon can appear are presented in the
following section.

2.2 Neutral Point Voltage Balance

The neutral point voltage balance can be influenced by numerous parameters [8], as: different
parameters for the DC link capacitors, DC capacitor failure, different parameters for the
switching devices and unbalanced loads.

If the neutral point voltage balance problem is not considered and corrected, problems can
appear in the system [8], as: premature failure of the switching devices, increased total harmonic
distortion, modulation ratio limited by the terminal with the lower voltage.

This problem can be solved by applying the adequate switching state on each of the three phases.
To have a unified notation of the switching state on all three phases, the space vector term was
introduced [8]. The space vector considers the switching state on each phase, by using the output
phase voltage, and it can be expressed using the following equation:




Chapter 2. Theoretical Background

- 2
Vs = 3 [Vao + aVgo + a®Veo] 2.1)

—

, where: V - space vector;

V40~ Voltage on phase A (considering the neutral point 0 as reference);

a e ej(27'[/3);

A more detailed explanation regarding the space vector term will be made in the following
sections. At this point it is sufficient to know that the three level NPC converter has the ability to
generate four groups of space vectors based on their magnitude, each corresponding to different
switching states (TABLE 2.3).

Each of these space vectors has a different influence on the neutral point voltage [8], influence
that will be analyzed in the following, using the switching states presented in Fig. 2.2.

Zero space vectors (Fig. 2.2.a.) have no influence on the neutral point voltage balance, because
they ensures the connection of the converter terminals (A, B and C) with only one of the DC
states at a time (positive, zero or negative DC voltage) [8].

Small space vectors have a powerful influence over the voltage balance. This is because when a
P switching state is active (Fig. 2.2.b.), the load is connected between the positive DC voltage
and neutral point, causing the current i, to flow towards the neutral point O, which increases V.
In the opposite situation, when an N switching state is active (Fig. 2.2.c.), the current i, flows
from the neutral point 0 towards the negative point N, causing a decrease in V,, [8].

Medium space vectors (Fig. 2.2.d.) also have an influence over the neutral point voltage
balance. Even thought at each moment one converter terminal is connected to a different DC
point, the voltage V, can increase or decrease depending on the operating condition [8].

Large space vectors (Fig. 2.2.e.) do not affect the voltage balance of the neutral point [8]. This
is because the load terminals are connected between the positive and negative DC terminals,
while the neutral point is left unconnected [8].

A A
+ s +
1 Ca1 J- Ca
B io B
Vi — 0 Vi —— 0

Vo Vo

]- Ca2 c ]- Ca2 c
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a) Zero space vector [000]. b) Small space vector (P type) [PPO].
A
* s N el *

Ca1

io B

Vi 0 —l—< 3
Vo Ca2
T« i

c¢) Small space vector (N type) [OON]. d) Medium space vector [PON].
A
L.
Ca1
B
Viee 0 — 4
Vo Ca2
T «

e) Large space vector [PPN].

Fig. 2.2. Effect of space vectors on neutral point voltage balance [8].

By adequately controlling the space vectors during the modulation, neutral point voltage balance
can be achieved. Two of the most widely used modulation strategies will be presented in the
following.

2.3 Modulation Strategies

Numerous modulation strategies have been proposed for the three level NPC converter [9]. The
most common known and used are:

» Sinusoidal pulse width modulation (SPWM);
» Space vector modulation (SVM);
2.3.1 Sinusoidal PWM
This method is based on the comparison between a sinusoidal reference signal and two carrier

signals (V,1, V,,).

10
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Fig. 2.3. Sinusoidal PWM.

Because the first carrier signal V., is always bigger than the second carrier signal V,,, and
because the switches work in opposition (S; = S3 and S, = S,), it is sufficient to define two
states for the PWM logic (TABLE 2.2).

TABLE 2.2
LoGIc oF THE CARRIER BASED PWM METHOD

Cases Switch State
Vsin > V1 S1= 5_‘3 = ON
Vsin < Ve2 S; =S, =0N

Besides the classical method presented here, were the modulation signal is sinusoidal with only
one frequency component, there are numerous others sinusoidal PWM strategies developed to
improve the quality of the result [9].

SPWM can be used as a modulation strategy because it ensures a natural balance in the DC link,
when no external factors affect the system. The disadvantage of this method appears when an
external factor influences the DC neutral point voltage. In this situation the balance cannot be
ensured, which can cause a fault to appear in the system.

In order to provide a safe operation, even when external factors affect the DC link voltage, a
different modulation strategy has to be used. This strategy is presented in the following.

11
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2.3.2 Space Vector Modulation

The three level NPC converter has 3°=27 switching states combinations, which can generate
different space vectors. A classification of all the space vectors obtained using (2.1) is made
based on magnitude and type, in TABLE 2.3.

TABLE 2.3
VOLTAGE VECTORS AND SWITCHING STATES [8]
Classificati Maanitud Space Vector
Zero Vector 0 Vo 000 PPP NNN
71’ P00 ONN
72) PPO OON
1 73’ 0PO NON
Small Vector Ve —
3 v, OPP NOO
VS) 0oP NNO
VG) POP ONO
77’ PON
Ve OPN
Ve NPO
Medium Vector EVdc _9)
3 Vio NOP
Vi, ONP
Vi, PNO
E PNN
V—14) PPN
2 Vie NPN
Large Vector Ve _1i
3 Vie NPP
E) NNP
@ PNP

As it can be observed form TABLE 2.3 and from Fig. 2.2, only the small space vector has two
switching state types, positive and negative. These two types produce a space vector with the
same magnitude and angle. The difference between the two switching states is the direction of
the neutral current i,. For the positive type the current enters the DC link, while for the negative
type the current is taken out of the DC link.

12
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Using the space vectors presented in TABLE 2.3 in the correct manner, the neutral point voltage
balance can be maintained, even when external influences affect the DC voltage [8]. A
modulation technique which has this capability is presented in the following [7].

In order to understand which space vectors must be for each situation, all the space vectors are
arranged in a diagram made out of six sectors, each sector having two regions, as it can be seen
in Fig. 2.4 and Fig. 2.5.

From Fig. 2.5, it can be seen that the first region is situated between [(f, 30f] and the second
region is situated between [30, 607. Another important information that has to be considered is
that each region contains four space vectors. For example, sector one, region one contains: V,
V, ,V,and Vys.

V14
¢ v
x’f{f \\\ Reg.2
e > V2
EIE \ / q3
\II\. LY R
¥ eg. 1
L \ QIZ g V13
N S v > >
{,?1 7 Vi Vig Vo V1
Fig. 2.4. Space vector diagram divided in sectors and Fig. 2.5. Space vector from sector 1, region 1 and 2
regions [7]. B ' '

The neutral point voltage balance is maintained by alternating the small space vector from
positive type to negative type, when there is no fault in the system. When the voltage on the
lower capacitor(V,) increases above a predefined value, the negative type small space vector is
used in the modulation, to draw the current out of the DC link. In the opposite situation, when
the voltage on the lower capacitor(V,) decreases below a predefined value, the positive type
small space vector is used, to send current to the DC link.

In order to use all four space vectors the modulation index has to be considered. The modulation
index is defined as:

m; = \/§Vref/Vdc (2.2)

, Where: V.. - magnitude of the reference voltage;
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The modulation index is in the [0, 1] range because the maximum magnitude of the reference
vector V,.r corresponds to the radius of the largest circle that can be inscribed within the
hexagon in Fig. 2.4, which is equal to the medium space vectors.

The modulation index will determine the dwell time for the zero space vector 7(; according to:
Tg=0-my) T (2.3)
, Where: T;- dwell time for the zero space vector;
T, - sampling time;

As it can be seen from (2.3), if the modulation index is equal to one, the zero space vector is not
used.

In order to calculate the required dwell time for the other three space vectors, the volt-second
balance principle is applied.

This principle states that the product between the reference voltage V.. and the sampling time T
is equal to the sum of voltage multiplied by the time of the chosen space vectors [8].

To better explain this principle it will be consider that the voltage reference vector Wef) is
situated in sector one, region one. This means that the nearest three vectors are V7, V5 and Wg’

Based on the volt-second balance principle the equations can be written:

Vl)ta + V;tb + @tc = VrefTs (2.4)
ty+tp +t. =T (2.5)

, Where: t,, t,,and t.are the calculated dwell times for V;, V; and V3, not the final dwell times.

The space vectors are expressed in the following form:

1 2 Ne

VT@f = VTefejg V1 - VdC V13 = §VdC V; = ?Vdcejn/é (26)

Substituting (2.6) in (2.4) yields:

1 V3 . 2 .
3 Vacta + ?Vdce”“tb + 3 Vacte = Vyere?Tg @7

From (2.7), if Euler’s formula is applied and the real part is separated from the imaginary part
the following two equations can be obtained [8]:

3
Re: t, + Etb +2-t, =V3m;T,cos 6 (2.8)

1
Im: Etb =m;Ts sin 6 (2.9)
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Because there are three unknowns t,, t,,and t. and only two equations (2.8) and (2.9), equation
(2.5) is added to the system. Solving the system of equations and extracting the modulation index
from each equation will result in:

tq = 2Ty — Ts(V3 - cos 8 + sin B) (2.10)
T

t, = 2T, sin @ for 6 € [0, g] (2.11)

te =—Ts + Ty(V3 - cos® —sin0) (2.12)

Because there are four space vectors used for modulation, the calculated dwell times t,,
tp, and t. are must be divided by the modulation index. The division creates the required time for
the zero space vector. The four dwell times used in the modulation are:
ta tp te
T, =— T, = — T, = — =(1-m;)-
ey ey .y Tp=0-m) T, (213

The same procedure is applied for the second region and the calculated dwell times are:

tq = 2Ts — Ts(V3 - cos 8 + sin B) (2.14)
T

t, = Ts(v/3 - cos 8 — sin ) for 6 € [g'g] (2.15)

t. = —T + 2T sin 0 (2.16)

If the reference vector is placed in another sector (11 to VI) the same equations as for the first
sector can be used, keeping into consideration the difference between region one and two. Before
the dwell time calculations, the angle has to be reduced to the first sector, as in (2.17).

T
bp=0-2(n—1) (2.17)
, Where: 6,, —the angle reduced to sector one;

6 — reference vector position (angle of V,..¢);

n — the sector number.

2.4 Permanent Magnet Synchronous Machine Model

In order to construct the mathematical model of a permanent magnet synchronous machine
(PMSM) the following assumptions are made [10]:

» Saturation is neglected,;

The induced electromagnetic force (EMF) is sinusoidal,
Eddy currents and hysteresis losses are negligible;
There are no field current dynamics;

The “d” axis is aligned with the permanent magnet flux Iinkage(/lpm);

YV V.V YV
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The voltage equations in rotating “dq” reference frame are:

Vg = Rgig + % — wyy (2.18)
o dlg
vy = Rgig + v + w, A4 (2.19)
, Where: v, , - voltage on d, g axis [V];
lqq - currentond, g axis [A];
R, - stator resistance [Q];
Aa,q - flux linkage on d, q axis [Wb];
w, - rotor electrical speed [rad/sec];
The flux equations are:
Aa = Lgig + Apm (2.20)
Aqg = Lqig (2.21)

, Where: L , — inductance on d, g axis [H];
Apm - flux linkage due to magnets placed on the rotor, which links the stator [Wh];

The electromagnetic torque equation is:
3
Te = Ep[(Ld = Lg)ia + Apm]iq (2.22)

, Where: T, — electromagnetic torque [N - m];
p - number of pole pairs;

For the special case presented by the PMSM, where the inductances along the d and g axes are
equal (Lg = Lg), equation (2.22) can be simplified to:

3
Te =5 PApmiq (2.23)

The dynamic equation for the speed of the machine is:

dw,y,
]7= T,—T,— Bw, (2.24)

, where: J - moment of inertia [kg - m?];
w,, — rotor mechanical speed [rad/sec];
T,, - load torque [N - m];

B — viscous friction constant [-];
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2.5 Control of PMSM

Depending on the multitude of application where drives are being used, numerous types of
control strategies have been developed during the time, starting from the most basic ones, as
using a variable resistor to manipulate the voltage, to the most advance ones as servo-drive
control [11]. The difference between all these control strategies is in the ease of implementation,
performance and cost. In order to have an idea of the difference between different control
strategies a comparison from [11] is presented in the following.

TABLE 2.4

PERFORMANCE COMPARISON BETWEEN DIFFERENT CONTROL STRATEGIES AND POSSIBLE APPLICATIONS [11]

Simple Scalar | Scalar Control | Voltage Vector | Flux Vector Servo Drive
Control (compensated) Control Control
1:10 1:25 1:50 1:10000 1:10000
Speed Range
(open loop) (open loop) (open loop) (closed loop) (closed loop)
Static Speed 5 04 204 1% 0% 0%
Accuracy
Tor_?_?;?lse Not available Not available 10 ms <1lms <1lms
Speed Rise > 100 ms > 50 ms > 20 ms <10 ms <10 ms
Time
Starting . . . .
Torque Low Medium High High High
Cost Very Low Low Medium High High
Po§5|b_le Pumps, Fans Conveyors Crane, Pack Crane, Lifts Robots
Applications

As it can be seen from TABLE 2.4, only control strategies that can be implemented on
converters are presented. These control strategies can be separated in two classes, scalar control
and vector control. Both scalar and vector control strategies are implemented in the current
project to test the theoretical concept on a real system and to get a better knowledge of how the
methods behave. To do so, first, the state of the art of each control strategy is presented in the
following of this chapter. After the state of the art, the control methods selected for this project
are presented in more detail in the following chapter, along with the implementation method.

2.5.1 Scalar Control

Being initially developed for the induction machine, this motor drive control strategy is used in
systems which do not require high dynamic performances because of its simplicity and low cost
[11, 12].
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As a speed control strategy it takes into consideration two of the properties specific for the
induction machine [12]:

» The torque-speed characteristic is predominantly steep in the region of synchronous
speed, which means that the electrical rotor speed is close to the electrical frequency. By
controlling the frequency, the speed of the machine can be controlled;

» The voltage equation (2.25), expressed in steady state, highlights the fact that the flux
linkage term has a much higher influence than the resistive term in the voltage equation
for medium to high speed situation.

Uy = Ryls + jw,Ag (2.25)

A_VS_VS 2.26
ST w, 2nf (2:26)

, Where: A - magnitude of the stator flux linkage;
V; - magnitude of the applied voltage;

As it can be seen in equation (2.26), the magnitude of the flux linkage is in fact the ratio between
the magnitude of the applied voltage, and rotor electrical speed. This helps us understand that in
order to maintain a constant flux linkage, to avoid saturation, the ratio should be kept constant
[12]. This ratio also gives the name of this method, being widely known as V/f control.

j Xdls

Vs EPM=e APM

Lglg
Poceed
N d ] =
! I Apv  Ldld ld : APM Lald d
a) b)

Fig. 2.6. Phasor diagram of PMSM with d-axis aligned with the rotor magnet flux A,,, [13].

The phasor diagrams of the PMSM presented in Fig. 2.6 are used to better understand the main
disadvantage of this control strategy. By only controlling the voltage and the frequency, and not
the current on the direct and quadrature axis, the magnetisation of the machine cannot be control
properly [12, 13].
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As stated in [12, 13], high values of V/f cause an increase in the direct axis component of the
current iz, which produces an over-excitation in the machine Fig. 2.6 a). On the other hand, for
low V/f values the direct axis component of the current i;, becomes negative and the machine
experiences under-excitation Fig. 2.6 b).

Using this method, problems are experienced at low speeds, where the frequency has a small
value and the resistive term cannot be neglected. To handle this problem, various compensation
methods have been proposed, as it can be found in [12, 14-17].

When this control method is applied to PMSM, stability problems will appear because of
desynchronization between the rotor speed and the applied frequency [14-18]. This
desynchronization between the two frequencies will make the operation impossible.

The classical solution which can be implemented during the manufacturing process is to provide
the rotor with damper windings [18]. These damper windings will ensure the synchronization
between the two frequencies. However, this solution increases the cost significantly and it is
proven to be problematic when it comes to the design of surface mounted PMSM [18].

Different other solutions have been proposed in the literature to deal with this problem by
employing a close loop control, such as in [15-17] where the perturbation of the current in the
DC link was used to modulate the frequency. The power efficiency was the main objective
presented in all three references, with similar approach in [15] and [16], where the voltage was
controlled using a search algorithm which ensures a minimum input power to the PMSM. In [17]
the objective was to control the voltage in order to obtain unity power factor.

In [14] a voltage control method is used to improve the low speed performance, along with a
small signal model which modulates the applied frequency proportional to the input power
perturbation.

The cited methods conclude that a better stability is achieved, without the need of damper
windings in the rotor, although in [15-17] poor performance was obtained for low speed
operation.

A different scalar control method, called I-f control, is presented in [19], for start up without the
need of initial rotor position estimation and ultra low speed sensorless control. This method also
ensures over-current protection by controlling separately the iy and i, currents. The disadvantage
presented by this method is the absence of an analytical method to design the I-f controller.

2.5.2 Vector Control

By comparison with the scalar control, vector control allows separate close loop control of both
flux and torque [13], by separately controlling the direct and quadrature axis currents i; and .
These two currents are controlled through the voltage v, and v,, according to the following
equations, derived from (2.18) and (2.19).
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dld RS i Lq . 1
E —Eld +Ewrlq +Zl7d (2.27)
di R L w 1
q S . d . r
E PR P e 229

Vector control can ensure optimum control of the machine under different working conditions,
such as: maximum torque per ampere ratio (MTPA), maximum torque per flux ratio, unity power
factor.

In the current project the MTPA strategy is implemented. Using this strategy, the control ensures
minimum current is used to achieve the required torque, which maximizes the machine
efficiency [20]. To achieve MTPA ratio the torque angle 6, between the PM flux linkage phasor
and the current phasor, has to be maintained at 90° (Fig. 2.8). By doing this the direct axis
current iz, which does not contribute to the production of torque (2.23) is cancelled, and the
quadrature axis current i, becomes equal with the current magnitude (i, = ;).

This situation can be observed in the phasor diagram Fig. 2.7. Here it can be seen that the stator
flux linkage is produced by the permanent magnet flux and the flux on the q axis.

Rsls

0 n/ 2 T Or

: Apm d Fig. 2.8. Torque magnitude as a function of the torque
]
angle.

Fig. 2.7. Phasor diagram of vector controlled PMSM for
MTPA [13].

To obtain this behaviour a technique best known as field oriented control (FOC) is used. This
technique employs cascaded close loop systems to control the speed and torque, by means of
speed controller and current controller. A more in depth description of FOC will be made in the
following chapters.
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Control Description and Implementation

This chapter presents the control strategies that are selected for this project. After the selected
scalar and vector control is presented, the implementation method is made. Because scalar and
vector control use relatively the same structure, the common components are presented in the
vector control part. The last part of the chapter presents the rotor position estimator.

3.1 Scalar Control (I-f Control)

Although V/f control is the most popular scalar control method, it was not selected for this
project because of its disadvantages related to PMSM, presented in the previous chapter. Instead,
I-f control was preferred because of its advantages, as [19]:

- ability to protect the system by directly controlling the current;

- similar structure and components as FOC;

- the variation in machine parameters has a limited influence over the control;

- capability to start at full load independent of the rotor position;

- in wind turbine applications it is recommended for maintenance situations, when the
rotor has to be moved only slightly;

To observe the similarities with FOC, which is presented in more detail in the following
subchapter, a block diagram of the scalar control is presented in Fig. 3.3.

The main difference is that a current reference is given directly to the “q” axis, eliminating the
speed control loop. The “d” axis is kept at zero for the same reason as for FOC, to ensure better
efficiency for the machine.

Pe

If the quadrature axis current is
maintained constant during the entire
operating procedure, the active power
will decrease when the speed reaches
nominal value, providing only the
necessary power to drive the machine.
The rest of the electric power sent to
the machine will be transformed to
reactive power, which reduces the
efficiency and demagnetizes the
permanent magnets (Fig. 3.1).

Fig. 3.1. Active and reactive power variation during the starting
procedure (i; = constant).
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To ensure the best efficiency
possible using scalar control, the
reference quadrature axis current i,
has to be controlled as a function of
reference frequency f~.

If the reference quadrature axis
current i, is decreased, after the
nominal speed is achieved, the
active power is maintained at the
same level, while the magnitude of
the reactive power is reduced (Fig.
3.2). It has to be noted here that Fig. 3.2. Active and reactive power variation during the starting
because the imposed rotor position procedure (iy (f)).

is not equal with the real rotor

position, unity power factor cannot be achieved. The quadrature axis current iy has to be
maintained at an adequate value, to ensure stabile operation.

An important disadvantage, that makes this control unusable for a wind turbine application, must
be stated here. Because there is no outer speed loop to provide at any moment the adequate
reference quadrature axis current iz, this control cannot be used in all situations required by the
system. For example, when the transition from motor to generator is made, the sign of the current
reference has to be modified manually by the user, at the same time, or else the control becomes
unstable. Also, if a considerable load torque is applied, the current is not able to produce
sufficient electromagnetic torque, causing the drive to lose stability.

Vdc Vdc/2 Vdc/2

ia* Va* Va* Sa
Current | dg > S, 3 level

A

Vb*

f . Control . > SPWM > NPC
| 1) ] ke ki [V f/abe LV Sc | inverter
Or*
id P la
da /| —
. « Lo ¢
lg abc e Ic ®
fx * : o
2 |£ O ] 0<om<2n N
PMSM

Fig. 3.3. Block diagram of closed loop I-f scalar control [19].
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Because of these factors, this control cannot be applied to drive a wind turbine. However, this
control is recommended for maintenance situations, when the turbine has to be moved only for
short periods of time, at a small speed [19].

This control does not use any position or speed information from an encoder or estimator;
instead the position is derived from the frequency command given to the machine. By imposing
the position, the reference frequency controls the speed of the machine.

As for FOC two proportional integrators (PI) controllers are used to control the current. Because
these two PI controllers have the same structure as for FOC, the implementation method is
presented in the following subchapter, where FOC is explained.

The “dq” voltage obtained after the PI controllers, which is considered in this case to be the
reference voltage, is transferred to “abc” reference frame in order to create the command for the
switches.

As for vector control, the measured current of the machine is used as a feedback, making it a
closed loop control.

3.2 Vector Control (Field Oriented Control)

As stated in the previous chapter the vector control method selected for this project is sensorless
field oriented control, working in a MTPA strategy. The implemented block diagram of the
control is presented in the following:

Vee Va2 Vel 2
" b

or* Ia* Foomesess ' vo* Va* Sa
Reference "| Current  Decotnli : dq Vor Sy 3 level
Current | | Control Bk ! »| sSPwM = NPC
or Generator 197 koi. Kii ' ' Vg* abc Vc*‘ Sc inverter
—_— | Kni, — :|_> i > >
Tidq Tidq T(Dr Or
Id < la
<« dq < —Q
< ib 3
I -
1/ ac |« Ie  §
A
Or i
abc S —
Position and [

Speed
20r_ Estimator |V PMSM

Fig. 3.4. Block diagram of the sensorless FOC.

To ensure safe operation inside the speed range and above it, three types of controllers will be
implemented: flux controller, which has as input the flux on the “d” axis and produces as output
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the reference current on the “d” axis, speed controller, which has as input the speed error and
produces at the output the reference current on the “q” axis, and current controller, which has as
input the current error and produces at the output the reference voltage.

The reference current generator block, where the Pl controllers for speed and flux are
implemented, is presented in more detail in the following figure.

Ad L
" 1 Kpi, K

oo I A 9 | io*
[eor]

\ 4

\ 4

iq max
SPA le— sqrt(lmax2-id*"2)

2
kpa), Kico Te_max
O)r* Te* = 2 Iq*;
e >
— 3 p Aem

r

Fig. 3.5. Reference current generator block.
Using field weakening the speed of the machine is increased above nominal speed by decreasing
the flux and controlling the torque limits [21].

On the “d” axis the current reference is given as a function of the speed magnitude. This
behaviour is summarising in the following:

Wy < WyrN => /1*d = APM => l:i =0 (31)
W Ay —A
W > wy => A = (:N Apy => i) = dL—dPM <0 3.2)
r

The direct current has to be reduced (i; < 0) in order to reduce the back-EMF component along
the g axis (2.19). Because the direct axis current (i) affects the magnetisation it should be
limited to a minimum value, at which A; = 0.

* APM

id_min = _H <0 3.3)

During field weakening control the magnitude of the direct axis current increases (|iz| > 0).
This increase has to be taken into consideration in order to limit the current.

When i; current is modified, the maximum i; ,q,current is calculated, in order to limit the
torque, using the following equation.
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A

. _ .
lg max = Imax —lg

(3.4)
, where: [,,,4, - peak value of the maximum allowed current;

Using this approach the control ensures that the machine always runs inside the safety limits.

With the reference currents determined, the error can be calculated. This error is fed to the Pl
current controllers to provide the voltage command. The decoupling terms, presented in (3.5) and
(3.6) are added to the voltage signal, to ensure the decoupling present in the machine equations
(2.18) and (2.19).

Va_decoup = —Wrlqliq (3.5
Vq_decoup = w,(Apm + Lgig) (3.6)

With the decoupling done, the reference “dq” voltage is transferred to “abc” reference frame,
using [4], before the switch modulation is generated.

Because the position and speed estimator represents an important part of the control, it is
presented as a separate subchapter, after all FOC components are depicted.

The implementation methods for the current, flux and speed PI controllers are made in the
following, starting with the design requirements.

It has to be noted here that in certain situations, the variables will be replaced with their
numerical values. These numerical values are presented in Appendix C.

3.2.1 Controller Design Requirements

In the process of designing the current, flux and speed controllers the following design
requirements have been taken into consideration:

- Steady state error less than 1%;

- Overshoot less than 5%;

- Rise time for the current controller less than 40 sampling periods (40 - Ty = 10 [ms]);

- Rise time for the speed controller less than 400 sampling periods (400 - T, = 100 [ms]);

- Bandwidth of the speed controller has to be at least 10 times slower than the bandwidth
of the current controller;

With the requirements imposed for all controllers, the implementation process is presented
separately in the following.
3.2.2 Current Controller

To design the current controllers the machine equations (2.18) and (2.19) must be used to create
the plant of the system (Gp (s)). The plant constitutes a first order transfer function (3.10), which
has the voltage as input, and the current as output.
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The hardware configuration of the current control is given in Fig. 3.6 a), where the digital
controller (PI controller) is implemented, along with the digital to analogue converter (PWM)

and the analogue to digital converter (sampler and data hold).

idq_ref(t) Digital idq(t)
_>©_> AD [ controlter [ P/A > Gr(s) g
a) Hardware configuration.
G(s)
dq_ref(s) __ E(s E(z) Vdq(2) Sda(2)" ldq(s)
( )+ ( )/ »| C(2) »| D(2) »| H(s) > Gp(s) >
T E*(s) Vdq*(s) Sdq*(s)

b) Block diagram.
C* Vdgo* D* Sdg* G ldg
> > >

c) Flow graph.
Fig. 3.6. Digital control system of the current control loop.
The block diagram, in part b), presents all the signals and transfer functions existent in the
current loop. The transfer functions are:
Pl controller;

kiiTSZ (37)
z—1

C(Z) = kpi +

, Where: k,;- current proportional gain;
k;; — current integral gain;
T, - sampling time [s];
z - discrete time variable;
D/A converter, represents the PWM modulation. To represent the delay introduces by

the PWM process, a unity time delay is used.
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1
D(z) = - (3-8)
VA
A/D converter, represents the zero order hold block. This is always required after the

ideal sampler [22]. The transfer function of the zero order hold is [22]:

— e 5Ts
H(s) = 1+ (3.9)

Plant, represented by the electrical equations (2.18) and (2.19) of the machine, after the
decoupling terms have been eliminated. The remaining components, inductance and
resistance, form a first order transfer function.

1
Gy(s) = ————
V)= ST

(3.10)
A simplification in the system is made by combining the zero order hold block (H(s)), with the
plant (Gp (s)), to create only one transfer function.

—e5Ts 1 1—e5Ts

Lgs+Ry s (Lg-s+Ry)

G(s) =H(s) Gy(s) = (3.11)

To determine the system expression, a flow graph (Fig. 3.6 part c)) of the system has to be
created. The flow graph is created to represent the sampler influence, using dashed line. The
sampler imposes a problem in the system because it does not have a transfer function [22].

Once the flow graph is created, the signals are attributed to the correct position. A note has to be
made here regarding the starred variables (E*,V;q,Sj;q) and transfer functions. (C*(s),D*(s)).

These starred variables and transfer functions appear in the system because of the ideal sampler
and have a direct link to the z domain [22].

E*(s) = E(2)| zpsT (3.12)

To determine the system output, it has to be expressed like the sampler input, in terms of the
system input and sampler output [22].

E(s) = lag rer(s) = G(s) - D*(s) - C*(s) - E*(5) (3.13)
Iaq(s) = G(s) - D*(s) - C*(s) " E*(s) (3.14)
Starring (3.13), and solving for E*(s) yields:

l c*lq_re f (s)

EO =1 em e o (3.15)
Transferring (3.14) in the z domain and replacing E (z)using (3.15) yields:
_ G2 D(=)-C(2)
1@ =176 D) - () l2arer @ (3.16)
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Equation (3.16) represents the closed loop transfer function of the current controller. To
determine the Pl parameters, all transfer functions have to be replaced in (3.16). Because the
plant transfer function (3.11) is in the s domain, it has to be transferred to the z domain first.

G(s) = A(s) - B*(s) = (1 —e5Ts)

s-(Lq-s+RS)

(3.17)

The transfer function G(s) is separated in two transfer functions, continuous transfer
function A(s) and starred transfer function B*(s), to simplify the procedure. These two transfer

functions are then transferred to z domain separately.

Ry

A(s) 1 1 Lq
s) ) = =
S'(Lq'S+Rs) Ry S'(S-l-%)
q

By defining 7 = % , and using the z transform tables,
q

A= Log[ T ] L. _zi-eT)
(2) = R, [s (s + 1)] "R, z-1(z—eTh)
The starred transfer function is transferred to the z domain using (3.12).
z—1
B(z) = B*(s)| 5150, =1 — 271 = -

Replacing (3.19) and (3.20) in (3.17) yields:
1 z(1—e™)  z-1 1 1- e vTs

(3.18)

(3.19)

(3.20)

0.0159 (321)

G(z) =A(z)"B(2) = - Z- Dz e_T'Ts)‘ P o

"R, z—e s 7-0.9887

A bode diagram is plotted in Fig. 3.7 to present the difference between the continuous plant
transfer function (3.10), and the discrete transfer function (3.21). From the response it can be

seen that the influence of the zero order hold block (3.9) is very limited.

Bode Diagram

Magnitude (dB)

45

-90 -

Phase (deg)

-135L : - -
10 10 10°
Frequency (rad/s)

Fig. 3.7. Bode diagram of continuous transfer function (3.10) and discrete transfer function (3.21)
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Replacing (3.7), (3.8) and (3.21) in (3.16), yields:

qu(Z)

qu_ref(z)
B 0.0159 - (kp; + ki Ts)z — 0.0159 - kyy;

23 —1.9887 - 22 + [0.0159 - (kp; + ki Ty) + 0.9887]z — 0.0159 - ky;

Hy(z) =
(3.22)

Using all transfer functions obtained, and the design requirements imposed at the beginning, the
PI parameters are determined using Matlab’s application, Control System Tuning.

The determined PI controller is:

ki;Tsz 158 T,z 4.04-z —3.99
C(2) = kp; + —= = 4.03 + = = (3.23)
z—1 z—1 z—1

From

Fig. 3.8 it can be seen that for the selected Pl parameters, the steady state error is below 1%, no
overshoot appears, the rise time is 8.2 [ms] and the settling time is 18.4 [ms]. All these
parameters correspond to the requirements imposed for the controller.
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Fig. 3.8. Step response of the current closed loop transfer function (3.22).

From Fig. 3.9 it can be seen that the system is stable because all the poles are situated inside the
unity circle. Furthermore, a gain margin of 23.9[dB] and a phase margin of 85.8 [deg] can be
observed in the open loop Bode plot, which ensures the loop to be stable.

From the last plot, where the closed loop Bode diagram is presented, the bandwidth of the
controller can be obtained. For the current control loop the bandwidth is 277 [rad/sec].
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Fig. 3.9. Plots of the current control system: a) Root locus, b) Open loop Bode and c) Closed loop Bode

3.2.3 Flux control loop

Because the flux control loop is part of the electrical system, like the current control loop, it has
to have similar response time and bandwidth. In order to simplify the control, the same PI
parameters are adopted for the flux control loop, as for the current control loop.

This simplification is made, because field weakening was not considered to be an objective for
the project, thus a lower importance is given to this procedure.
3.2.4 Speed Controller

The speed controller applied in FOC has to provide the reference i; current to the current
controller. Because the output of the speed controller is the torque, it has to be converted to
current by a coefficient k,, which is determined using (2.24).

ke=—2=—" (3.24)
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As for the current controller, the machine equation is required to develop the control. In this case
the mechanical equation is used (2.24), in which the speed is a function of the torque.

To better understand the structure of the system a block diagram is presented in Fig. 3.10. Here it
can be observed that the current control loop is situated inside the speed control loop.

lTl(Z)
w z E T D I z I, (z ' T, (z ' . (2)
r_ref( )C (Z) Co(2) e_ref(Z) q_ref() Hel(@) q() W 6() O W(Z) r:
0 (2)
Fig. 3.10. Block diagram of the speed control loop.
The transfer functions are:
Pl controller;
kiwT.
Cw(2) = kpy + lefslz (3.25)

, Where: k,,,- speed proportional gain;
k;,, — speed integral gain;
Current loop, represents the close loop transfer function of the current, determined
earlier after the P1 was selected. The transfer function is presented in (3.22).
Plant, represented by the mechanical equation (2.24) of the machine;

W(s) = (3.26)

J:s+B

Because the plant is in s domain, it has to be transferred to z domain before the closed loop
transfer function is determined. To diversify the procedure, Matlab is used this time to obtain the
discreet time transfer function.

W(z) = 0.(;0_26129 (327)
As for the current control loop, Matlab’s Control System Tuning application was used to
determine the PI coefficients.
kiwTsz 0844-Tgz 21-z-—21
ﬁzz'“’ z—1  z—-1
From Fig. 3.11 it can be seen that for the selected Pl parameters, the steady state error below 1%,
the overshoot is 2.1 [%], the rise time is 86.7 [ms] and the settling time is 144 [ms]. All these

parameters correspond to the requirements imposed for the controller.

Cow(2) = Ky + (3.28)

From Fig. 3.12 it can be seen that the system is stable because all the poles are situated inside the
unity circle. Furthermore, a gain margin of 39.2[dB] and a phase margin of 83.6 [deg] can be
observed in the open loop Bode plot, which ensures the loop to be stable.
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Step Response
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Fig. 3.11. Speed control step response (continuous).
The last plot presents the bandwidth of the controller, which is 24.27 [rad/s]. The ratio between
the bandwidths of the two controllers is 277/24.27 = 11.27. Because the ratio between the two
controllers is greater than 10, the last requirement is fulfilled.
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Fig. 3.12. Plots of the speed control system: a) Root locus, b) Open loop Bode and c) Closed loop Bode.
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The last components of the control that have to be implemented are the limitations. These
limitations maintain the output of the PI controller in a safety region. However, when the output
of the PI exits the safety limit, a phenomenon called integrator windup appears [23]. Because this
phenomenon can affect the performance of the control, it is analysed in the following.

3.2.5 Anti-Windup

The windup phenomenon appears mainly when a large error is sent to the PI, error which
determines the output to vary outside the safety limit. Because the output is limited, the input
error cannot be reduced as fast as the controller requires. This behaviour, determines the
integrator term to increases significantly in order to correct the input error, phenomenon also
called windup [23]. The windup effect has to be eliminated from the system because it produces
a large overshoot and a high settling time [23].

In order to deal with this problem a tracking anti-windup solution is used, Fig. 3.13 [23, 24].

e(t) S KSR IZ IS

e () e

c": eiim(t) U I(t)

3

>

/A

Fig. 3.13. PI controller with anti-windup.

This solution is explained starting with the classical Pl controller, without anti-windup, which is
created using the following equations:

dl
% = e(t) (3.29)
y(t) = kpe(t) + k;I(t) (3.30)
max

Yum(t) = [y(8)]

To avoid integrator windup the input error e(t) has to be reduced for the integrator sum I(t),
when the system enters saturation mode. The new input error e;;,,(t) has to ensure that the
output is identical with limited output (y(t) = y;im (t)) [24].

Yiim (£) = kpeym () + kil (t) (3.32)

From (3.30) and (3.32) the new error can be determined.

min (3.31)
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1
em(t) = e(t) + 31— [yum(6) — y(0)] (3.33)
p

Using the new error to determine the integrator sum, the new controller equations can be written.

dl(t
% = ey (t) (3.34)
y(©) = kpe(t) + kI (0) (3.35)
max

Viim(t) = [y ()]

From (3.38) it can be observed that the new error is used only to calculate the integrator sum, the
proportional part of the control uses the original error e(t) .

min (3.36)

Once the PI controllers are implemented with anti-windup, the only remaining problem is to
determine the rotor position. Because a sensorless method was selected to determine the rotor
position, this method will be presented in the following.

3.3 Rotor Position Estimation

The method used to determine the rotor position and speed is generally known as the back-EMF
method [11, 25, 26]. In order to estimate the position, the mathematical model of the machine, in
dq reference frame is used (2.18) and (2.19).

The two equations can be written in vectorial form as:

ax, _
Vaq = Rlaq + =, + jordaq (337)
Aaq = Laig + Ampm + jLgiq (3.38)

The method requires that the equations should be transferred to af reference frame:

da
Tap = Rigg + d‘;‘; (3.39)
dap = (Laia + Ampm + jLqiq)e’®r (3.40)

Since the position term (6,.) appears only in the flux linkage equation (3.40), this will be the
equation from where the position will be computed. An important transformation must be made
in order to extract the position.

Aap = (Laig + Ampm — Lqia + Lqia + jLgig)e® (3.41)

In order to better understand the meaning of each term in the equation it is written in the
following form:

Aap = LaTap + [(La = Lq)ia + Ampm]e’® (3.42)
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From (3.42) it can be seen that the direct current component i, affects only the amplitude, of the
vector that contains the rotor position information. Knowing this, the rotor position (angle), can
be expressed.

£[(Lg = Lg)ig + Ampm]e?® = 2678 = £(Agqp — LyTap) (3.43)

The estimated rotor position can be obtained using the following equation:

, A, = | (v, — Riy)dt
/113 — quﬁ for a f( a a)
Aa = Lola 2 = f(vﬁ — Rig)dt
Some problems must be considered when using this method, as: integration requires an initial
value and a small drift in current value will cause increasing error after integration [21]. Because

these influences can affect the computation, rendering the method unviable, an adaptive
correction has to be implemented.

) -1

0, = tan (3.44)

The correction method that was selected to be implemented in this project uses two elements: a
drift compensation loop and a phase lock loop (PLL) [21, 26]. In the following, both methods
will be explained along with the implementation method.

» Drift Compensation Loop

This subsystem is implemented to eliminate the error before integration, by comparing two flux
values in stationary reference frame (af). The first a8 flux value is obtained using (3.44). The
second flux value is determined in dq reference frame, using (2.20) and (2.21), result which is
transferred to a8 reference frame.

The difference between the two fluxes represents the error sent to the PI controller. As output,
the P1 controller produces a voltage component V., Which is used to eliminate the drift.
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Fig. 3.14. Block diagram of back-EMF method along with drift compensation and PLL [21].
» Phase Lock Loop

The PLL implemented in the system is placed after the back-EMF method. It is used to eliminate
the error in the estimated position, by taking as an input the estimated position (3.44) and
comparing it to the output of the PLL, which will represent the actual estimated rotor position.

The main disadvantage of the back-EMF method comes from its name. The method is unable to
provide the correct information at very low speeds. This is because the back-EMF term contains
the speed variable. When the speed is close to zero, the back-EMF term is very small, and the
estimated position is not precisely estimated.

Because of this problem, during the start up procedure, the rotor will produce an initial vibration,
until the alignment is achieved, followed by a smooth transition, until the reference speed is
reached. This problem was observed in simulations and in laboratory experiments.
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Simulations

The model created, along with the control, is tested during a series of simulations to observe the
performance. The simulation conditions are selected considering the objectives imposed in the
first chapter. This chapter will present the result of each simulation, along with necessary
explanation. All simulation are made using Matlab Simulink. To get familiarized with the Matlab
Simulink model, an overview is presented at the beginning.

4.1 Model Overview

As it could be seen in Fig. 4.1 the model consists out of three main blocks: permanent magnet
synchronous machine, field oriented control, and speed and position estimator.

Besides the main blocks, three selectors are employed to allow the user a fast change between
different load types and different working conditions.

Load Seection

._’_ Load Selector
L

({oadi]
God

lecol]  Speed Selector

Position Selector

(]

Fig. 4.1. Matlab Simulink model of the system.

A more complex model, containing more components, like the three level NPC converter, AC
voltage source, diode bridge rectifier and SPWM, was also created. Because both models provide
similar results, the simplified model is used for the report.

Using this model, a series of simulations are made. These simulations are developed to test the
control for all the requirements imposed in the objectives.
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4.2 Scalar Control Simulations

According to the description provided in previous chapters, scalar control is unable to operate in
all situations required by the objectives. Because of this factor, and because the dynamic
performance is reduced, compared to vector control, this is considered to be an alternative
control strategy, not the main control. Only two simulations are made using scalar control, to
verify how the control reacts during speed variation and during load torque disturbance.

4.2.1 Speed reference variation

The first simulation is made to test how the control behaves when the reference speed is
modified. From Fig. 4.2, it can be seen that during the starting procedure small oscillations in
speed appear. These oscillations appear because the position imposed from the reference
frequency is not aligned with the rotor position.
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Fig. 4.2. Result of speed reference variation using scalar control.

As it could be seen from Fig. 4.2 and Fig. 4.3, the current is sinusoidal with a constant magnitude
during the entire simulation time. Small changes in current magnitude appear only during the
transient regime.

For a better view of voltage and current in steady state, Fig. 4.3 presents a closer perspective.
Here we can observe that the current and the voltage are sinusoidal, with a phase shift of
approximately 90.

The large phase shift, which determines a small power factor, appears because the simulation is
done without adding a load to the system. Without a load, the active power required by the
machine is very small. Because the control maintains the current at a high value, even during no
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load situation, a significant amount of apparent power is provided at the terminals, power which
becomes reactive power, as it was explained in Scalar Control (I-f Control).

This large phase shift, combined with the current magnitude, determines an inefficient operation.
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Fig. 4.3. Voltage and current in steady state situation.
To increase the efficiency, a modified method is proposed in Scalar Control (I-f Control)

subchapter. This method requires that the reference quadrature axis current (iz) is modified as a
function of frequency, according to Fig. 4.4.

q poooococococococsooes

>
f f

Fig. 4.4. Reference quadrature axis current (i) as a function of frequency.

The maximum current is applied only at the beginning, to provide sufficient torque during the
starting procedure. The reference quadrature axis current (i) is reduced to 50% of the maximum
value (ig max), When the frequency reaches nominal value.

The result of the simulation, presented in Fig. 4.5, shows that speed and the torque characteristics
are not affected by this modification.
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An important difference can be observed in the current waveform. In this situation the current
has smaller amplitude, when the system enters steady state. However, from the result it can be
seen that the oscillations have increased.

1000 T T
3
S 5001 .
B
Q 0 Speed
«n Reference
-500 5 L
0 5 10 15
T 20 o
Z
2 0 o e s e NP
_20 | 1
0 5] 10 15
10 T T
<
5 of
5
(@]
-10 l L
0 ] 10 15
Time [s]

Fig. 4.5. Speed reference variation using scalar control (modified version).

To analyze the phenomenon, several simulations are done at different reference currents. From
the results it was observed that the oscillations increase as the current is decreased. The reference
current has to be maintained above a minimum value, to ensure system stability.

The disadvantage is that the minimum current value cannot be determined analytically because it
is affected by numerous other parameters as, load torque, reference speed variation and Pl
parameters.

4.2.2 Load torque variation

The second simulation is made to determine how the control behaves when an external
mechanical load is applied.

From Fig. 4.6, it can be seen that the control is able to maintain the speed within +2.4% of the
nominal speed.

This fast response is due to the fact that the electromagnetic torque has a fast response time, to
counteract the load torque applied at the shaft.

From both the current and electromagnetic torque waveform, it can be seen that oscillations
appear in the system before it enters steady state. These oscillations are caused by the fast
response of the PI controllers.

As for the previous situation, the current and voltage variation is sinusoidal.
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Fig. 4.6. Result of load torque variation using scalar control.

From the simulation, an increase in power factor is observed, when the load torque is applied.
This is due to the fact that a higher amount of apparent power, supplied at the machine terminals,
IS used as active power.

4.3 Vector Control Simulations

Because this control is considered to be the primary control strategy for the drive, it will be
tested in five different situations, according to the objectives.

The first two tests are made in similar conditions as the test made for scalar control. The
difference is that for vector control, the reference speed is given using the step command, not the
ramp command.

4.3.1 Speed reference variation

As for the previous case, the main objective of this simulation is to observe how the control
behaves when the reference speed is modified.

Because the control is implemented using speed and position estimator, the performance of the
estimator is also of main interest.

From Fig. 4.7, it can be seen that the control is able to provide a fast response, when the
reference speed is modified.
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Fig. 4.7. Result of speed reference variation using vector control.

Compared to scalar control, a higher efficiency is achieved, because the current reference is

provided by the outer speed loop.

From Fig. 4.8, it can be seen that the speed and position estimator is able to produce an accurate
estimation, in less than a second. The fast response of the estimator enables the control to start

the machine without the use of an encoder.
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Fig. 4.8. Comparison between actual and estimated position, and speed.
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4.3.2 Load torque variation

In the second simulation, the capability of the control to react in case of a load torque disturbance
is tested. From the results presented in Fig. 4.9, it can be seen that the control manages to
withstand the torque step. The speed of the machine decreases with approximately 18% of the
nominal speed, when the load torque is applied. The maximum speed achieved, when the load
torque is removed, is 12.5% the nominal speed.
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Fig. 4.9. Result of load torque variation using vector control.

From the current waveform it can be seen that compared to scalar control, no oscillations appear.
The current is maintained inside the safety boundaries during the entire period.

4.3.3 Transition from motor to generator

As stated in the Converter and Control for DeepWind Programme subchapter, the Darreius wind
turbine is unable to start without the help of the machine. Because of this factor, the machine has
to be controlled in motor mode, until the required speed is achieved. Once the turbine is able to
capture the wind power, the control must ensure a safe transition from motor to generator.

In order to test the transition from motor to generator and back, a load torque is applied at the
shaft, having the same direction as the speed (Fig. 4.10).

From Fig. 4.11, it can be seen that the simulation result is very similar with the previous case.
When the load torque, having the same direction as the speed, is applied, the speed of the drive
increases too approximately 19% of the nominal speed. To maintain stability, the control
counteracts the load torque by changing the direction of the electromagnetic torque.
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Fig. 4.10. Speed and torque direction for motor and generator mode.

Once the direction of the electromagnetic torque is opposite to the speed direction the machine
enters generator mode. This operation mode continues until the load torque is removed.
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Fig. 4.11. Result of transition from motor to generator and back.

As it can be seen from the current waveform, the amplitude is maintained constant, inside the
safety boundaries, during the entire procedure.
4.3.4 Emergency breaking

As it was explained in the Converter and Control for DeepWind Programme subchapter,
mechanical breaks cannot be fitted to the turbine. The control must be capable to stop the turbine
in case of an emergency, as high wind or high waves.

To emulate such a situation, the load torque was maintained constant during the breaking
procedure, while the speed was brought down to zero in two seconds.

The speed was decreased using a ramp variation because of the following reasons:
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- In case of a large structure, as the wind turbine is presumed to be, the transition
from nominal to zero speed has to be smooth;

- To observe how the control behaves when the reference is given as a ramp
command.

From the result presented in Fig. 4.12, it can be seen that between the reference and the actual
speed there is a constant steady state error. This error is removed after the reference speed
reaches zero.
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Fig. 4.12. Result of emergency breaking.

When the speed reaches zero, the estimator cannot provide the correct position and speed
information, as it can be seen in Fig. 4.13. Because the simulation uses a simplified model, the
speed of the machine is maintained constant at zero, while a load torque is applied, even though
the estimated position is not similar with the actual position.

In a practical experiment, there are many other parameters that influence the control, which have
to be considered, in order to ensure stability. The discussion regarding stability at very low
speeds, in a practical system, is presented in Laboratory Experiments.

After the speed has reached zero and the load torque is removed, the control has to reduce the
electromagnetic torque, in order for the speed to remain constant at zero.
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Fig. 4.13. Comparison between actual and estimated position, and speed, for the low speed range.

4.3.5 Holding the machine at zero speed

The last test required by the objectives is to maintain the speed of the machine at zero, while a
load torque is applied.

Because the speed and position estimator cannot provide information about the position when the
speed is zero, the control has difficulties to maintain the speed in a small interval, when a load
torque is applied.

The control can react to torque disturbance, only after the estimator provides the proper position.
Until the position is determine, the speed of the machine can increase to a high value.

From the simulation result (Fig. 4.14), it can be seen that the speed reaches a maximum value of
30% of the nominal speed.

After approximately half a second, the position estimator is able to determine the actual position
(Fig. 4.15), causing the control to ensure a smooth transition to zero speed.

When the load torque is removed, the control produces an oscillatory response, until the speed
becomes zero.
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Fig. 4.14. Result of holding the machine at zero speed.

As for the previous case, the simplified model cannot recreate very accurate the practical
situation. To have a better understanding of how the real system behaves during this experiment,
please refer to Laboratory Experiments.
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Fig. 4.15. Comparison between actual and estimated position, and speed, during holding the machine.
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Hardware Design of Converter

In this chapter the design and the main circuits of the three level NPC converter are presented.
Because the design was not an objective for this project, only the main parts of the converter will
be presented here, with sufficient explanation in order for the reader to understand the hardware
used. For more information about the design and the components, please refer to [7].

5.1 General Structure

Based on [7] and Fig. 5.1 it can be seen that the design is made in such a way as to separate the
hardware into two isolated regions: the power side and the control side.
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Fig. 5.1. Simplified schematic of constructed converter [7].
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To facilitate the communication between these two regions, gate drivers, current sensors, voltage
sensors and temperature sensors are used, which ensure that the two regions are decoupled. Also,
it should be mentioned that the converter is constructed on a four layer printed circuit board
(PCB), with stacked DC link layout, ground and power planes, in order to reduce the interference
between different circuits [7].

In the following of this chapter, the main circuits from these two regions are presented.

5.2 Power Side

Besides the power components (IGBT modules and capacitors), the power side of the converter
IS made out of a series of measurements circuits. These measurement circuits represent the main
advantage of this design, because using the signal acquired, a series of protections are
implemented, as it can be mentioned: three phase AC over-current protection, DC over-current
protection, DC over-voltage protection, over-temperature protection and gate driver protection.

All these main circuits will be shortly presented in the following, in order to highlight the
components used and their functionality:

b) Capacitor bank, made out of six 330 uF Panasonic capacitors, arranged in three parallel
arms between the +HVDC and OHVDC and three parallel arms between —-HVDC and
OHVDC.

c) Three IGBT modules, each representing one leg of the three level NPC converter;

The IGBT modules are produced by Semikron (SK50MLI065), and have the following
properties, according to the datasheet [27]: compact design, 600V/50A per IGBT, direct copper
bounded aluminium oxide ceramic (heat transfer and isolation), snubber-less design, improved
commutation paths, controlled axial lifetime technology for freewheeling diodes.

d) Voltage dividers, each constructed out of four high value resistors, used in the DC
voltage measurement circuit to ensure a permanent connection to the DC link by reducing
the current below the resistor current capability and to provide DC link voltage
measurement;

e) Three NJ28 high accuracy thermistors, used in the over-temperature protection circuit
to detect the temperature of the IGBT modules. The thermistors have a negative
temperature coefficient (NTC), meaning that the resistance decreases, while the
temperature increases. At 25C the resistance is 100 [kQ].

f) Five Hall current sensors, two for the DC side and three for the AC side, used to
measure the high currents in the power region and output a reference voltage value which
will be used in the control region for over-current protection and as measurement for the
DSP;

The current sensors used in this design are Allegro ACS756 Hall Effect IC Sensors, which have
the following properties [28]: total output error of 0.8%, very low power loss (130u€Q resistance),
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3kV isolation, small magnetic hysteresis, measurement of +50A, and 2.5V output for 0A with
+40mV/A characteristic.

For each measurement circuit, only the components situated in the power side have been
presented here, while the rest of the circuits, which are situated in the control side, are presented
in the following section.

5.3 Control Side

The control side of the converter is comprised of circuits which ensure the command, protection,
signal acquisition and communication. Because all these circuits are explained in [7] only the
main features of each circuit will be presented in the following, to help the reader understand the
principle of operation.

1) Gate Driver Circuit

The gate driver Avago ACPL-332j was selected for this design to ensure the interface, protection
and isolation between the power side and the control side.

The Avago ACPL-332j gate driver has the following features [29]: optically isolated power stage
capable of driving IGBTSs up to 150A and 1200V, desaturation detection, isolated fault feedback,
active Miller clamping, “soft” IGBT turn off, 2.5A output current, small package.

The PWM signal, sent from the command circuit to the gate driver, is applied to the anode and
cathode of the LED situated inside the gate driver. The LED is used in the gate driver to ensure
galvanic isolation between the power side and the command side.

To ensure desaturation protection, the collector-emitter voltage (V,.) is monitored during the
conduction. If this voltage rises above 6.5V the IGBT is turned off and a fault signal is
generated. To avoid false triggering the desaturation detection is disabled when the IGBT is not
conducting.

2) Command Circuit

The modulation PWM signals provided to the gate drivers are generated by the digital signal
processor (DSP). In the current configuration, the DSP only provides the signals for the upper
two switches, of each leg. These six PWM signals are transmitted to the complex programmable
logic device (CPLD), as it can be seen in Fig. 5.2.

Using the six PWM signals, the CPLD will generate the complementary PWM signals for the
lower two switches of each leg, while introducing the dead time between the complementary
signals.

All twelve PWM signals, from the CPLD, are transferred to a pair of octal buffers
(SN74LVC540A), six PWM signals for each octal buffer. The octal buffer used in this design
acts as a NOT logic circuit. This is because the anode of the LED, situated inside the gate driver,
is connected to a 3.3V DC source, and the cathode is connected at the output of the octal buffer.
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Fig. 5.2. Block diagram of the command circuit.

In this configuration, when a signal is transmitted from the CPLD, 3.3V or logic 1, the octal
buffer inverts the signal to OV or logic 0. The OV state is transferred to the cathode and a
potential difference appears at the LED terminals, enabling the current to pass through the LED,
which commands the IGBT to conduct.

In the opposite situation, when the CPLD gives the 0V, or logic 0 command, the octal buffer
inverts the signal to 3.3V, or logic 1. In this situation, because the cathode has the same potential
as the anode, the current will not flow through the LED, which commands the IGBT not to
conduct.

The octal buffers presented in the circuit are also used as a safety feature. When a fault is
detected in the converter the octal buffers are disabled and the command to the gate drivers is
blocked.

The user has the possibility to control the command circuit through two external buttons. The
first button (pwm E) is used to trigger the PWM modulation, while the second button (D) is used
to disable the modulation and to reset the protections.

3) Current Measurement Circuit

As stated earlier, five Hall current sensors are used in the converter. Two sensors are used for the
DC link current and three sensors are used for the AC phase current. The current measurement
circuit is implemented only for the AC phase current sensors. The circuit is comprised of the
following components:

— Hall current sensor, presented earlier, which gives a reference of 2.5[V] at O[A],
and has a £40 [mV/A] characteristic.

- Voltage divider, is used to reduce the voltage level at 1.6667[V] for O[A], with a
characteristic of +26.6667 [mV/A]. This is done because the input signal to the
DSP has to be in the 0-3[V] range.
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- ADC buffer, constructed from an operational amplifier which is configured as a
voltage follower, to isolate the ADC input of the DSP from the signal source;

- Two pairs of dual series small signal Schottky diodes, one before the ADC buffer,
and the other after the ADC buffer; used to limit the voltage signal in the 0-3[V]
range;

- ADC input port of the DSP;

To have a better understanding of how these components are connected to form the current
measurement circuit, a bock diagram of the circuit is presented in Fig. 5.3.

Current Sensors Voltage Dividers Schottky Diodes Schottky Diodes DSP

ADC Buffer
) Vin 3V 3V
! L R1 Vout Vin \V/ Vin Q
e | |—#— ——> > Vi ou | ] 8
l_ 2.5V R2 1.6V Vout Vout <
+40mV/A = +26.6mV/A = =

Fig. 5.3. Block diagram of current measurement circuit.

4) Over-Current Protection

The over-current protection circuit is implemented for all five current sensors. By doing this,
protection is ensured for the DC side and for the AC side of the converter.

The over-current protection circuit is comprised out of (Fig. 5.4):

— Hall current sensor, same as for the current measurement circuit;

- Window comparator; for each measured signal a window comparator is used, to
compare the signal with two reference signals, maximum and minimum reference.
These two references can be set by the user through variable resistors. When the
measured signal is between the two boundaries the window comparator has a high
output state, which signals correct operation.

- Logic AND circuit. The signals from the window comparators are entered a logic
AND circuit, and the result is sent to the CPLD.

— CPLD, receives the signals from the AND circuit and takes the appropriate action.

Current Sensors Window Comparators
Up Limit
23 a
O
1_ 2.5V -\ %V 5V
+A0MV/A Down Limit

Fig. 5.4. Block diagram of the over-current protection circuit.
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5) Voltage Measurement Circuit

In order to protect and control the converter, a voltage measurement circuit, for the DC voltage,
is implemented on the converter. The circuit is comprised of (Fig. 5.5):

Capacitor Bank

Voltage dividers; as mention earlier, four voltage dividers are used to acquire the
voltage signal from the DC link.

Differential amplifier; Two differential amplifiers are used to manipulate the
signal received from the voltage dividers.

Voltage dividers; at the output of each differential amplifier a new voltage divider
is placed to reduce the voltage level which goes to the ADC buffer;

Schottky diodes and ADC Buffer with the same structure as for the current
measurement circuit.

Differential Amplifier  \/gitage Dividers ~ Schottky Diodes Schottky Diodes ~ DSP

+o——_F—
ble _I__
o L]

Re ADC Buffer
3v

R )
Vin : v \Q: % £3V
Vin2 R i IR Vout g | Vin s>l ou_ge 3] Vin oy
"> > Voul 7 V0 > Vol
R ov [ 2 152V f f

ADC

Fig. 5.5. Block diagram of the voltage measurement circuit.

Using this signal and the current signals a closed loop control can be implemented on the
convertor, in order to increase the dynamic performance of the drive.

6) Over-Voltage Protection

In order to ensure the DC over-voltage protection and to simplify the hardware structure the
circuit is comprised of components similar with the voltage measurement circuit and over-
current protection circuit:

Voltage dividers, differential amplifier and voltage dividers (components
presented in the voltage measurement circuit);

Window comparator; for each measured signal a window comparator is used, to
compare the signal with two reference signals, maximum and minimum reference.
These two references can be set by the user through variable resistors. When the
measured signal is between the two boundaries the window comparator has a high
output state, which signals correct operation.

Logic AND circuit. The signals from the window comparators are entered a logic
AND circuit, and the result is sent to the CPLD. In this way the CPLD is
announced if an over-voltage situation appears in the converter.

CPLD, which receives the signal from the fail gate and takes the appropriate
action.

The circuit structure, in block diagram form, is presented in Fig. 5.6.
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Fig. 5.6. Block diagram of the over-voltage protection circuit.

7) Over-Temperature Protection

The over-temperature protection circuit is used as a safety feature for long time operation. If the
module temperature increases over a specified limit, the circuit is disabled and the fault is
signalled to the user. The circuit is made out of the following components:

Signal conditioning circuit; the thermistors are connected in a resistive circuit in
order to modify the NJ28 characteristics.

Window comparators; In this case the window comparator works different. The
output of the acquisition circuit is inverted for both comparators, so that the
comparators output is high (healthy situation) if the temperature is below the
preset limits.

Two logic AND gates are used to deal with the temperature measurement circuit,
because there are two preset limits of temperature.

CPLD receives the signal from the fail gate and takes the appropriate action.

Thermistor Circuit

Window Comparators

Second Limit
@)
—fff—>| FirstLimit j—| AND =] =
— (@)
. 5V 5V
Signal

Fig. 5.7. Block diagram of the over-temperature protection circuit.

8) Communication Circuit

The converter has also implemented two communication circuits, CAN and RS-232/485, in order
to facilitate the communication between the converter and an external program. Because this
feature is not used in the current project it is not presented here. To get some knowledge about
these two circuits please refer to [7].

55






Chapter 6. Laboratory Experiments

Laboratory Experiments

This chapter presents the practical work done in the laboratory. At the beginning, the laboratory
setup used to do all the experiments is presented. The experimental results are separated in two
parts, based on the type of control implemented. The first part presents the tests done using
scalar control, while the second part presents the tests done using vector control. The tests done
on the drive are selected to be similar with the simulations.

6.1 Laboratory Setup

The laboratory setup used to do all the tests is presented in Fig. 6.1. The components that
comprise the setup are: voltage source (grid), autotransformer, three phase diode bridge rectifier,
resistor, three level NPC convertor, PMSM, load machine, converter for the load machine and
voltage source for the converter (grid). Also, two personal computers (PC) are used to
independently control the two converters.

. + .
3 Phase i T 3 Level | — Drive
- Is oal
Rectifier l Converter

h 4

PC1 PC2

Vsin

Autotransfromer

Fig. 6.1. Bloc diagram of laboratory setup.

In order to drive the PMSM, power is taken from the grid through an autotransformer and a three
phase diode bridge rectifier. The autotransformer is used to adjust the DC link voltage at the
output of the three phase diode bridge rectifier.

The configuration with autotransformer, diode bridge rectifier and resistor is used, instead of a
simple DC voltage source, because the machine has to be controlled in generator mode. When
the machine is working in generator mode, the three level NPC converter will behave as a
rectifier, sending the AC power from the PMSM to the DC link. In this situation the power will
be dissipated on the resistor, because the three phase diode bridge rectifier will block the power
flowing to the grid.

A second synchronous machine is connected to the shaft of the PMSM, to act as a mechanical
load. Torque control is implemented as a control strategy on the load machine.
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A more in depth presentation of the laboratory setup is made in the videos written on the CD,
which is attached to this report.

Because the DC link voltages are very similar for all the experiments, these results are presented
in Appendix B, to avoid presenting very similar oscilloscope captures and repeating the same
conclusion for each situation.

As stated in the chapter description, the following section will be divided in two parts. The first
part presents the tests done using sensorless scalar control, while the second part presents the
tests done using sensorless vector control.

6.2 Scalar Control Experiments

6.2.1 Speed reference variation

The speed control capability is tested in the first experiment. Because the dynamic response of
the control is slower, the speed reference is modified using a ramp variation.

At the beginning the machine is started from zero to nominal speed in two seconds. As it could
be seen in Fig. 6.2, no initial vibration occurs in the rotor during the starting procedure.

It has to be noted here that after numerous test made in the laboratory, it was observed that for
different initial rotor positions, rotor vibrations can occur during the start up. To examine this
behaviour the starting procedure was repeated at different initial rotor positions. From the results,
it was observed that the rotor vibration depends on the initial position, and the control is able
start the machine independent of the rotor position.
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Fig. 6.2. Machine speed during speed reference variation (scalar control).
The speed of the machine is maintained at the same level for another two seconds, before is
reduced to 50% of the nominal speed, in two seconds. After another two seconds, the speed is
increased to nominal speed. The last part of the control focuses on stopping the machine. The
speed of the machine is brought down to zero with a ramp variation, in two seconds.
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The waveform of the phase current, during the entire test procedure is presented in Fig. 6.3.
From this figure it can be seen that variations in current magnitude appear only during the
transition period. In steady state, the control is able to maintain the amplitude of the current at
the reference value during the entire testing procedure.

[ 5 J{ 1 |
Fig. 6.3. Current waveform during scalar speed control (i, = const.).
Similar to the simulation, a second experiment is done, where the reference quadrature axis

current (i) varied as a function of frequency (Fig. 4.4). The current waveform for the second
situation is presented in Fig. 6.4.

Fig. 6.4. Current waveform during scalar speed control (i; (f)).

The decrease in current magnitude can be observed in the first region of Fig. 6.4. Compared to
the initial situation, more powerful oscillations appear in the system. Because the result obtained
here is similar with the simulation, the same conclusions are valid.

6.2.2 Load torque variation

As a second test, the load torque is modified in steps, to test the response of scalar control, when
a load disturbance appears in the system. The result presented in Fig. 6.5 shows that the control
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is capable to maintain the stability of the system. When the load torque is applied, the speed
decreases only 1.4% from the nominal speed. System stability is achieved again, after one
second of transitory regime.
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Fig. 6.5. Machine speed (red) and load torque (blue), during load torque variation (scalar control).

When the load torque is removed, the speed increases with the same magnitude as for the
previous case. A decreasing oscillatory regime is encountered in this situation, compared to the
previous one. These oscillations can also be observed in the current waveform Fig. 6.6.

This test is done with the reference quadrature axis current (i;) constant, to better highlight the

disadvantage of this method. Although the control is able to maintain the current at a constant
value, as it is required, this operating procedure is not efficient.

I I I

Fig. 6.6. Current waveform during load torque variation (i; = const.).

6.3 Vector Control Experiments

6.3.1 Speed reference variation

All the conditions used to do the simulation are applied for this laboratory experiment.
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From Fig. 6.7, it can be seen that the control is able to start the machine in 0.5 seconds, with no
initial rotor vibrations. It has to be noted here, that similar to scalar control, the vibration is
dependent on the rotor initial position.

5 5 5 \
/ \

Fig. 6.7. Machine speed during speed reference variation (vector control).

The reduced transition time between steady state situations, highlights the superior dynamic
performance of vector control, compared to scalar control.

From the current waveform, presented in Fig. 6.8, it can be seen that the current is maintained
between the safety boundaries, during the transient regime. Also, a far better efficiency is
achieved, compared to scalar control, through MTPA strategy.

| o oo |

Fig. 6.8. Current waveform during vector speed control.

6.3.2 Load torque variation

In the second test, the stability of the control, during load torque variation, is tested. The load
torque is applied at the shaft, using the secondary machine. The result of the test is presented in
Fig. 6.9. As it can be seen, when the load torque is applied, the control is capable to correct the
3.6% speed decrease, in approximately three seconds.
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When the load torque is removed, the speed reaches a maximum value of 6%, above the nominal
speed. As for the previous situation, the control is capable to ensure stability, by reducing the
speed at nominal value, in approximately four seconds.
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Fig. 6.9. Machine speed (red) and load torque (blue), during load torque variation (vector control).

The current waveform, presented in Fig. 6.10, displays the current transition during the entire
experiment. As it can be seen, during the load torque transition, the current is maintained inside
predefined limits to ensure safe operation.
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Fig. 6.10. Current waveform during load torque variation.

6.3.3 Transition from motor to generator

From Fig. 6.11 it can be seen that the transitory regime is very similar to the previous case. The
speed increases at the moment when the torque is applied with approximately 1.6%. The control
is able to limit the speed increase and to stabilise the system.

When the load torque is removed, the machine changes to motor mode and the speed decreases.
As for the previous case, the control is able to stabilise the system, and to ensure nominal speed.
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Fig. 6.11. Machine speed (red) and load torque (blue), during motor-generator transition.

The current waveform (Fig. 6.12), during the entire process, is very similar with the previous
case. The control ensures that the current is maintained between the safety margins during the
transition from motor to generator and back.

@ 2004 )| 1 |
Fig. 6.12. Current waveform in motor and generator mode.

To observe the current direction during generator mode, the DC link current that enters the
converter was measured with the oscilloscope.
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Fig. 6.13. DC link current (magenta), phase voltage (cyan) and V, voltage (yellow) in generator mode.

As it can be seen from Fig. 6.13, the DC link current that enters the converter (red line), has a
negative sign, meaning that the current flows from the converter to the resistor.

6.3.4 Emergency breaking

To observe the difference between simulation and experiment, the same test conditions were
used. From Fig. 6.14, it can be seen that the transition from nominal to zero speed is linear. The
control is capable to follow the ramp reference given.

When the speed is reduced close to zero, the control encounters stability problems, because the
speed and position estimator cannot provide very accurate information.

Although the speed of the machine will not be kept constant at zero, the sensorless control can
maintain the speed in a low range, characterised by rotor vibrations.
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Fig. 6.14. Machine speed (red) and load torque (blue), during emergency breaking.

In the last part of the test, after the machine is brought down to zero speed, the load torque is
eliminated. In this situation the control maintains the speed at zero, without rotor vibrations.

64



Chapter 6. Laboratory Experiments

The difference between the simulation and experiment is consistent during the low speed
operation. This is because the experiment requires accurate position information to maintain
stability. Because the position cannot be estimated at zero speed, the speed cannot be maintained
zero. In order to obtain better control at very small speed, a dedicated position estimator has to
be implemented in the control.

The current waveform is presented for the entire test in Fig. 6.15. As it can be seen, the current
increases slightly in magnitude, as the speed decreases. When the speed of the machine reaches
values closed to zero, the current maintains a high magnitude to produce sufficient torque.

Fig. 6.15. Current waveform during emergency breaking.

6.3.5 Holding the machine at zero speed

The result of the test is presented in Fig. 6.16. From the result it can be seen that when a load
torque is applied at the shaft, the control encounters problems to maintain the stability.

Similar with the emergency breaking case, at low speed the control is unable to maintain the
speed at a constant zero value. The reason for this problem is the same as for the previous case.
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Fig. 6.16. Machine speed (red) and load torque (blue), during zero speed test.

Another observation has to be made here. If a considerable torque step is applied at the shaft, the
control is not able to counteract, causing instability.

The current waveform from Fig. 6.17, presents a similar behaviour to the previous case (Fig.
6.15). During low speed operation the current is situated inside the safety margins, and has an
irregular form, caused by the poor stability.
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Fig. 6.17. Current waveform during zero speed.
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Conclusions

From the current project a series of conclusions can be drawn. These conclusions are separated
based on the topic they address.

» Conclusions regarding the converter:

The three level NPC converter is a viable solution for this wind turbine application, because it
provides numerous advantages compared to the two level converter, while the disadvantages are
not so significant.

The prototype constructed in the laboratory was able to fulfill all the requirements imposed
during the experiments.

»  Conclusions regarding the control:

The scalar control strategy implemented in the current project cannot be implemented as the
main control for the wind turbine, because it cannot provide stability in all situations.

Scalar control can be recommended for certain situations, as maintenance situations, when the
speed of the turbine is small [19].

The speed and position estimator provided fast and accurate information, for the medium and
high speed range, as it was observed in simulations and experiments.

Problems were encountered at speeds closed to zero, as it could be seen in the experiments,
because the estimator determines the position from the back-EMF term, which is proportional
with the speed.

The sensorless vector control was able to maintain the stability, and to provide good dynamic
response during the starting procedure.

For a more stable operation at zero and very low speeds, a dedicated estimator has to be
implemented.
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Appendix A. Reference Frame Transformation

To create the mathematical model of an electrical machine the three phase “abc” system was
initially used, because it relates to the physical machine [30, 31]. Because this system comes
with disadvantages like time varying components and complex differential equations, new
reference frame transformations were developed to deal with these problems. The new variables
obtained, after reference frame transformation, do not have a physical correlation to the real
variables, which are encountered in the three phase ‘abc’ system.

a) Reference frame transformation from “abc” to “af0”

If we consider the three phase system “abc” and the complex domain, in which “a” axis is along
the real axis, the "af0” system can be developed, where a is along the real axis, B is along the
imaginary axis and 0 is the zero component of the three phase system, perpendicular to the plan
of the paper. It should be noted that the apO reference frame is fixed to the stator. The
transformations from “abc” to “oaf0” reference frame and vice versa are made using the
transformation matrix presented in [1] and [2] [30, 31].

This new reference frame presents advantages in the study of transient regimes for unbalanced
three-phase circuits [30, 31].

_1 1 1_
Imy 2 2
2 3 3
b [TQBO]:g 0 £ _£ [1]
£ 1 % 12
2 2 2
> a  Re 1 0 1
1 3
-1 |-z —=— 1
[TaBO] = 2 2 [2]
¢ 13
2 2

Figure 1. Reference frame transformation from “abc” to “ap0”.

b) Reference frame transformation from “abc” to “dg0”

As in the af}0” reference frame the “dq0” reference frame is represented in the complex domain,
where the “d” axis is along the real axis, the “q” axis is along the imaginary axis and the zero
component is the same [30, 31]. The difference between these two reference frames is that the

“dq0” is fixed to the rotor and it is rotating with the same speed w,- compared to the stator.
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The transformation from “abc” to “dq0” reference frame is made using the transformation matrix
presented in, also called Park matrix [30, 31]. To make the transformation from “dq0” back to
“abc” the inverse of the matrix is required. This matrix is presented in [4].

[quo]
Re i 21 21\ 7
cos 6 cos (9 — —) cos (9 + —)
wr 3 3 [3]
_2 - (o 21 (o 21
=3 —sin —sm( —?) —sm( +?)
1 1 1
2 2 2
a [ cos 6 —sin@ 17
(9 Zn) ) (9 Zn) L [4]
-1 cos| ——) —sin|lf ——
[Taqo] = 3 3
2T 2T
lcos (9 + ?) —sin (0 + —) 1

Figure 2. Reference frame transformation from
‘Gabc93 tO é‘dqoﬂﬂ.

For this transformation the equivalence between the number of turns in the real machine and in
the equivalent machine is:

Ng =MNg = Ng [5]
, Where: ng 4 , - number of turns on d, g or a axis;
The balance of powers between the “abc” and the “dq0” reference frame is affected by the 3/2
coefficient [30, 31]:

3
P = uaia + ubib + uCiC = E(udid + uqiq + uOio) [6]

c) Reference frame transformation from “af0” to “dq0”

In many applications it is also required to perform the transformation from “af0” to “dg0”. As
stated before the difference between the two is that “ap0” reference frames is fixed to the stator
and “dq0” reference frames is fixed to the rotor and is rotating with the same speed.

The transformation from “af0” to “dq0” reference frame is made using the transformation matrix
given in [7], and inverse transformation from “dgq0” to “af0” is also presented in [8]Error!
Reference source not found..
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Ba d cos@ sinf 0
[Ty] = [— sinf cosé@ O] [7]
q Wr 0 0 1
§)

cosd —sinf O

8

)O( [To]™t = \sin@ cos @ 0] L8]
0 0 1

Figure 3.Reference frame transformation from”af0” to “dq0”.
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Appendix B. Neutral Point Voltage Balance Results

To ensure neutral point voltage balance, the SVM method presented in Modulation Strategies
subchapter was implemented on the DSP. An RL load was used to test the modulation.

From Figure 4, it can be seen that the modulation produces nine voltage levels (x400V, £300V,
+200V, £100V, 0V), as it was expected. All these voltage levels appear because the modulation
index is set to one.

Pre\u I ul Moise Filter Off

000000l 1) /964

Figure 4. Phase voltage.

From Figure 5, the phase to phase voltage is observed. In this situation, five voltage levels
appear (x600V, £300V, OV).

PreYu I

5 | Noise Filter Off

[inoms 0000007 7544Y 2808568 i _
(2) 250V [Ziisen 225V (RS 458V |HEe1:08

Figure 5. Phase to phase voltage.

For all the experiments done in the laboratory, sinusoidal pulse width modulation is used. This
control does not have the capability to maintain the neutral point voltage balance, when an
external influence appears. However, if no such influence appears, the balance is maintained
naturally by the modulation, as it can be seen from the following oscilloscope captures.
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14.0kHz Moise Filter
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Figure 7. Load torque variation (scalar control).
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Figure 8. Speed reference variation (vector control).
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Figure 9. Load torque variation (vector control).
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Figure 10. Transition from motor to generator (vector control).
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Figure 11. Emergency breaking (vector control).
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14.0kHz Moise Filter
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Figure 12. Holding the machine at zero speed (vector control).

As it could be seen from all the oscilloscope captures, the natural balance of the DC link is
maintained during the test procedure.

It has to be noted here though, that it is recommended to implement a balance control algorithm,
to ensure safe operation, in all situations.
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Appendix C. Numeric Parameters

The parameters used to construct the Simulink model and to implement the control are presented

in the following table.

Name Symbol Value Unit
Rated Speed N, 500 [rpm]
Stator Resistance Ry 0.71 [Q]
Synchronous
Inductance Ly 17.0466e-3 [H]
Synchronous
Inductance Lq 15.6869¢-3 [H]
PM Flux Linkage Anpm 0.4932 [Wh]
No. of pole pairs p 6 [-]
Viscuous Damping B le-3 [-]
Coulomb Friction T, 7.7 [Nm]
Rotor Moment of o2
Inertia Ji 95.107e-3 [kg*m?]
Assambly Moment of 2
Inertia ] 102.738e-3 [kg*m?]
DC link voltage Ve 600 [V]
DC link capacitance Cac 330e-6 [F]
Carrier Frequency Fs 4000 [HZ]
Dead time Dead; ;. 1.5e-6 [s]
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