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Summary

Summary

The three phase permanent magnet synchronous generator with full scale converter
arrangement has gained significant market share in win energy turbine topology. This is
because of the advancement in production of superior magnetic properties and steady decline
in price of the magnets. Permanent magnet synchronous generators are of compact in size and
light in weight. They become attractive for offshore wind application. But offshore wind
energy system has to be not only light weight and compact in size but also reliable operation.
The majority of failures of wind turbines are the electrical systems. To increase the reliability
of the ordinary three phase wind energy system, a six phase wind energy system is proposed:

a six phase permanent magnet synchronous connected to six leg converter.

To harness the maximum energy from the wind, the viable option is using variable speed
wind turbine. Variable speed operation of drive is achieved by suitable control of generator-

converter system.

This project deals with the design, simulation and implementation vector control of six phase
permanent magnet synchronous generator-converter system. Step by step approach is used to
tackle the problem. First the dynamic modeling of six phase permanent magnet in different
references frames is studied. Then the time average and switching model of a six leg
converter is presented. The different modulation technique of six leg converter is studied. Last
the design or tuning of control parameters for the speed and current controllers are done. Dc

link voltage control design is also done.

After having the theoretical base, the majority of the work is done in preparation of laboratory

setup, understanding of FPGA platforms and fighting with sporadic practical problem.

Finally, it is of great personal success to be able to model, and control in the laboratory a low
speed Non Standard Six Phase PMSG having 33.27 degree separations between the phase

groups.
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Introduction

1 Introduction

In this chapter brief introduction about wind energy trends and technology;
off shore wind energy and its potential to support green power and green
house gas emission reduction. The problem description and related literature
review history is discussed. The scope and limitation of the project work is
also revealed.

1.1  Wind Energy System

The ambition to tackle climate and energy crisis boosts the utilizing and market growth of
renewable energy sources. To mention, the European Union has set a binding target of 20%
of its energy supply to come from renewable resources by the year 2020. To meet this target,
more than one-third of European electrical demand needs to be renewable, and wind power is
expected to deliver 12% to 14% (180 GW) of the total demand. Thus wind energy will play a

leading role in providing a steady supply of indigenous and green power [1].

The annual installed capacity of wind is increasing fast. As it can be seen in Figure 1-1, the

installed wind capacity is more than doubling every third year.
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Figure 1-1 World Total Wind Power Installed Capacity in MW, [2]
The long term benefits of wind energy are enormous if environmental factors are considered
in the light of increasing pollution by the use of fossil-fuels, for example the Gulf of Mexico

oil spill in 2010 is a recent witness.

Based on the average energy mix of the European Union, it is assumed that 1 TWh of wind

power displaces 0.667 Mt of CO,.
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The Wind Power

The wind power captured by the turbine P; is given by

1
P, = ECp(B,A)pAv(i (1.1)

Where, C,, is the power coefficient, § is pitch angle, A is tip speed ratio p is the air density, 4 is

the area swept out by the turbine blades and v,, is wind speed.

Power in
Wind

Rated Power

7]
2
Fowar
Captured
Rotor RPM
H Wind Speed 5
Cut-In Rated Cut-Qut
Speed Speed Speed
y: > > >
Region | Region 1 Region 1

Figure 1-2 Wind Power, Turbine Power and Rotor speed in different operating regions

In region I the wind speed is too slow to derive the turbine and produce valuable energy. The

cut-in speed is 4-5 m/s in modern wind turbines.

When the wind speed is above the cut-out speed, 22-25m/s, the turbines must stop operation to

prevent overloads and damage to the turbine’s components.

In region III, the wind speed is strong enough to produce the rated or maximum power. Pitch

control mechanism is used to keep output turbine power constant.

In Region II the turbine has to operate at the maximum possible efficiency by adjusting the
speed of the generator. Generally two basic schemes of wind turbine control system can be

considered.
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Fist method is constant tip-speed ratio scheme. It is based on the fact that the maximum
energy is extracted from the wind when the optimal tip speed ratio is achieved. The rotor

power coefficient as a function of tip speed ratio and pitch angle is shown in Figure 1-3.
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Figure 1-3 Power coefficient as function of A and 8

Second method is Maximum Point Power Tracking (MPPT) scheme. It is based on the fact
that the power versus speed curve has a single well defined peak ,dP/dw = 0. This scheme is

insensitive to errors in wind velocity measurement [3].

Therefore, region II is the main interest of this project: to insure the maximum power transfer
from the wind (offshore) to grid by controlling the wind generator. The vector control

method is used for the control purpose.

1.2 Offshore Wind

Offshore wind farms offer significant energy production advantages over onshore farms with
respect to wind quality and available area of deployment. Wind traveling over large bodies of
water tends to be more uniform with higher velocity than onshore wind, which encounters
obstructions such as forests that create eddy currents. The consistency and quality of offshore
wind makes it relatively easy for utility operators to predict and manage. However, there are
big both technological and financial challenges to put wind turbines out on a sea and to

integrate them to the grid.
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The offshore wind industry is flourishing. European Wind Energy Association statistics
show that on average in 2008, over 1| MW was installed per day, reaching a total of 1,471
MW worldwide by the end of the year, shown in Figure 1-4

2000
1600
Cumulative
Bl ~Annual
1200
800

2 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009

Figure 1-4 Annual and Cumulative installed offshore capacity in Megawatts (MW), [4]

There are over 100 GW of offshore wind projects already being planned. These projects
would produce 10% of the EU’s electricity whilst avoiding 200 million tones of CO2
emissions each year. EWEA has a target of 40 GW of offshore wind in the EU by
2020 and 150 GW by 2030 [4].

1.3  Problem Description

The three phase permanent magnet synchronous generator with full scale converter
arrangement has gained significant market share in win energy turbine topology. This is
because of the advancement in production of superior magnetic properties and steady decline
in price of the magnets. Permanent magnet synchronous generators are of compact in size and
light in weight. Permanent magnet synchronous generators are also more stable in normal
operation range and they do not need external excitation. All these make them attractive for

offshore wind application.

But offshore wind energy system has to be not only light weight but also reliable. The
majority of failures of wind turbines are known to be the electrical systems. To increase the
reliability of the ordinary three phase wind energy system, six phase wind energy system is

proposed as shown in Figure 1-5.
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Six Leg

Turbine

Six Phase
PMSG

AC .

(> DC

Figure 1-5 Proposed topology

Besides their reliability, Six phase machines with asymmetric arrangement have many
advantage over three phase machines; such as lower torque ripple, lower dc link current(lower
capacitance), and lower total harmonic. By selecting special control and switching technique

of the converter, stator losses of the generator and dc link current can further be reduced.

The objective of this project is to design, simulate and implement the vector control six phase
permanent magnet synchronous generator connected to six-leg converter. Six-leg converter is

equivalent to having two three phase converters connected to a common dc link.

1.4  Literature Review

In the late 1920’s, the limitations in the circuit breaker capabilities and the needs of enormous
to limit fault current brought to birth of multiphase machines [5]. In 1930, the theory and
design limitations of dual stator winding generators were presented [6]. Later, Robert [7] had
shown that stray losses due to phase harmonics can be materially reduced by means of two

separate stator windings displaced 30° from each other.

In 1973, Fuchs and Rosenberg [8] presented the mathematical model of dual stator winding
separated by any arbitrary angle using the dual orthogonal transformation. In the same year,[9]
the use of multiple inverters connected to a multiphase machine with appropriate winding
displacements showed significant improvement in system performance compared to three
phase converter feed induction machines. Later inverter fed multiphase induction machines,
six phase synchronous machines with AC and DC connection, and inverter fed synchronous

motors were introduced[11]-[13].

The development of power electronics devices and the advancement in DSP modules boomed
the study and research on the multiphase machines. Multiphase machine drives has been used

as in Electric Vehicles (EV), hybrid EV, aerospace, ship propulsion, and high-power
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applications in which the requirements are not cost oppressive when compared to the overall
system [14]. Levi [15] did a thorough survey related to Multiphase drives in various

subcategories including the application of Multiphase machines for power generation.

Multi phase PMSG for large power applications had not obtained much attention because of
the high price and the lower quality of magnetic materials. It has now turned out with steady
decrease in the price of the magnet and by the technology advancement which brings very

high quality magnetic material.

In [16] parallel connection of converters to multiphase PMSG with a modular way was
investigated to allow the use of classical converters. The control of multiphase PMSG for
wind was also presented in [17] when the two set of three phase windings are controlled

independently by using two independent converters.

In this paper, the control of multiphase machine is simulated using space vector
decomposition technique so that two set of three phase windings are controlled together using
one six phase converter. This helps to reduce the number of controller to be used, to improve
the total harmonic distortion and to reduce the current ripples. In addition, using one six leg
converter gives additional degree of control freedom which can be used either for loss
minimization. But because the complexity of vector space decomposition, this modulation

method is done one space vector modulation for the two converters is used.
1.5 Scope and Limitation of the Work
Scope of the work includes

Modeling and simulation of six phase generator and converter
Vector control or Field Oriented Control of six phase PM machine

Dc link voltage control

O O o o

Implementation and laboratory test of vector control of the generator and dc link

voltage control
Limitations:

0 Wind turbine model is not included.

0 @Grid side converter is not studied
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1.6 Report Layout
For the implementation of the control of six-phase PMSG the project is organized as follows

Chapter1- shows the general fact of wind energy system, offshore wind energy and literature

review about multiphase machines
Chapter 2- deals with modeling of six phase generator in synchronous rotating frame
Chapter 3- deals with converts and modulation scheme for ordinal and six- leg converter

Chapter 4- is about the control, which combines the modeling of generator and converter;

different control modes and dc link control
Chapter 5 — describes experimental setup.

Chapter 6- in this chapter, controllers are designed, simulated and implemented in the

laboratory and the results are presented

Chapter 7-concludes the report with recommendations for further work



Multiphase PMSG

2 Multiphase PMSG

In this chapter dynamic modeling of six phase permanent magnet synchronous
machines are discussed. The physical parameters of the machine in stationary stator
reference frame are given. Next, the modeling of the machine in synchronous rotating
reference frame is studied. The two phase component transformation or vector space
decomposition modeling of the machine is presented.

2.1 Introduction

The permanent magnet synchronous machine is a regular synchronous machine where the DC
excitation is replaced by permanent magnets. Excitation losses may reach up to 5% in small
machines [18].Having permanent magnets in the rotor circuit. These losses in the rotor are
eliminated. The PMSG has a smaller physical size, higher reliability and power density per
volume ratio. Because of these advantages, the PMSG are becoming an interesting solution
for wind turbine applications. However, the drawback of the PMSGs is their lack of voltage
control because of their constant excitation. Therefore, there have to be converters to support
voltage control for PMSG. But for variable speed wind turbine operation it is inevitable to use

converters for grid integration and have already been a standard.

Based on the rotor construction, PMSG can be either surface mounted permanent magnet
synchronous generators SPMSG or interior mounted permanent magnet synchronous
generators IPMSG. Interior mounted rotor is built with the magnets inserted in cavities in the

rotor structure. This creates saliency which results in reluctance torque component.

Based on the magnetic flux orientation, PMSG can be group as a radial flux and an axial flux
machine. Radial flux machine is constructed by placing stator around the rotor in such a way
to produce radial directed flux. In axial flux machine, the stator and the rotor are placed such
that the air gap is perpendicular to the direction of rotation there by the main flux crosses the

air gap in axial direction of rotation. Only Radial flux PMSG is studied here.

Based on the arrangement of stator windings, PMSG can also be divided as distributed
winding and concentrated winding. The generator that is available in the laboratory is
concentrated winding machine, therefore the modeling and control focus on this type of

machine.
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Based on the number of phases, machines in general can be two phase, three phase or
multiphase (greater than three). Three phase machines have been studied for long time and

are widely available in numerous applications.
Multi phase machines provides several advantages such as

Reduced amplitude and increased frequency of pulsating torque
Lower current per phase for the same rated voltage
Lower dc-link current harmonics converter fed system

Higher reliability and

© O o o o

Higher degree of freedom

The six phase synchronous machine has two identical stator windings which are assumed
balanced star connected. Commonly, the two sets of winding can have a phase shift of 0, 30
and 60 degrees. Zero degree phase shift is exactly similar to three phase system. Sixty degree
phase shift forms symmetrical arrangement and can be reduced to three phase system because
two phases of different stars are always collinear. Thirty degree phase shift forms
unsymmetrical arrangement which cannot be further simplified. The thirty degree phase shift
arrangement is optimal with respect to voltage harmonic distortion and torque pulsation [7].
Therefore, thirty degree phase shift between star connections has been preference
arrangement and also in this project. But, the actual machine used for implementation in the

laboratory has 33.2725 degree separation between the two three phase groups.
2.2  Modeling Assumptions and Physical Parameters
In developing the mathematical model the following assumptions are made:

The set of three-phase stator winding is symmetrical.
The capacitance of all the windings can be neglected.

Each of the distributed windings may be represented by a concentrated winding.

o O O O

The change in the inductance of the stator windings due to rotor position is sinusoidal

and does not contain higher harmonics.

o

Hysteresis loss and eddy current losses are ignored.
0 The magnetic circuits are linear (not saturated) and the inductance values do not

depend on the current.
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The arrangement of the windings of the machine is represented by their axis of flux lines as

shown in Figure 2-1.

Figure 2-1 Six-phase machine windings axis of flux lines

Mathematical model of six phase machines, like any other machine, can be started from the

basic the stator voltage equation which is given in matrix form as

dl 4s]
[Vs] = [Rs 1[1s] +T (2.1)

T T T
Where, [V;] = [Va W e Vi 1y Vz] s) = [Ia Iy I I Iz] (4] = [Aa Ap Ac Ax Ay /12]
are stator voltage, stator current and stator flux linkages of machine respectively, and the

stator resistances are given [R;] = diag [Ra Ry, R; Ry R, RZ]T

For magnetically coupled stator windings, the stator linkage flux is the sum of all fluxes

around it. This is represented by the following matrix equation:

[As] = [Ls 1L Is ] + [Aspm] (2.2)

Agpy 18 the flux linkage of the Permanent Magnet (PM) which links the stator windings can be

written as:

[Aspm] = Apm [coser cos (Br - 2;) cos (Hr + 2;) cos (Hr - %) cos (GT - 5%) cos (Hr - %)]T (2.2.])
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Where Ap), the permanent magnet flux linkage, and 6, is the angle between magnetic axis of

phase and rotor as shown in Figure 2-1.

The inductance matrix Ly includes the self inductance and the mutual inductances of all the

stator windings, and is given by

-Laa Lab Lac Lax Lay LaZ 1
Lba Lbb Lbc be Lby Lbz
L L, L L. L L
[Ls] — Lca ch Lcc ch LCy LCZ (2.3)
xa xb xc xx Hxy Xz
Lya Lyb Lyc Lyx Lyy Lyz
-Lza Lzb ch sz Lzy LZZ

In the case of salient pole machine, the self-inductance of each stator phase winding will
reach a maximum value whenever the rotor d-axis aligns with the axis of the phase winding
because the reluctance of the linkage flux path is minimum. This minimum reluctance
condition occurs twice during each rotation of the rotor so that the stator self-inductances are
represented by a constant component and a single periodic component, the higher harmonics

neglected [19]. As of the form

Li=L +L{+ L,cos(20;), for i =a,b,c,x,y,2

2r 2r
0,=6,,0,=0,—— and 6, = 6, + —
3 3
. . . (23.1)
szga—g,eyng—g and92=9c—g

Where,

L; is leakage inductance a of stator winding.

L, is the constant component of the magnetizing inductance of a stator winding.
L, is amplitudes of the second harmonics of the magnetizing inductance.

As each of the stator windings is shifted in space relative to the others by 120° the mutual
inductance between each of the stator windings is negative. When the rotor d-axis is midway

between axes of two of the windings, the magnitude of the inductance is maximum, [19].
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Therefore, ignoring the mutual leakage inductance, the mutual inductance within the phase

group can be written as

1 T
Lop = Lpg = _ELl — L, cos 2(6, —§)

1 T
Lpc =L = _ELI — L, cos 2(6, _E)

1
Lea = Lac = =5 Ly — Ly €05 2(6, +7)

1 s
Lyy =Ly, = _ELl — L, cos2(6, _E)
1 T
Ly, =1L, = _ELl — L, cos 2(6, —g)

Lyx = Lyy = =5 Ly — Ly 05 2(8, +5)

(2.32)

The effect of mutual leakage inductance of the two groups of three phase windings voltage

harmonic distortion and torque pulsation is appeared to be negligible when the separation of

the two set of windings is 30°,[12] Therefore, the mutual coupling inductances between the

two groups can be written

V3 T
Lax = an = TLl - L2 coSs 2(07- +E)
V3 5t
Lay = Lya = —7L1 - Lz coS 2(0,- —E)

Loy = Lyq = 0+ L, cos 2(6, +§)

5n
Lyy =Lp, =0—L,cos2(6, e

V3 I8
Lby - LZb == 7[;1 - Lz coS 2(97«- +Z)

(2.3.3)
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V3 T
Lpz =Lz = _71‘1 — L, cos 2(6, _g)
V3 T
Loy = Loy = —7L1 — L, cos 2(6, +Z)

I
L., =1L =0—L26052(9T—E

V3 5
Lye =Ly — Ly cos 2(6, — g)

h
Q
N

I

Having the above mathematical representation of the inductances the stator winding of six
phase machine, the modeling of surface mounted concentrated winding machine on
synchronous rotating frame will be discussed latter. The modeling of six phase machines on
synchronous rotating frame can be done in two ways. First, considering the six phase machine
as two ideally separated three phase machine. Second, considering the machine as it is and

using six phase symmetrical component transformation.

2.3 Dynamic Modeling in Dual Synchronous Rotating Frame

The mutual inductances between stator coils of single layer concentrated windings are very
small compared to their corresponding self inductances. For surface mounted PMSG the
inductance is independent of rotor position considering no saliency (L,~0). Taking the above
presumable assumptions, the stator inductance matrix of six-phase SPMSG with concentrated

windings is reduced to

Ls] = Ly, (2.4)

Lii = Ll +L1 ,fOT i = aniC;x;y;Z
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Six phase machine variables in stationary reference frame can be obtained using Clark
Transformation and Modified Clark Transformation with respect (al,f1,01) and
(a2, B2, 02) respectively as seen in Figure 2-2.

BLB2
A

B Ay ',;F‘

\\ ‘)‘3 . ala2

Figure 2-2 Dual Stationary Reference Frame

The stator voltage equation which is by equation Equations (2.1) is split in half, and Clarke
and inverse Clarke transformations on voltage, stator current and stator flux linkages of phase
group 1 (a,b,c) — afol, and modified Clarke and inverse modified Clarke transformations
on voltage, stator current and stator flux linkages of phase group 2 (x,y,z) — aBo2 . Then

the equivalent stator linkage flux in stationary frames is
/1011 == Lalal + /1PM coS 91«

Aﬁl = Lﬂlﬁl + APM sin 07-

(2.5)

Aaz = La'I(ZZ + APM cos 07-

/132 = L[?I[}Z + APM sin 97-

The voltage equations in stationary frame become
_ Ia1 :
Va1 = Rslyr + Ly rale Wy Apy Sin 6,
Ig1

Vﬁl = Rsl[fl + L d + (‘)TAPM Ccos 97«

(2.6)

Vaz = Rslyy + Ly — wyAy Sin o,

dt

Igy
VBZ = RSIBZ + L, d + Wy Ay COS 6
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The voltage equations, Equation (2.5), are dependent on the rotor position. In order to
eliminate the rotor position dependence and time varying equation, synchronous rotating
frame transformation is employed. Synchronous rotating frame is also called rotor reference

frame.

“ N
P~y
7 0 0 N
0 W =
\ Ve
—_n\ < KA K2
Mq=0"~ =
d\vé),‘
> O

Figure 2-3 Stator windings in synchronous rotating reference frame

Appling Angle Transformation on Equations (2.4) and (2.5), then the corresponding model

equivalent model of the machine on synchronous rotating frame

Aar = Lalgs + Apy

Agr = Lglga
(2.7)
Aaz = Lalgz + Apy
Aqz = Lqlg2
The voltage equations then
L4y
le = RSIdl + Ld? - (UT-Lqul
dlgy
Vq1 = Rslql + Lq ? + erdIdl + (Ur AM
(2.8)

dl,
Vaz = Rslgz + Ld? plaz — erquZ

dl,,
Vg2 = Rslgz + Lg d—‘l’: plys + W Lglyy + @, Ay

The equivalent circuit
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L R @:Lglgz Ly

Lqg R rlalaz Va1

M A—O—

Eq) < VJ Maw—0O—

_M_'Y\_/\'_O__F"\_M/\,_O_

(a)

Figure 2-4 Equitant circuit of six phase PMSG, (a) q axis (b) d axis

Electromagnetic Torque

The electromagnetic torque is the most important output variable that determines the

mechanical dynamics of the machine such as the rotor position and speed.

The electro-magnetic torque expression can be calculated from the air gap power F,4. The air

gap power is the part of input power which does not contribute to resistive loss, P, Or rate

of change of stored energy in the inductances. The rate of change of stored magnetic

energy could only be zero in steady state.

The total air gap flux contributes to the electromechanical torque,

T T
_3 1d1] [Vd1] 3 [ldz] [de] _ :
P, . [Iql Vor +3 loal Lveal P,-electrical power

Pag = Pe - Ploss - PrateChangeStoredMagnetic

3
Pag = Ewr APM(Iql + qu)

And if there are P poles, the electrical torque M, is

Pq P3
M, = =4 = EEAPM(Iql + qu) = Ky (Iql + qu)

Wm

P3
Kr=--4
T = 354PM

(2.9)

(2.10)

The toque expression given above is analogous to that of dc machine or that of three phase

AC machines in d-q plane.
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2.4 Dynamic Modeling using Vector Space Decomposition

The vector Space decomposition theory has been introduced to transform the original six-
dimensional space of the machine into three orthogonal subspaces or planes. Vector
decomposition is based on the generalized two phase real component transformation of stator

windings of n phase machine.

The generalized two-phase real component transformation is appropriate only for symmetrical
n-phase machines in which each stator phase is separated from each adjacent stator phase by
360/n electrical degrees [10]. As a result, this transformation cannot be applied directly to
the six-phase machine configuration with 30 degree separation. But, the generalized two-
phase transformation of a symmetrical 12 phase machine can be used to derive transformation

matrix for asymmetric six phase machine, see Figure 2-5.

Figure 2-5 Winding axes for 12 phase and 6 phase windings.

For twelve phase machines, n=12, the transformation matrix [T12] is given in Appendix Al.

Then the twelve phase transformation matrix can be reduce to six phase transformation matrix

as [T6], it is voltage invariant form.

1 cos4a cos8a cosa cosS5a cos9a
0 sinda sin8a sina sinb5a sin9a
[T,] = 1(1 cos 8a cos 4a cos S5a cosa  cos 9a
310 sin8a sin4a sinba sina sin9a
1 1 1 0 0 0 (2.11)
L0 0 0 1 1 1

[Te]™* = [Te]"

Rearranging the above equations the voltage equations are
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dl, ,
Vo = Rsly + LSE — ApySing,

Vg = Rylg + Ly =L + Apycos6,

di,
Ve = Rgly + Ly ’n
(2.12)

_ dly

Vy = RSIy + LSE

dl,
dt

Vzl = RsIzl + LS

dil,
dt

V2 = Rgl,p + Ly

Equation (2.12) is has rotor position dependent voltage equations. Appling the T, voltage

equations referred to rotating space vector decomposition.

dl,
Vd = Rsld + LSE — (U-r-LS Iq
(2.13)
di,
Vg = Rl + Lsﬁ + w, Ll + Appyw,

Equation (2.13) is similar to mathematical model of three phase machine in rotor reference
frame. It is used in vector control of six phase machine in similar approach to that of three
phase machines. Therefore vector space decomposition method of modeling multiphase

machines makes the control as ease as standard three phase machines.

Equivalent circuit in the three orthogonal planes can be derived using (2.12)-(2.13).
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(a) (b)

(c)

Figure 2-6 Equivalent Circuit of Six phase Generator in three subspaces (a) in x-y subspace, (b) in z1-z2 subspace, (c) in d-
q subspace

As seen from (2.12)-(2.13), the current components in (x, y) and (z1, z2) are limited to stator
resistor and stator inductance in the case of concentrated winding PMSG. These currents do
not contribute to electromechanical energy conversion but losses. So, the electromechanical
energy conversion variables are mapped in the only (d,q) subspace. This makes the control of

the machine simpler and is equivalent to three phases PMSG.

Electromagnetic Torque

The electro-magnetic torque expression can be calculated from the air gap power. The air gap
power is the part of input power which does not contribute to resistive loss or rate of change
of stored energy in the inductances. The rate of change of stored magnetic energy could

only be zero in steady state.

- Id — T - Vd -

Iq Va

I v, . .

P,=3 I v (only d-q component contribute for air gap power)

y y

Izl Vzl
2.14

—122— —VZZ— ( )

Pag = Pe - Ploss - PrateChangeStoredMagnetic

Pag = 3(‘)7" AMIQ

And if there are P poles, the electrical torque T, is

M ="2=322,1, =K, (2.15)

Wm
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P
KL’ = 3§AM = ZKT

The toque expression given above is equivalent to that of DC machine or that of three phase

AC machines in d-q plane.

Therefore, systems of six phase machine can be simplified to two phase windings systems

which contribute for electromechanical energy conversion.

In general, multi phase machine modeling and control becomes easier using the vector
decomposition technique. All those derivations of equations are to understand the behavior of
multiphase machines which are used for control purpose. Before proceeding to control of six

phase machine, the next chapter presents about the converters used to operate the machine.
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3 Converters

In this chapter three phase converter operation with sinusoidal and space vector
switching technique is discussed to pave the way for the analysis of six leg converters.
The average model of three phase converter is depicted. The six leg converter
topology is described with the extended space vector modulation technique, called
the space vector decomposition technique, and is explained;

3.1  Wind Turbine Converter Topologies

Wind Turbines currently installed are either fixed speed or variable speed. In order to be able
to operate wind turbine at its maximum power coefficient thereby obtaining larger wind
energy capture over wide range of wind speed, variable speed wind turbine must be used in
the wind energy system. Variable speed operation is achieved by controlling the generator
speed by controlling the converter connected across the stator in fully rated converter
configuration or by controlling the converters connected across the rotor windings in the case
of doubly feed Induction generator. Fully rated converter based wind turbines may have
different topologies based on the generator side converter configuration. These are diode

rectifier based, thyristor based, and diode with boost converter based and IGBT based as

H

shown in Figure below.

3% [ 1 KIE
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Figure 3-1 Fully Rated Converter based wind turbine converter topologies

IGBT rectifiers has enormous advantages, such as the current or voltage can be
modulated generating less harmonic contamination; power factor can be controlled; they
can be built as voltage source or current source rectifiers; the reversal of power can be
achieved either by reversal of voltage or reversal of current[20]. The proposed converter
topology is an IGBT based six-phase converter or cascaded converter having same dc link

voltage. The six leg converter has advantages to increase the reliability of system and also

21
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reduces ripple and or the harmonic distortion both in stator and dc link by creating smooth
transition in switching states. The advent of fast processing and advanced DSP modules
makes the real time control of complex algorithms easier and practical. So, it makes feasible

to think of the application of multi leg converters as one, instead.

Six Leg

Turbine

Six Phase
PMSG

AC L Vdc

DC

>

Figure 3-2 wind energy conversion six leg converter topology for six phase machines

As seen in Figure 3-2, the machine connected converters work in rectifier mode of operation
most of the time. Therefore, the basic principles and switching of three phase rectifiers are

discussed before jumping to six leg converters.

3.2  Operation of three phase rectifier

Three phase converter with fixed dc voltage polarity is called voltage source converter (VSC).
VSC can make a smooth transition from the inverter mode to rectifier mode by reversing the
direction of dc current; unlike current source rectifiers which reverse the dc voltage polarity.
To elaboration the basic operation of VSC converter, a single leg of converter is depicted in

below

Figure 3-3 Single leg converter operation

Under Rectifier mode operation, the converter works like Boost converter. The upper switch
and lower diode work complementarily, the blue line shows the direction of current flow.
Under Inverter mode of operation, the converter works like Buck converter. The lower switch

and the upper switch and lower diode work complementarily which is shown by red line in
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Figure 3-3. The relationship between input voltage (assumed sinusoidal) and converter

voltage, ignoring the harmonics, can be easily shown by a phasor

(3.1)
Fo="0" Iy 1 'l.l" Veon
> —- 8 = 180°
4 - v
N‘UL I: /- 5 _ L
Veany ’ vy

Figure 3-4 Rectifier mode (left) and Inverter mode (right) of operation at unity power factor

From Figure 3-4, the converter voltage is higher that the input voltage in both modes near
unity power factor operation. Therefore, the dc link voltage should be sufficiently larger than
diode rectification voltage otherwise the converter will behave like common diode
bridge, "~ . The active and reactive power flow is also well explained in [21]. When
three separate single legs are connected together, they form three phase converter called
voltage source converter.

There are many different switching techniques to control converters switching device. The
sinusoidal PWM and Space Vector PWM are discussed here, since they are the one used in

the implementation.

3.3 VSC-Sinusoidal Pulse Width Modulation

The Pulse Width Modulation is a technique of switching inverter power devices ON and OFF
at a carrier frequency in order to generate sequence of pulses whose average value forms the
reference signal. In another word, the reference signal is used to shape and control the
magnitude and frequency of converter output voltage when the reference signal is sinusoidal
waveform; the modulation is called sinusoidal PWM. In PWM, amplitude ratio or modulation
index is defined as the ratio of the peak amplitude of the modulating signal and the
amplitude of the triangular . The ratio of the frequency of carrier triangle and the
frequency of fundamental component PWM pulse pattern is called frequency modulation

ratio

(3.2)
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For m, < 1, the modulation is called linear modulation in which the fundamental frequency
component of the converter voltage linearly varies withm, . Form, = 1, the modulation

becomes nonlinear and is called over modulation.

3.3.1. Switching model
In a three phase inverter only one of the switch in each leg is ON at a time; the upper three

switches can represent the converter using a the switching function is defined

1 ON(YV, > Viri) .
S. = { ’ control tri — A,B or C (3'3)
J 0: OFF( Vcontrol < Vtri) J
The converter leg output voltage is given by
Vin = SjVac (3.4)

Using single carrier and three sinusoidal signals shifted by 120°, as shown in Figure 3-6(a),

the sinusoidal PWM generated signal of phase and line voltage at the converter is shown

Figure 3-6 (b); the converter leg voltage has a dc value of vz—d .

L_.;:—-|
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Figure 3-5 (a) Three phase PWM generation (b) phase and line voltages

3.3.2. Average value model of Converter leg
The average leg voltage at output can be obtained by integrating the switching voltage (3.4)

over a switching period and dividing by Ts.

s 1 pto+T .
Un =ty Vac dt =djVac, j=4,B,C (3:5)
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The dependency of duty cycle with control signal and carrier signal can be given by

1 1vcontrolj
di=—4+-——"—"2
i =313 v,

(3.6)
For sinusoidal control signal, Veontrorj = Ve sin(wt + 0]-), the duty cycle can be written in

terms of the modulation index,

1,1V, .
dj =+ Ezsm(wt + Hj)
(3.7)
dj = %+ %ma sin(wt + 0]-)
In the linear range the peak value of the fundamental frequency component in one of the

inverter leg is given in (3.9), note that the dc off set is zero frequency components,
BN v
Vi = m, ¢ (3.8)

The dc component the phase voltages cancel each other in the line to line voltages,

V]k = djka
(3.9)
djk == d] - dk

The amplitude of line to line voltage of fundamental frequency component across two legs of
the converter is

V.. = [3q, Vde

VjLL = \/;ma 5 (3.10)
Equation (3.10) shows that only 61.2% of the dc link voltage can be utilized in the linear
range. There are other modulation techniques such as the space vector PWM which will be

discussed later and third harmonic injection sinusoidal PWM. Both the modulation techniques

allow dc link voltage utilization up to 70.7% in the linear range [22], [23].

The total currents in the three legs sum up to give the dc link current.



Converters

where E is the average line current and
Combining (3.9) - (3.11), the average model of three phase converter is Figure 3-7. Average

models make simulation fast though losing some degree of accuracy.
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Figure 3-6 Three phase VSC average model

3.4  VSC-Space Vector Pulse Width Modulation

Space vector Pulse Width Modulation (SVPWM) has interesting characteristics over
sinusoidal PWM. It improves the DC link voltage utilization and also reduces harmonics in
the voltages and currents. At any instant of time the vector sum of phase voltages in space
gives one vector —space vector. The use of the magnitude and frequency of this vector to

control switching states of the converter is named space vector modulation.

The switch mode converter connected to Machine is shown below

I A G-

—} P > ’—} P e ’—}DC

\Vdc

}D’A S’B“}D’B S’C’}’C

Figure 3-7 Three phase converter connected to machine
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As it is discussed before, the upper three switches can represent the converter state since the
lower switches are complementary to the upper switches. Therefore, there are only eight

possible states of which six are active states and two are zero states.

The switching model of the converter leg voltage is shown in (3.4),V;y = S;V,.. The generator

phase is sum of leg voltage and neutral point voltageVy,,
Vas = Van + Vnn=SaVa + Vyn
Vs = Von + Van=SpVa + Van (3.12)
Ves =Ven + Vun =ScVa + Vin

For a balanced system the sum of stator phase voltages is zero. This makes the voltage
between the neutral equal to one third of the sum of the converter leg voltages.
Mathematically,
1
Vim =3 (Van +Vpn + Ven)

(3.13)

1
Vn = 3 (Sanc + SpVy + SCVdC)

Then the phase voltages in terms the switching states is calculated from the above two

equations as

Vs 2 -1 =11|Van 2 =1 —-11[%

Viac
Vis|= [-1 2 —1|Ven [=7 -1 2 —1||S (3.14)
Vs -1 -1 21|V, -1 -1 21LS,

The line to line and phase voltages of the generator as all the states is shown in Table 3-1;

Table 3-1 Switching states and generator line and phase voltages normalized to Vdc

Switching . Line to Line
Line to Neutral voltages
vectors voltages

Voltage

Vector
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A 1]101]0 Vo |==Val—-=V | Va 0 |-Va
v, 1]111]o0 vy Vg |—sVal O Va | —Va
Vs ol1]of|-=zv, vy |—=svy | V| W 0
2
Vv, ol 1] 1]- FVa| 3Va | 3Va —Va] O Va
Vs olo|1|-zvy|—-=vy| =V, 0o | -vil v
Ve 11011 v, | -2V, Vo |l Va | -Va| O
v, 1]11]1 0 0 0 0 0 0

The analysis of calculation of the space vector is easy in stationary reference frame rather than

adding the complex phase variables. Applying Clark’s transformation to (3.14),

W o, [P TR

VBl=zVaflo 22 —IZ[|S (3.15)
v 3 2 2 |Is,

° 0 0 0

Vi and Vg gives the magnitude of the reference space vector-radius of circle as shown in

Fig3.10b.

V2
(110)

/ 3,1/43)

/3,-1/+3)

(-1 /3,-1N3)v(5001) (101) V6

Figure 3-8 switching vectors position and sector on stationary reference axis
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The maximum value of the average reference that can be used without distortion V.. is when
it is equal to the radius the circle inscribed hexagon. Then the peak value of the phase and its

root mean square can be calculated as

= V3
VretMax = V1 c0s(30) = 7Vd
2 5 1
VphaseMaX = EVrefMax = \/_§Vd (3.16)

3 1
VLL,MaX(rms) = \/;VphaseMax = ﬁvd = 0.707 V4

This shows that using space vector modulation has 15 percent higher dc link voltage

utilization than that of sinusoidal modulation, compare with (3.10).

Next stage on SVPWM is identifying the sector where the reference voltage is laid. Then
calculate the time that the adjacent vectors inscribing the reference so as to keep the voltage-

second balance.

V7T
V8

[.{1

Figure 3-9 synthesis of required voltage in sector 1
Depending on the criteria required zero vectors has to be selected to make the switching
frequency constant. When reference vector is in sector 1, see Fig.3.11, the duty cycle for the
adjacent vector V1 and V2, and zero vectors can be calculated as

2 = .
d, = \/—§Vrefsm a

2= 1
d; = gvrefMax = 73

or(V/3 cosa — sina) (3.17)

dozl_dl_dz
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The above formula can be used as general formula for the other sectors by adjusting the angle
the respective vectors. The detailed analysis for selection of zero vectors and the different

space vector algorithms are covered in [24]-[25].
Space vector source code is included in Appendix F.

3.5 SixLeg Converters

3.5.1. Model
Sig leg converter can be built, in similar fashion to that of three phases, by connecting six

bridge legs; or simply by connecting two VSC with common dc link voltage.

In this project, two identical three phase converters modules are used Figure 3.10(right side).

5, SJ}DB 5”1}06 o l}ux S’l}m SZJ}DZ : r\J J_
— T

S,
g.—n
[

X,
-
Y,
L
Z,
-

L
= | T

S sl Sy sv) Sz

Figure 3-10 Six leg converter

The six-phase voltage source converter contains a switching network of 12 power switches
arranged to form 6 legs, each leg connected to one phase of the generator. Only one of the
power switches of the same leg can operate in the ON state to avoid the short circuit of the dc
link so that the upper six switches determine the switching state of the converter. Thus, 64
possible states are available and having many switches states gives freedom in the control of
the converter and also it reduces the harmonics in voltage and current that would have been

introduced by having less number of switching states.

The neutrals of the generator are isolated from each other and from the converter. For a
balanced system, the voltage between the converter and machine for each set of three phase
windings becomes one third of the sum of the respective leg voltages, as shown in (3. 14) for

three phase machine

Therefore, using similar analysis the phase voltages can be written as
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VasT [ 2 -1 -1 1[Van Van
Vs -1 2 -1 1) Von Von
Ves[1jl-1 -1 2 Ven — [C] Ven
Vis| 3 2 =1 —1||Van| Vin
Vys Q) _1 2 _1 VyN VyN (318)
LV ! -1 -1 2]V, LV,n

The converter leg voltage is product of the dc link voltage V4 and the switching state of the

respective leg. For the six legs the converter voltages in matrix form can be written as
[V]N] = Vd[ Sa Sb SC Sx Sy SZ ]= Vdc[sj ] (3-19)

Finally, substituting (3.19) to (3.18), the stator voltages of the generator in terms of the

switching states of the converter are
[Vis] = Va[CIIS;],  j=ab,cxy.z (3.20)

As shown in (3.21), by changing the switches states of the converter the stator voltages can be
controlled, or vice verse. The generation of control signal to the converter varies with
modulation scheme used. To take advantage of the higher number of switching states of the

vector decomposition space vector PWM is used.

3.5.2. Sinusoidal Modulation
The six leg converter can be treated as two independent three phase system. For a balanced
load, the two converters will have similar reference signal which are separated by the phase
difference angle of the phase groups. DC link voltage utilization is as same as to that of three
phase converter. This modulation is very simple, in this project it is used in the initial stage of

the development of drive controller.

3.5.3.  Space Vector Modulation-Vector Classification
Similarly, standard three phase space vector modulation can be use for the two converters.
First case is, using separate reference signals for each converter but the same switching states.
The same space vector modulation can be used, only by changing the input signal to the

function. This modulation strategy is implemented in this project.
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V2

110
( )(1/ 3,1/43)
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Figure 3-11 space vector modulation with different reference and same state vector position

The second case, is using the same reference signal but different position of switching states,
the switching states of one of the converter are uniformly displaced by the angle which is

equal to the phase difference of the two groups of three phase winding of the generator.

Figure 3-12 space vector modulation with single reference and different vector position
3.5.4. Modulation - Vector Space Decomposition Space Vector PWM
As introduced earlier, for three phase converter modulation, space vector modulation is based
on the projection of the stator space vector in to stationary reference frame(s). From the

general two phase real component transformation, six space phase voltages can equally be

represented by vectors of three orthogonal stationary reference frames.

The stator voltages on three orthogonal planes can be found by multiplying (3.20) using six

phase transformation, Appendix A.

[Vsval = ValTel[CI[S; ] (3.21)
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_Va_ _S_
V3 -3 1 1 a
Wl 10 7 =z oz THIS
Vi |_va 1 _1 1 3 B 0 Sc
Vy V3 2 2 2 2 N
1 1
Vi 0 —? ? 2 > 1 Sy
_sz_ O O O O O 0 -SZ-
L0 0 0 0 0 0 |

T
Where: Vg4 = [Va Vg Vx Vy Vyq sz]

As it is seen, (3.21), no voltage components are generated in the (z1-z2) subspace; this is

because of the two neutral of the machine are separated and system is assumed balanced.

There are 64 switching modes in each(a, ) and (x,y .The vector space diagram of the

switching states normalized with Vdc are shown below.
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Figure 3-13 (a) projection of stator voltage (a,b) plane , (b)projection of stator voltage (x,y) plane, null voltage vectors: 0,
63,7,56

Looking at the magnitude of the voltage vectors of above Figure 3-13, there are five vector
groups; the zero voltage group has 4 states Uo=0, the smallest voltage U1=0.299Vd group(12
states), the small-medium vector group has 12 states U2=0.577Vd, the medium voltage group
has 24 states U3=0.816Vd , and the largest voltage group has 12 states U4=1.115Vd;

From the two projection planes voltage diagrams, it is evident that the largest vectors (U4)
in(o, B) plane are mapped to the smallest vectors in (x,y) plane. While the others two medium
voltages are same in both planes. So, does all the 128 vectors participated in

modulation/controlling of converter? As it is discussed in chapter 2, the space vector
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decomposition modeling of generator shows only (o, ) planes contribute for
electromechanical energy conversion while (x,y) corresponds to stator losses. That means, it
is wise to choose vectors which have largest projection on the (0, f) and at the same time
smallest in (X,y). As a result, the vector diagram is simplified to 12 vectors-U4 group in(a, )

and their 12 projection vectors-U1 group in (X, y) as shown in Figure 3-14.

There are two 12 sectors each separated by 30°. SVPWM technique of three phase converters

with 6 sectors can be extended to that of six phase converters-two 12 sectors.

Since the control of(a, ) and(x,y) orthogonal planes of one another, this gives additional
degree of freedom in the control of machine- converter system, so that the losses in(X,y)
plane is intended to be as low as possible, by selecting four active vectors to generate

reference space vector in (o, ) and zero volt-second in (X, y).

(a) (b)
Figure 3-14 vector-U4 group, of stator voltage (a,b) plane(x,y) plane
Supposing the reference vector is sector 1, the four adjacent vectors 45, 41, 9 and 11 are used.
The important features of these four adjacent voltages is that they lie in different quadrants

of(X,y) plane which helps cancellation.

There are four zero vectors for each sector to choose from. Here, only one zero vector for
each sector is used and is selected to minimize the number of state changes of switch in each

leg. Table shows switching table for sector 1,

Table 3-2 Switching table of sector 1

Sector 1| S, | Sy | Sx | Sc | Sp | Sa
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VO |63 |1 |1 1 1 1 1

V1 (45 (1 |0 1 1 0 1

V2 (41 (1 |0 1 0 0 1

V3|9 (0 |0 1 0 0 |1

v4 |11 |0 |0 |1 O |1 |1

As shown in Table 3.1, the all switch legs change state once in sampling time except leg b
which switches twice, and it is inevitable to have at least two state changes in sampling rate in
any combination. Therefore, it is possible to have different ways of choosing zero vectors and
thorough study can be done on the different combinations. The switching table for the other

sectors is included in Appendix C.

The dwelling time of these five vectors is calculated in such way that the voltage-second is
balanced [26],[27].Let T, T;,T,,T;and T, be the dwelling time of the vectors
Vo, V1, V,, V5 and V,, respectively. The voltage-second balance is

VOTO + V1T1 + V2T2 + V3T3 + V4_T4 == VrefTs (3 22)

T0+ T1+T2+T3+T4_ :TS
Further decomposing the vectors in to the subspaces which we have the information that the
voltage-second balance must be zero to minimize losses and is given by

_VaO Val V(XZ Va3 Vo(4 E TO TSVa*
1/ SR S S VA | W) TeVg"

Vo(o Vxl sz Vx3 VX4 ¥2 - 0 (323)
v v,b ov.? v vt 3 0
B Yy y 'y y T, T,

-1 1 1 1 1

where, Vki is the projection of the i™ voltage on the k-plane and T; is the dwelling time of the
vector Vi over a sampling period Ts; V,” and V;" are the projection of reference space vector
on (o, ) plane.

Now, the timing signals of the legs or phases of the converter can be calculated by adding the

dwelling times according to switching states of the five vectors for the given sector. Table 3.3

shows the switching table for sector I.
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Table 3-3 switching table time and dwelling time of sector 1

Sector 1 S, S, S, S. S, Sa
Vv, |63 1 1 1 1
To T, To To To To
Vi 45 1 0 1 0
T, |0 T, T, |0 T,
v, |41 1 0 0 0
T, |0 T, |0 0 T,
V3 9 0 0 0 0
0 0 T; |0 0 T;
V4 11 0 0 0 1
0 0 T, |0 T, Ty
T, I, T, To+Ty | To+ T, T,
S,
+Ty
+T,

Note that: Ty is the sampling time which has to be smaller than the switching time.

The ratio of the dwelling time to the sampling time can be defined as the duty cycle on that

sampling period,

The normalized switching gate signals then can be shown as

do

dy

do

da

dy

Figure 3-15 switching gate signals

(3.24)
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The sum normalized dwelling time of each vector gives the duty cycle of the switch or leg.

For this particular case, reference vector is in sector 1, the duty cycles of the six phases are as

follows.
d, =1
d, = d; +d,
d. = d; +d; (3.25)
dy =1
dy = d4
d, = d; +d; +dj

The generation of switching signals must be handled carefully. The switching signals
generation should be handled in different way for the leg which changes state twice in a

sampling period.

The average model of six phase converter can be developed from the duty cycles of each

phase. The phase voltage is given by

‘7js =d; Vg, j=a,b,cxy,z (3.26)

Ignoring the witching losses the input and output are assumed to be equal, the DC link current
becomes as
12Va=%;VisI; , j=abcxyz
(3.27)
Iy =%;d; 1,

From (3.27) and (3.28), the average value model is composed of one controlled current source

on DC side and six controlled voltage sources from the AC side, see below
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Figure 3-16 Average value model of six leg converter

Using average value model, it is possible to do away with the gate signal generation process

and at same time reducing the simulation time of the system.

To wrap up, the SVPWM has three main steps which have been discussed earlier: vector
selection, switching time calculation and gate signal generation. The Matlab codes for

selection of vector and switching time calculation are included in Appendix C.
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4 Control of Six Phase PMSG

In this chapter the Field Oriented Control or Vector control Method of six phases
PMSG is introduced. The detailed analysis of the generation of control signals for
independent control of torque and speed of the generator is discussed. Both single
synchronous rotating current control and dual synchronous rotating frame current
control are included.

4.1 Introduction

In general Control of AC machines can be divided into Scalar control and Vector Control. In
Scalar control only the magnitude and frequency of control variables can be controlled where
as in vector control not only the magnitude and frequency but also phase of the control
variables can be controlled. The main idea of vector control is in order to be able to control
the flux and toque of the machine independently which is not so easy in AC machines because
of the interactions between the stator and rotor fields. In other word, vector controlled AC
machine emulates DC machine which the field current controls the machine flux and the

armature current controls the torque independently of the flux.

The construction of a DC machine is such that by mechanical means the field flux is
perpendicular to the armature flux. DC machine-like performance can be obtained by
orienting the stator current in such a way that it will be decoupled in to flux producing and

torque producing components.

Vector control came into the field of AC drives research in the late 1960s and was developed
prominently in the 1980s to meet the challenges of oscillating flux and torque responses in

inverter fed induction and synchronous motor drives.

Vector control of PMSM drives, is intended to control the speed and torque of the machine
independently. Not only this, there are different control strategies or objectives which come
along with the vector control. Some of them are constant torque angle, unity power factor
(UPF), control of angle between flux and current phasors, optimum torque per unit current,

constant power loss, and maximum efficiency,[28].

In constant torque angle control the torque angle is maintained at 90 deg. It is also called zero
d axis current control. Since Id=0, field weakening cannot be achieved. In this control strategy

per unit torque is equal to per unit stator peak current. This makes the implementation simple.

39
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This control strategy also gives the optimal torque for surface mounted PM machines. The
field weakening operation is not of interest for wind generator drives application. Therefore,

zero d axis current control strategy is chosen as the part of vector control in this thesis.

Six phase machine control is based on the machine model. Six phase machines can modeled
as one six phase system or simply as two three phase systems As it is explained in chapter 2 ,
machine modeling becomes simpler on synchronous rotating frames on which the inductance
terms become independent of rotor position and stator variables(V,I and flux) are constant at
steady state. Therefore, six phase machine control is done on synchronous rotating frame
using one full six phase machine model or using two-three phase machine models. The former
is called single synchronous rotating frame current control, while the latter is called dual
synchronous rotating frame current control. These control schemes are the heart of this

chapter.

The different topologies of converters in a wind energy system are shown in chapter 3. The
fully rated converter topology is preferable to other types for PMSG based Wind Energy
System. Back to Back connected fully rated VSCs can be controlled in two ways in Wind
energy system turbine control. First method, when VSC-1 (machine side converter), controls

the generator power and VSC-2 maintains the DC link voltage at required value, Figure 4-1.

VSC-1 VSC-2
Turbine ’\J - Grid
QASG + n, _|_©—|
* t
Generator DC link voltage
Control Control

Figure 4-1 Fully rated converter control strategy 1

In section 4.2 and 4.3 presents the design of generator control for this strategy, assuming that

VSC-2 is an ideal constant voltage source.

Second arrangement is shown in Figure 4-2, when VSC-1 maintains the DC link voltage,

while VSC-2 controls the generator power.
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VSC-1 VSC-2

PMSG l\J J_ =
K =T n,

Turbine Grid

DC link voltage Generator
Control Control
J

Figure 4-2 Fully rated converter control strategy 2

The design of DC link voltage control is presented in section 4.4.

4.2  Single Synchronous Rotating Frame Current Control

In the previous chapters the modeling of generator —converter system is simplified by using
six phase transformation. The electromechanical energy conversion takes place in only one of
the sub spaces, namely the (d, q) subspace. Therefore, by controlling this subspace the

machine operation can be controlled.

Further the machine operation can be optimized by maintaining the (X,y) subspace currents to
minimum in order to reduce the losses. These losses can also be reduced by having larger
inductance. For concentrated winding machines this inductance term is equal to the main
inductance where as for distributed winding machines the inductance term is leakage
inductance. Therefore,  since the machine in use is concentrated winding machine, it

experiences smaller (x,y) plane current thereby smaller current.

Six phase x
Space Vector Decomposition
Transformation

generator generator converter

Eq L r Ve L_term r Ve

Figure 4-3 General schematics of Transformation of Generator and Converter, L_term=linkage inductance for
concentrated winding, L_term=Leakage term
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The equivalent circuit of six phase machine in (d, q) subspace can be explicitly shown in
Figure 4-4 which is exactly similar to three phase generator converter system.

generator m '\N\, converter
Eq L r Ve
[ |——

Figure 4-4 Equivalent circuit of six phase machine-converter system in (d, q)

Therefore, control of six phase machine —converter system is designed in a similar manner as

that of three phase machine-converter system.

Generally, Drive system is operated in torque control mode, speed control mode or position

control mode. The position control mode is not of interest of this work.

Torque control mode-torque is set to a desired reference value and the speed varies
depending on the load. Since torque is a constant multiple of q axis current (even torque is
equal Iq in per unit), the torque is controlled by regulating the current using a current
feedback loop. The Generalized FOC control of six phases PMSG is in Torque control mode

is shown below

Vie
Id 2
0 R Id Var N
Torque controller [~ -—
Reference A Inverse o N
| Park (@]
—»| Konst [~ v B o
SN N A g
g T T Lcontoller i MODULATION 3
- A —
Speed _’/g 9K o 0 S
Controller 0 = -
Speed h N
Reference l€— 0=
0 0—>p] | ¢
Speed  |o 4
Calculation [€ Lay <
D fe———
I, Park
! B D
< SixPh < Current
Ix Fhase Measurement,
€ Transformation D
<« D) Angle
<« D Measurement
«—

Figure 4-5 FOC block diagram on a single synchronous rotating frame
Speed Control Mode-speed is set to a reference value and the torque varies based on the

loading of the system. Speed control mode is obtained by adding an outer speed control

feedback loop to the torque controlled drive, as shown in Figure 4-5. Both speed and Torque
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control mode operations have same inner control loop. First the current control loop design is

presented and latter the outer control loop.

4.2.1. Design of inner control loop
The output of inner control loops are inputs to PWM modulator which shapes the magnitude,

frequency and phase angle of the converter voltage. The converter currents change according
to the generator behavior and required loading. Therefore, current control loops design base
on the basic relationship of the generator and converter model. Since the generator is directly
connected to the converter, its terminal voltage is equal converter voltage. The converter

voltages the become, the per unit system is chosen for controller design

Veg = Vg
(4.1)

ch = ‘Uq

. dig
Vg =Tlg+lg——n-x

.
S dt

q °q

. dig . (4.2)
Vg = Tslg +lsg+n-xd-1d + eq

eqg =N Yp
Converter voltages without v'cq and v'¢q cab be written as

V' ca(s) = 1sia(s) + slaia(s)
(4.3)

V' q(8) = 15ig(s) + slgig(s)

tq(s) _ iq(s) 1

v’cd(s) a v’cq(s) a Ts 1+s

(4.4)

lg g
T, =—=—, for SPMSG
e T

Putting the above equations together, the current control block diagram is given in Figure 4-6
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d Current Controller
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lo_r Pl ] —»| Converter
Reglator |

Estimated,
Model

Plant >

|=
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19 r PI —bé—‘—v Converter Plant >
Reglator Iq

Figure 4-6 general block diagram of current controllers

For physical implementation of the control, the delay introduced by the filters, delay
introduced by digital to analog converter of current reading and delay introduced by the
digital signal processor has to be taken into account. The d axis and q axis current loops are
similar except their feed terms. Considering the feed terms as a disturbance the d axis and q

axis current control loop can be simplified as shown in figure below.

ldq_ref (Lt Tus 1 J o1 1 1 -
) P Tys 1+Tys 1+T,s e 1+ 1,5
1 i__l___i
1+Tss T+ Tas |
L ——_—14

D & Q axis Current Controller

Figure 4-7 current control loop (for both d & q axis)

The Proportional Integrator (PI) regulator is represented transfer function as
(1 + Tii S )

1
G.(s) = ky; + ki — = ky,; :
C(S) pi + Ky S pi Ty s (4 5)

. . Kpi . . .
Where k,;and K; are proportional and integral constants, T;; = —= is integral time constant;
Kii

The converters are modeled as first order function with time delay as

1
Cls) = 14T, s 4.6
T, = 0.5T,,,

Where T, delay introduced by the converter, and T,, is the switching period.
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The delay introduced by digital calculation of the current control loop is represented by first
order transfer function which has time constantTy; . This time delay is has to be checked from

real time implementation.

The current feedback has also a delay because of the analog to digital converter (ADC) which
is approximated by first order function with time constant equal toT, . This time constant is

very small since it is taken care by the FPGA. It can be ignored.

The measured current is passed through a low pass filter. The filter introduces delay of which

is equal to its time constant TF;

Therefore, the open loop transfer function of the current control loop becomes

(1 + Tii S) 1 1 1 1

G = , i
O™ ™Pt Tys  1+Tyus14T,s1+1,51+Tys (4.7)

Go 1, can be arranged to have one large and one small non zero poles,

(1+ TiiS) 1 1 1
Tiis 1+ Tigumsrs1+14s

GOLi = kpi
(4.8)
Tigum =Tai + T, + Tfi

Modulus optimum criterion is base on the design objective of having the magnitude of closed

loop response as flat as close to unity for as large frequency range as possible[29].

L
Ty =14 , Tq =i
4.9
s (4.9
Pt ZTisum

4.2.2. Outer controller Design
The outer controller can be either torque constant in the torque control mode or speed

regulator loop in case of speed control mode. In both cases the d axis current reference is set

to zero and the output of the regulators become reference current along q axis.
Torque control

The electrical torque of six phase PMSG in (d, q) subspace is shown (2.15)
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me = wPMiq = ktiq (410)
Speed Control

The speed control loop is shown in below,

ml

Spre:fd_ o 1+ Tiw S 1 N 1 N kt 1 w‘
Tiw s 1+ Taw 1+T,ys T s '
A m
T i‘ R 'i
1+waS |1+Tad5|
—_— =
Q axis Speed Controller Filter ADC

Figure 4-8 Speed control loop

Where, m; is mechanical Load torque,k; is Torque constant, and T,, is mechanical time
constant.

The speed controller is a PI regulator with

1+ Ty, s
G () = kpoy ——— 4.11)
Where ky,,, and Tj, are the proportional gain and time integral of speed controller which are
design parameters.

The current control is approximated by the by first order function with time delay, T,

1
qu(s) = ml Teq = 2Tisum (4.12)

The delay introduced by calculation of speed control loop is represented by first order transfer
function which has time constant Ty, it is found out that, the processor uses 1/100 of the
speed loop sampling time, this may vary from program to program depending the number of

instructions inside the speed interrupt;

The speed is measured with an Encoder. The measured speed is passed through a digital low

pass filter with time filter time constantTF,, . The filter is designed with cut off frequency of

1
70HZ, wa = ﬁ = 2.274 ms
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From Figure 4-8, taking for disturbancem,, the speed control looks like

Speed K 1+ Tl'a) S —1 1 k 1 v
ref > g >
\ pw Tia) S 1+ wa 1+ Teq S ‘ Tm S
1
1+ wa S

Q axis Speed Controller

Figure 4-9 current control loop simplified

The open loop Transfer function
GoLw(S)

—(k 1+Tiws> ke, (1) 1 1
S \UPY Ty, s 14 Toqs)\Tyus/ 1+ Tyys 1+Tp,s (4.13)

Since the disturbance is not located at the reference input and the presence of free integrator
in the plant, the symmetric optimum criterion is used to design the PI regulator rather than the
modulus optimum which only optimizes the closed loop transfer function between the
reference input and the variable to be controlled [29]. The open loop transfer function can be

tailored so as to use symmetrical optimum criterion.

Gor(5) (k 1+Tiws>( ko )(1)
s =
olw PW TS 14 Tysym S/ \Tys

(4.14)
Tysum = Teq + Taw +Tf(u
By using symmetrical optimum criteria k,,, and Ty, can be calculated for the given system

Tm

Kyp = ———
pe 2kTTcosum

(4.15)

Ty = 4T ysum
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4.3 Dual Synchronous Rotating Frame Current Control

As name indicates, in this control strategy separate controller is used for each three phase groups.The
six phase machine is considered as independent three phase machines connected to same shaft. It is

based on individual transformations matrices.

Three phase
Clark&Park

i y
génerator.

/7 ep, T EONVERET
~ H
/.5 r Ve

/\\
/
N

Figure 4-10 General schematic of Generator converter system in two independent system

The generator model is similar to ordinary three phase model. The two stator coils share same
air gap flux which induces equivalent back emf on them. That means, the generator can be
considered as a controllable voltage source connected across two RL elements connected in

parallel, see Figure 4-10.

Similar to the previous discussion, the Field oriented control strategy can be studied

separately for torque control Mode and speed control mode.

In Torque control mode, the speed of generator is load dependent and is free variable. The
speed is directly governed by the inertia formula of the system. The Torque control mode is

shown below in Figure 4-11 when the selector connects the upper leg.

In Speed control mode, the speed is set by the input reference. The electrical torque is a free
variable and is equal to the load of the system at steady state. The toque is the inner loop of
the speed control mode. The block diagram of the speed control mode of FOC is shown in

Figure 4-11 when the selector connects to lower leg
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Figure 4-11 Speed control and Torque control, FOC
All four PI controller are identical since the generator is surface mounted machine with
Ld=Lq, which results in same time constants. Also both speed control mode and Torque
control mode operations have similar inner control loop. Therefore, only one current control

design is enough to show.

The outer control is simple proportional controller in the case of control mode. On the other

hand the outer controller of speed control mode is PI controller.

4.3.1. Design of inner control loop

Since the generator is directly connected to the converter, its terminal voltage is converter

voltage. The converter voltages the become

, dig .
Vg =rsld+lsﬁ—n-xq-lq

. di . 4.16
vq=rslq+lsd—f+n-xd'1d+eq (4.16)

g =n- Pp

Equation 4.17 is exactly similar to Equation (4.2), and the inductance values of the three
phase system are equal to six phase system. This is the case that the machine model is for
concentrating winding in which there is little coupling intra phase group and inter phase
groups. But this is not true in the case of distributed winding stators coils. Therefore, we can

do away with the recalculation of current controllers.
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Therefore, Both d axis d1 & d2 current, and q axis ql & g2 controller from the inside looks
like

Vd V,
Pl lg_r Pl | Vg,
> b +
* “1 Reglator \ > Reglator
Idiref B

OAyHXgid]

\4

ia Xqiq

Figure 4-12 Current controller block diagram of Figure 4-11

In order to be complete, the PI parameters become, similar to equation (4.9)

(1 + Tii S)
Ge(s) = kpi T
Ty =1, (4.17)
k L= Ta *rS

pi
2Tisum

4.3.2. Outer controller Design
The outer controller can be torque controller or speed controller based on the required

operating mode. In both cases the d axis current reference is set to zero for constant load angle
at maximum torque operation is chosen. For wind energy systems the generator does not
operate over the rated speed, so field weakening operation is not considered and therefore the

magnet flux is at its rated value.
Torque control
The electrical torque of six phase PMSG in created in (d,q) subspace is shown torque equation

(2.9)

1
Mme = Ewm(iql + iqZ)
(4.18)

me = lpmlqlJ lql = lql

Speed Control Mode

The speed control loop is similar to Figure 4-9. Following similar procedure, the PI

parameters of the speed controller G, (s) is equal to that of equation (4.15). It is rewritten
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G — K 1+ Ti(u S
aw(s) = pw Ti s

b o= Im (4.19)
pe 2kTTa)sum

Ty = 4Tysum

4.4 DcLINK Voltage control

4.4.1. DClink Model
The DC link model is shown

Y

C R
I =141
av,
Io =C—F (4.20)
IL - %

From power balance equation (the active power component of the ac side is equal to the dc

side power) and I4 = 0 Control, the dc link current of the six phase system is

Va
IDC =3 (E) Iq

(4.21)
3 (Y%
Ipcr == (—) l,, for one of converter
2 \Vpe

Per unit DC link Model is shown in Appendix B.

4.4.2. DClink controller design

Dual synchronous current control is used for current control. The dc link control block
diagram is shown in figure below
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Figure 4-13 DC link control structure

The DC link controller is an outer controller. The structure of DC link Control is similar speed
control except the speed is replace by dc link voltage. The general block diagram of the dc
link controller is shown,

I_Dc
Ret Kpv 1+ Tiws 1 g 1 Y e
7\ T, s 1+ Ty, s~ 1+ Teq sli;| Vdc e A Tes !
e
1+ Trs [ I I
P |

Q axis DC link Controller ADC

The current controller is simplified to first order system with time delay of twice the sum of

small time constants, T,y = 2Tisym

Sampling time of the outer control is taken 10 times the inner control loop sampling time.

The delay introduced by the processor is Ty, .

The ratio :—q can be taken 1 to make the analysis simpler and the PI regulator adjusts the error
dc

introduced by it.
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The filter for the dc link measurement has a filter time constant Tr, = 0.02ms;

The analog and digital conversion process is done by the FPGA, and takes literally no time
compared to speed sampling time. It is not included in the feedback loop transfer function

calculation.
The time constant T, is equal to capacitor value in per unit.

The open loop transfer function of the dc link control loop becomes

Vq
14Ty s o 1
SRS T TS
ol PY Ty, s 1+ Tysym s | \T,s

(4.22)
Tysum = Taw + Teq + va

The open loop transfer function G, consists of double pole at origin. The system cannot be
designed by cancelling the pole and zero, because it will result in two poles at origin and the
system becomes unstable (with zero phase margins).

Therefore, the dc link voltage PI regulator parameters are calculated using the symmetric
optimum technique. The load current is disturbance to system.

Tyosum = Teq + Tay +va

Ty = 4Tysum (4.23)

So far, the controller parameters for current, speed and voltage control loops are designed and
in chapters 6 the calculation of controller parameters values and tuning is presented.
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5 Experimental Setup

In this chapter the high level schematic of the laboratory set up is shown. The main components in the
setup are further discussed. The software development and real time interaction tool are included.
5.1 Setup

The laboratory set up consists two machines (six phase PMSG and DC motor that are
mounted on the same shaft with a torque Encoder in between), FPGA processor board, two
inverters, three rectifiers, three Variacs, variable resistors, Encoder and many measurement

instruments. The lab bench is equipped with both AC and DC power supply with full

~

RL

protection as well as voltage and current measurements.

Rectifier1

_Dl_

Rectifier 2
400V line

FPGA Board %

400V line

4oovnnem # Rectifier 3

Figure 5-1 overview of laboratory setup schematics

The objective of the laboratory work is to control the six phase permanent magnet
synchronous machine as a motor and as a generator. The DC machine acts as motor when
permanent magnets synchronous machine is Generator mode operation, and DC machine
becomes a load or generator when the permanent magnets synchronous machine is Motor
mode operation. In order to achieve these modes of operation the arrangement of the source

and load of the DC machine has to be taken care of by the user.
Setup can be described as follow for two modes of operation.

PM machine as a Motor -Motor Mode operation

54
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The dc machine acts as a generator, the armature terminals of the dc machine either can be
open for load operation or can be connected to variable resistance. And the six phase
converter has to be supplied by the Rectifier 2. The loading dc generator can also be varied by

continuously varying the excitation voltage at the output of Rectifier 1.
The Load resistor RL is always disconnected.

PM machine as Generator-Generator mode operation

The dc machine run as a motor, the armature terminals has to be connected to dc power
supply. The speed of PM generator (177 rpm) is very small compared to the rated speed of the
dc machine (1500 rpm), the back emf of the dc motor is very small (the range of 20V).

Taking this into account armature supply voltage is connected in two ways

- The armature terminals are connected to 220 V DC power source from the board
though a 50 Ohm resistor. This makes the dc motor as a constant current source or
constant torque for a fixed excitation when it is seen from PM machine side. That
means the power transfer is directly proportional to speed. Therefore, dc motor
emulates wind turbine in the linear region of the power curve by which torque
variation is done by the excitation control.

- The armature terminals are directly connected across a variable voltage source at the
output of Rectifier 3. Since the armature resistance is very small 1 Ohm, an increase in
back emf has pronounced effect on loading. The dc machine act as a constant power

source.

From the PM generator side, the generator is connected to dc link by the two converters. The
Load resistor has to be connected all the time in order to damp to power delivered by the PM
generator. When constant dc link operation is need, Rectifier 1 maintains it. Dc link voltage
control is done by disconnecting Rectifier 1 or by keeping its output voltage below the

required range of dc link voltage control.

5.2 Components

5.2.1. The FPGA based processor board
The processor board is designed by SINTEF Energy research for use in converter control
system based on a Xilinx Virtex5 30 FXT FPGA. In order to use this board dedicated
hardware IP circuitry inside the FPGA are required. These IP modules are interface modules,

signal processing modules or miscellaneous m IP modules are available in [31]
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Figure 5-2 Main parts of FPGA based processor board [31]

5.2.2. Machines
There are two machines, the six phase permanent magnet machine and dc machine as in
Figure 5-2b.

Six-Phase PMSG

The PMSG is model of wind turbine generator with high torque and low speed operation. The
machine has surface mounted rotor with 34 poles and 36 stator slots. The machine has
concentrated stator coils with single layer winding configuration. That means there are only

18 stator coils.

Originally these 18 stators coils are arranged in such a way that the stator flux axis of the six
phases are 60 degree separated. Since the interest of the work is to have 30 degree separation
between the two three phase groups, reconnection of the stator windings has been done. 30
degree separation can be obtained if and only if the number stator coils are an integer multiple
of 12. In this case, it is not possible to obtain exact 30 degree separation. But by systematic

selection of the stator coils connection 33.2725 degree separation between the two groups is
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achieved. Figure 5-3a below shows the axial view from one side when it was opened for

reconnection.

(a) (b)
Figure 5-3 (a) Six phase PMSG opened for reconnection of stator coils, (b) PM machine assemble with the dc machine

DC machine is a separately excited 220 V, 7.5 kW, 50 Hz, 4 pole machines. It has 1 Ohm

armature resistance. And 220 V and 2 A are rated parameters for the field winding.

5.2.3. Sixleg Converter
Two identical converters modules are connected in parallel to a common dc link voltage to

form the six leg arrangement.

The inverter and rectifier used in the experimental work are developed in the Power
Electronics group at NTNU and at SINTEF Energy AS. The inverter ratings are 20 kW, DC-
voltage 0- 650V, 3300uF Capacitor bank, 70 A maximum continuous current at 300 V DC
and recommended switching frequency in the range 0 — 25 kHz. The converter module has
gate drivers, hardware dead time generation, over load protection, over current and current

limitations, and dc link voltage protections [32].

(a) (b)

Figure 5-4 inverter module (a) ac output side, (b) driver card side
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5.2.4. Current and Voltage Measurement, angle measurement
LEM Current Transducer LA 205-S is used for current measurement. It has primary nominal

current of 200A, and current transformation ration 1 to 2000. The detail data sheet is given in

[33] Figure 5-5 (a) shows LEM current sensors mounted on the assembly plate.

The rated current of the PMSG is 1.15 A. in order to increase the accuracy of this small
current compared to the rated current of the sensor, all the six phase currents are wound in 10
turns around the their respective sensor. For one of the three phase-groups current sensors are

shown in Figure 5-5 (b)

|

ESR RS W S,y

(@) (b)
Figure 5-5 LEM Current sensors (a) without current loop (b) with 10 current conductor loop
DC link voltage is measured using LEM voltage measurement cards, voltage transducer LV
25-600, which has primary nominal RMS voltage of 600 V and a conversion ratio of 600 V/
25 mA, given in[34] .

Angle Measurement

The relative position of the rotor is measured using incremental encoder mounted on the shaft.
In order to find the absolute position initial angle detection has to be done. Speed of the shaft

is simply the rate of change of the rotor position.
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Figure 5-6 drive system assembly
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5.3 Drives development

The software development part is done Xilinx C/C++ Software Development Kit. The
different tasks in drive control are grouped in two, tasks which as to be done as fast as
possible and tasks which gives time. To suit this, two interrupt routines are used, one is called

fast interrupt routine and the other slow interrupt routine.

The fast routine interrupt interrupts every PWM switching frequency, 5 kHz. All protection
and measurement, inner current control loops and modulation is takes place in here.
Therefore, the processor has to finish all the fast routine faster than the sampling time (200 us).
Both sinusoidal and SVPWM modulations running, the fast subroutine took 150 us. This time

can be minimized by using fixed point arithmetic and optimizing the code.

Drive Routine Fast
ISR1
Fault Error Return( Drive I

Routine slow)ISR2 l

Start Routine
. Program Initialization. Call (Motor Fast Routine
 Interrupt Set up.

Motor Fast Routine
* Read Control and Status

Call (Motor Slow Routine)

& word
* Read ADC
.» Read DC Link Voltages.
Background Routine. ° lzotcl)_r angle and speed.
Motor Slow Routine * Monitor Fault/ Warning =acaine
* Read Control and Status word wordControl word sl Call (Motor Fast Update)
« Read DC Link Voltages  Commros routine
. Rot(?r angle and speed. T Motor Fast Update
* Scaling « Check limits
.» Set/ Reset Fault and
Stop Routine Warning Word Back to Mdtor Fast
.» Program termination .» Set/ Reset Enable Fast bits. | Routine

 Interrupt stop
.» Inverter

State Machine Run.

)

Call (Motor Slow Update)

Transformations
. Clark, Park
. Vector space decomposition

No Error Current Regulation.
e *D-g-1

Speed Regulation. . *D-q-2

o [_qref. Wl ameEEEm (Enable Disable controller 1/

OR SED 2 depending upon the Enable

DC link voltage l word )

Regulation.

o [_qref. \I’

Set bits
SVPWM or SPWM
e Inverter-1
e Inverter-2
e I_d ref=0 regulation.

J

Return

Return

Figure 5-7 interrupts and program flow
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Those routines which are not time critical, like outer control loop which is either speed
control or dc link voltage control are place inside slow interrupt. The slow interrupt time is
taken as 10 times of the fast interrupt time, 2000 us. Since there is no much process in this

interrupt routine, it takes only 17 us to end the computation.

5.3.1. State machine

A state represents a specific internal and external behavior. It can only be terminated by
means of defined events. Corresponding state transitions are assigned to events. Actions can
be executed at a transition. The state’s response is altered at the transition. When the transition

is ended, the current state is changed to the follow-up state.

i Command
State Machine Event
47
Function X
i Action

Figure 5-8 Function X state machine

The state machine .for the drive system is done according to DRIVECOM standard [35].it is

shown in Figure below
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5.3.2. Real time interface---active DSP

For real time interaction with the FPGA processor PowerPC 440, Active DSP V 1.507 is used.
The application tool helps real time debugging, controlling and monitoring of variables and

real time logging of variables [36],
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Figure 5-10 Active DSP interface window
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6 Simulation and Experimental Results

6.1  Six phase PMSG testing

Originally, the six- phase PMSG has two groups of three phases which are separated by 60
deg. As it is explained before, it is not possible to obtain 30 deg separations between the two

groups of the three phases. However, it found that 33.2725 deg is the nearest angle to 30 deg.
No-load test
The following three major tasks are performed.

First the phase sequence of each phase groups, that is (a, b, ¢) and (X, y, z), are identified;
phase sequence is important for control and reference transformation. Once the phase
sequence is identified each coils are tagged for future use. The two phase groups are totally

symmetrical.

Second, Phase difference between the two groups of three phases is calculated. This is done

by comparing waveforms on scope. The group (a, b, ¢) is marked as the leading phase group.

Tek JL. Trig'd M Pos —1500ms  CURSOR
+*

Tipe
Source

\ Ve /7 CHT

3 g y / 3
f §
Fay b _I'I 'l,l' f
Y ‘ ! | 4

\ ,.«")r \‘\\ ! Cursar 1
S \Vi 3.00rms

152Y

CH2 100" r SO0

17=-Apr=11 1603
TOS 2014B - 16:03:02 17.04.2011

Figure 6-1 No Load Line voltages Vab (blue)and Vxy(yellow) six phase PMSG after rewinding

The no load voltages of the six PM machine Vab and Vxy is shown above, the time
difference At between them is 2 ms. The phase difference is measured by comparing the

difference time with their frequency 46 Hz.

64
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A8 = 2nfAt rad
(6.1)
AB = 0.578 rad,or 33.12 deg

The angle difference found by analytical calculation is 33.2725 deg, which perfectly matches

with the measurement.

Third, the No Load test is also used to estimate the PM flux linkage

% _ \/Evoline
PM — 7 &5
V3w, (6.2)

Voline 18 line to line no load voltage(RMS)

The No load line voltage is measured at different operating frequencies and the PM flux

linkage is calculated is as seen in the Table below

Table 6-1measured No Load Line voltage and Calculated PM flux linkage a different frequency

Frequen'cy EAI:;TIZT Line to Line | Calculatedipy
per unit speed(rad/s) Voltage(V) (Wb)
0.2 62.832 26.5 0.344365
0.3 94.248 39.4 0.341333
0.4 125.664 52.2 0.339167
0.5 157.08 65.5 0.340467
0.6 188.496 78.5 0.340034
0.7 219.912 91.5 0.339724
0.8 251.328 105 0.341117
0.9 282.744 117.8 0.340178
1.0 314.16 131 0.340467

From the table above, the permanent flux linkage is constant around 0.34.
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The phase inductance and dc resistance of the PM machine are measured, and found 140 mH

and 17 Ohm.

The generator parameters are given as follows

Table 6-2 Six-Phase PMSG parameters

Parameter Value

Nominal current 1.15A

Nominal Backemf | 131V

Frequency 50 Hz
Torque 24 Nm
Pole Pair 17
Inductance 140 mH
Resistance 17 Ohm

PM flux linkage 0.344 Wb

Efficiency 0.32

These parameters are used for the calculation of base values of per unit system. The PM
machine is recommended to run below 0.3 pu (15 Hz) speed since it is designed typically for

low speed application.

6.2 Parameter Tuning

6.2.1. Current controller Test

Open loop transfer function of the current control loop is given by equation (4.8) chapter 4.2.1;
its second order approximation, which has one small and one large time constants, is also

given by

(1+ Tiis) 1 1 1
TiiS 1+Ti5um57fg 1+Ta5

(6.3)

GOLi = kpi
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Controller transfer is tuned using modulus optimum criteria

1 1+ Tys)
Ge(s) = kpi + ki 5= Kpi Tsu
fs =5kHz, T, =0.2ms
T4 = 0.5T; = 0.1ms

T, = 0.5T;, = 0.1 ms

Tr; = 1mse,
_La _lg _lg
a _Rs _rs _rs
T, T
T =1, k. =—als
u ar s mpt 2T isum

Tisum =Tgi + T, + Tfi

(6.4)

The switching frequency of the converters is 5 kHz. The interrupt of the current control loop

has the same frequency of the switching frequency. That means, currents are sampled every

PWM period. The time delay introduced by the converters is half of the sampling frequency

and the processor delay is taken

0.14
Ty, = q7 = 8.235ms

(6.5)

Tisum =Tai + Ty, + T = (0.1+0.1+1.0)ms=13ms

Using Modulus optimum criteria,

_ 1 _ (1 + Tii S)
Ge(s) = kp; + ki 3= kpi TT.s
T;; = t, = 0.008235sec = 8.235msec

ko= 2 _ 188935
i~ 2Tisum -

(6.6)



Simulation &Experimental Results

i
i
ted |
I
I
I
L
I
I
T
I
I
I
I
L
I
I
I
I
I
I
I
I
I
I
I
I
I
I
-

\\\\\\\\\\\\\\\\\\\\\\\\\\\

origianal
aproxima

4=
|
|
|
|
|
|
|
|
|
|

4

B

1 ..
Gou, = 34313 4 5082355 1+ 0.0001s 1+ 0.0001s 1+ 0.001s 1 + 0.008235s" 91!
Gor; = 3.4313 0.008235s 1+ 00012’ second order approximated equivalent sytem
As it can be seen from Figure 6-2 below, the minimum stability margins are 22.4 dB (Gain
Margin) and 65.5 deg. (Phase Margin). The second order approximation of open loop current
transfer function has same phase margin but its phase margin is over estimated, which is

The bode plots of the original and its second order approximation is shown in Figure 6-2,
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Figure 6-2 Bode Diagram of current control Open loop Transfer function (original, second order approximation)
GOLi (Z)

For real time implementation of controllers on DSP, the discrete z domain equivalent of Ggy,.
For sampling frequency of f; = 5 kHz, the stability limit of the discrete system is shown

figure below, and is compared to its continuous s domain equivalent.

is considered.
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Figure 6-4 Discrete Step response of Current control Loop



Simulation &Experimental Results

11.0kHz Muaise Filter

[200ms 435400, @) 160

Figure 6-5 Step response of Current control loop (step change of 0 to 0.5 pu)

The laboratory measured current control loop time response is over damped.

6.2.2. Torque Controller Test

The torque of six phase machine is shown (4.15) and (4.18)

Since the peak value of the back emf of the generator is chosen as the base voltage, the per
unit permanent magnet flux becomes 1, Y,, = 1 which makes the per unit torque equal to per
unit current. Or simply the torque constant kt = 1

6.2.3. Speed Controller Test
From section 4.2.3, the speed controller open loop transfer function, also calculated time

constants are given. It is summarized as follows

Golw(s)
_ (k 1+Ty, 5) kr 1 1 1
NP Tiys J14TysTys1+Tys 1+Tp,s

T, = 10T, = 2 ms; 10 times the switching time

T4 = 0.01Ty = 0.02 ms (6.8)
Try = 2.274ms

Teq = 2Tigym = 2.4 ms

Tosum = Teq + Taw + Troy =2.4+0.02 + 2.274 = 4.694 ms

The speed controller parameters are calculated using symmetric optimum method, as is shown

below
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1 +‘71a)5
Gew(S) = kpa) T
2
Tiw = 4Tpsum = 18.77 ms (6.9)
T,
ke = ————— = 100.7251T,, = 0.5

pe 2k TTa)sum

The total equivalent inertia of the system is estimated to be Joq = 0.00758 Kg/ m? and in

per unit systemT,,, = 5 ms.

Putting the time constants in place, the open loop transfer function f of speed control loop is

Golw(s)
B ( 1+ 0.01877s> 1 1 1 1
0018775 /1 + 0.0024s51 + 0.00002s 1+ 0.002274s 0.005s (6.10)
. ()_(051+0.01877s> 1 1 _—
olw'S) =\ V20018775 )T+ 0.004694s 0,005 PPToxImate

Bode diagrams are drawn and the approximated system matches the original system within
the stability limits. The stability limits (Phase margin, Gain Margin) are (35.4 deg, 16 dB) and

(33.2 deg, infinity dB) for original and approximated speed control loop, as seen in Figure

lOO T T T T TTTT
approximated

original

o

-100

Magnitude (dB)

-200

-300
-90

-180

-270

Phase (deg)

-360
10° 10" 10° 10° 10 10 10°
Frequency (rad/sec)

Figure 6-6 Bode Diagram of open loop transfer function of Speed control loop
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For real time implementation of controllers on DSP, the discrete z domain equivalent of Goy,,

is considered. To see the effect of controller in discrete and continuous frequency domains,

the approximated open loop speed loop transfer function is taken and its z domain transfer

function is

1
1+ 0.004694s50.005s

0.0009678 z2 + 0.0009474

0.01877s

1+ 0.01877s

(05

Gola) (S)

(6.11)

z3 — 2.958z2 + 2917z — 0.9583

Golw (Z)

For sampling frequency of f; = 5 kHz, the stability limit of the discrete system is shown

figure below and is compared to its continuous s domain equivalent.
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Figure 6-7 Bode Diagram of Speed control-open loop Transfer function (discrete, continuous)

The digital implementation of the designed speed controller-approximated has Gain margin of

30.3 dB and Phase margin of 32.1 deg. Therefore, the closed system is stable. Digital

implementation of regulator deteriorates the stability margins of the equivalent continuous

system.
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In time domain, the step response of the speed control is tested, and it has an Overshoot of

46.5%, Rise time of 6 ms and Settling time (within 2%) of 57 ms

Feak ampirtuae: 1.4/
Overshoot (%): 46.5
At time (sec): 0.016 esponse
15 : :

|

: | |

| System: discrete

| Settling Time (sec): 0.0574
| T T

A | |
° | |
.4:;‘; ‘ ‘ | |
g- Rise Time (sec): 0.00608 ! !
| | | 1 1 | | |
o.5/+ ——————— fo-mmmeeoee R nE |
| | r | n |
A 1 | 1
| | r | n |
‘ ‘ I I ‘ I I
O L L L L
0 0.02 0.04 0.06 0.08 0.1
Time (sec)

Figure 6-8 Discrete Step response of Speed control Loop- probe 3

Prediu 11.0kHz Muaise Filter

@B 0.0

Figure 6-9 Step response of Speed control Loop- probe 3 (step change in speed from 0 to 0.7 pu)

6.2.4. DClink Voltage Controller Tuning

From section 4.2.4, the DC link voltage controller- open loop transfer function and also

calculated time constants are given. It is summarized as follows

c —(k 1+Tivs>( 1 )(1)
o1, () = { kpy Tiy S 1+ Tyoum S/ \T. s

Cc = C .ZDCb - 0573

(6.12)
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1
T, =——=5.55ms
Wy C

Tr, = 0.02ms
T4, = 0.017;,, = 0.02ms
Teq = 2Tigym = 2.4 ms

Tysum = Tay + Toq + Tpp = 244 ms

The dc link regulator parameters are calculated using symmetric optimum method, as is

shown below

1+ TivS
Gey(S) = kpv T
Ty = 4Tysym = 9.76 ms (6.13)
T,
Kppy = = = 1.4,

Putting the time constants in place, the open loop transfer function f of dc link control loop is

c —(k 1+Tl-,,5)< 1 )(1)
01, (8) = {fpw Ty s 14 Tysym S/ \cs

1+ 0.009765) 1 1
0.00976s /1 + 0.00244s0.00555s

(6.14)

Goi(S) = (0.5 , approximated

Bode diagrams are drawn and the approximated system matches the original system well
within the stability limits. The stability limits are Phase Margin of 36.6 deg and Gain Margin
of 37.5 dB as seen Figure below
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Figure 6-10 Bode Diagram of open loop transfer function of dc link voltage control loop

For real time implementation of controllers on DSP, the discrete z domain equivalent of Ggy,,
is considered. To see the effect of controller in discrete and continuous frequency domains,
the approximated open loop speed loop transfer function is taken and its z domain transfer

function is

1+ 0.018775) 1 1

Gots (5) = (0'5 0.01877s /) 1+ 0.004694s 0.0055

(6.15)
0.002 z2 + 4.554e? z — 0.001945

z3 — 2.921z% + 2.8243z — 0.92133

Gotw (Z) =

For sampling frequency of f; = 5 kHz, the stability limit of the discrete system is shown

figure below and is compared to its continuous s domain equivalent.
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Figure 6-11 Bode Diagram of dc link voltage control-open loop Transfer function (discrete, continuous)

The digital implementation of the designed dc link voltage controller-approximated has Gain
margin of 29.5 dB and Phase margin of 35.2 deg. Therefore, the closed system is stable. The
gain cross over frequency is 36.6 deg at 238 rad/s(37.88Hz) which is 13 times smaller than
the sampling frequency S00Hz .

In time domain, the step response of the speed control is tested, and it has an Overshoot of

43.6%, Rise time of 4.55 ms and Settling time (within 2%) of 33.3 ms.

Peak amplitude: 1.44
Overshoot (%): 43.6
At time (sec): 0.0123 ' Résponse

15— T \
- = I I I I
N | | |
I I
‘ ! System: discrete !
) Settling Time (sec): 0.0333 |

L e N S -
l [~ ‘7 T T ~__ 7\7 T I I
 E— | | I I
% | | | . | ! !
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s | || Ri$e Time (sec): d.00455 | |
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Figure 6-12 Discrete Step response of dc link voltage control Loop- probe
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6.3 Rotor angle alignment PM rotor and Starting

An Encoder is used to measure the speed and position of the rotor. This position is not the
absolute position. Therefore the position of the rotor flux is unknown. The initial position of
the rotor flux has to be known for the proper operation of vector control. Rotor position
alignment can be done by applying constant voltage across the stator windings to obtain a
constant stator current flowing in the coils which then creates stator flux. The rotor flux
automatically aligns itself onto the stator flux and locked there until the stator flux is changed.

This position is taken as the initial angle of rotor position.

For six phases PMSM, the rotor alignment is performed with respect to one phase group and
keeping the current in the other phase group zero. The stator current vector are set 1q1=0.5,
Id1=0 and iq2=0, id2=0; and an arbitrary angular position for inverse park transformation is
chosen is to be -90 deg. This lead to an equivalent phase currents [a=0.5, Ib=Ic= -0.25 and
Ix=Iy=Iz=0.

N p
Apm
| ) I
L VN q)
iy 0,
0 a A
r . dv‘(r=-90 s,
(a) (b) (c)

Figure 6-13 initial Rotor alignment step by step pictorial representation

This can be shown in figures, at Figure above (a) the rotor flux is at temporary angle 6r. When
the rotor align function is activated the values of the stator current vectors are set to 1q1=0.5,
1d1=0 and iq2=0, id2=0; and an arbitrary angular position 0r =-90 deg. Figure (b) shows rotor
flux is known and is aligned to q axis. To align rotor flux with the d axis at start up, 90
electrical degrees is added or simply the stator current (d, q) plane is rotated by 90 deg. Then
d axis is aligned rotor flux as seen in figure (c). Now the rotor starts to rotate to catch up with
the stator current, meanwhile the control maintains stator current along q axis which leads to a

continuous rotation of the rotor.
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Experimentally the duration of the rotor alignment time can be adjusted online, Figure blow
the first stage when there are no current in the stator windings second stage is alignment stage
when dc current is flows through phase group 1. For 1.2 s the rotor is stalled. As it can be seen
the value of the stator currents are same as preset values and this makes sure that the machine

from heating.

L.E0kHz Moise Filter

@ SO0y Ey S0.0r'y

[l200's |l 000y
Figure 6-14 stator currents of phase group 1 during starting [probe 100mV/A]

Since phase group 2 is not participated in the alignment process, they are all there during
alignment stage. It can be seen that at point where the current in the phase group 1 is step

changed, transient current is induced in the phase group 2 to oppose the change in flux.

L.50kHz Maise Filter

T EE S0

Jlz.00 s |l .o00y

Figure 6-15 stator current of the second phase group during starting [probe 100mV/A]
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During startup, the six-phase PMSM can be either torque control mode or speed mode. It is
wise to start in speed control mode with no load. This makes sure both speed and stator

currents are limited.

6.4  Motor Mode operation

In motor mode operation, the PM machine drives the dc machine. The performance of the

control is tested.

6.4.1. Torque Control Mode

Torque control mode is when the output torque of the six —-phase PMSM is control variable;
the converters operate so that the motor can manage to deliver the preset torque reference.

That means speed is free variable within the power limit.
One of the performance indicators of closed loop control is step response.

The step response of the torque can is same as step response of torque producing current in
per unit system since pu torque is equal to pu q axis current, see appendix. Step response of

torque is given below,

Presiu 11.0kHz  Woise: Filter

[[200rns 10ris [ 18,0t

Figure 6-16 step response of torque from 0-0.5 pu (probe-2.5V/pu)

As it can be seen from torque response, the close loop system is over damped. It is a typical
characteristic of modulus optimum criteria tuned controller in the system. For safety of the
machine it is only 0.5 pu(12 Nm) torque step charge is made. The transient of stator currents

have fast response and no overshoot and, are shown in Appendix D .
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During normal operation torque reference are ramped to the reference value. It is only in for
test purpose in which the control variables change at no time or in step. Therefore, the

response of torque controller for different set points is shown below,

11.0kHz  Maise Filter

& S0.0my 50,0

Jlz.00 s |l 160

Figure 6-17 Measured stator currents for Change in Torque reference(probe4) in Normal Operation[probel,2,3 100mV/A,
and probe4 2.5V/pu]

Next, constant torque and variable speed operation is done. To do so, the torque is fixed to
reference value and the excitation of the dc generator is changed. For test purpose PM torque
is set to 0.2 pu and the excitation of the dc machine is reduced by half and then back to

previous.

When the excitation of the dc generator is reduced both its back emf and torque decrease from
dc machine characteristics. Here, the converter delivers more power so as to keep the torque
at set point. This result an increase in speed of PM machine until the current in the dc
generator produces torque which equals to set value; speeding up of PM machine increases
the induced back emf therefore the controller increases the duty cycle so as to increase the
converter output voltage; the reverse process occurs when the excitation increases again. The

converter switching voltages, motor speed and torque are measure as shown below
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Prediu e ——————— 11.0kHz Muaise Filter

o 100y
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Figure 6-18 Torque (probe4), line voltage (probe2) and speed (probe3) during DC excitation change [probe3, 4-2.5V/pu,
probe 2-1/1]

It is possible to change the drive from torque control mode to directly speed control mode.

The dynamic behavior of one of the stator current is shown in appendix D.

6.4.2. Speed Control Mode
In Speed control mode, motor speed is the control variable whiles the torque or stator currents
are free variable. Speed control loop is the outer control loop to the torque or current control
loop. The step change in speed in sequence of [0 0.4 0.7 0] pu is applied to the drive and the
measured speed, stator phase a current and torque are measured. Then speed reference is
increased, the controller forces the drive system speed to follow the speed command. When
the dc machine speed up, its back emf increases then the current delivered to the passive load
increases. Thereby demanding more torque from PM machine. The PM machine extracts
more current from the converter for sustain increase in speed. Reverse processor occurs for

decrease in speed reference.

Predu 11.0kHz  Maise Filter

IR

| | SABOmY
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Figure 6-19 Speed(probe3), stator phase current (probel) and torque(probe3) for step changes in speed,[probel,2
2.5V/pu, probel 100mV/A]

Another test event is keeping the speed reference while the load is changing or simple
constant speed and variable load operation. This is done by setting speed at a reference value

and changing the excitation of the dc machine.

Initially the PM machine is at no load (0.05pu) with zero dc excitation and running at 0.5 pu
speed, and then the excitation of the dc machine is varied to full-half-zero excitation manually.
This change in excitation results a directly proportional change in torque. An increase in
excitation increases the torque of the dc motor and PM motor. This result in an increase
output of converter current. Meantime, the dc machine tends to decrease its speed when its
excitation increases as it seen in the speed response. When the excitation decreases the dc
motor tends to accelerate but the controller keep the speed at the pre set value at steady state.
This can be seen in figure below, all the measurements use same probe, unless specified
current measurements have scaling factor 100 mV/ A and torque and speed measurements

have scaling factor of 2.5V/ pu.

11.0kHz Maise Filter

- A H‘ |||II||| |I|II ||| N
”HHMHM AR s
il

B 500

. '-'”“'“'—l & . 160my
Figure 6-20 constant speed -variable load operation [probel speed, probe2 stator phase current, probe3 torque]

The above test is also recorded from Active DSP data logger window, which shows a very

fast change since there is no filters included there see Appendix D

6.4.3. Disabling of one Inverter
One of the advantages of this setup its capability to deliver power when one converter is

disabled without affecting the other phase group. Two test cases are taken. How the
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controller’s response during converter failure-disabling to deliver the reference torque or

speed.

First case, the six phase machine is running in torque control mode and one of the converters
is disabled. For the reference torque 0.5 pu, the six phase machine is running at 0.59 pu speed.
The torque reference of each inverter is same as reference torque in pu in separate or dual
current controller control, 0.5 pu. When one of the converters disabled, the other inverter
provides torque which is equal to its reference. That means the total torque production is

reduced by half.

The total torque measurement is taken from torque meter installed on shaft coupling the PM
machine and dc machine. Following figure shows when inverter 2 is disabled and the enabled
after 4.5 s; while the inverter 2 is disable, torque reference of inverter 2 becomes zero, torque
reference of inverter 1 remains unchanged, and the total toque and speed of motor reduced by

half.

11.0kHz Maise Filter

. 200 SO0

A 0ony

Figure 6-21 disabling and enabling of inverter 2, Measured Iq1 (probe2), 1q2 (probe3), shaft torque (probel) and speed
(probe4) [probel 5Nm/1V or 5V/pul]

The shaft torque is set so that it negative for generator mode of dc machine or motor mode

operation of PM machine. A closer look for transients is given Appendix D.

The Above case is not always true; it depends on structure of control used. For single
synchronous rotating current control of six phase machine, even if one of the converts fails,
the controller demands total reference torque in what so ever means the current is divided
between the twice the pre fault current. These results in current imbalance problems even

imbalances are recovered.
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The second case which is interesting to see is that when one of the inverters fails whiles the
six-phase PM machine is on speed control mode. It is obvious that speed controller is outer
while is current (torque) is inner controller. When one of the inverters is disabled, the speed
controller does not understand this; and as long as there is error between the reference and
measured value, it tries to accumulate the discrepancies and force the converter to follow the
reference command. Therefore, the speed controller makes sure that the speed is always at its
reference value. The dc machine excitation is kept constant during disabling and enable of
inverters. That means the dc machine delivers always delivers constant current as long as the
speed is constant (constant back emf). In other word, both the speed and torque of the six
phase machine will remain constant at steady state when one of the inverters is disabled.
Therefore in order to keep the shaft toque constant in the current in one of the inverters has
increase by fold of two. This case is shown by disabling and then enabling of inverter 1 as
shown below; initially the generator was operating at reference speed of 0.3 pu(15Hz) speed,

and delivering torque of 0.27 pu ( 7Nm) . Inverter 1 is disabled for 3 s.

11.0kHz  Maise Filter

& 100 20.0mmy

000y

Figure 6-22 disabling of inverter 1 in speed control mode of drive; shaft torque (probel), phase a stator current of
inverterl (probe2), phase x stator current inverter2 (probe3) & speed (probe4)

There is larger transient or overshoot in the current waveforms as it is reflected on the torque.
This is the consequence of symmetric optimum criteria which allow considerable overshoot.

But the response is fast enough. See appendix, zoomed in pictures around the disturbance

6.5 Generator Mode operation-Generator Control

In Generator mode operation, the six phase PM machine acts as a generator driven by the dc
motor. From the control point of view both motor mode operation and generator mode
operation. The only difference is the direction of power flow, power flows from the generator

ac to dc. To damp this power a resistor is connected across the dc link.
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The dc machine acts can be arranged to act as a constant current source or constant power
source element based on how the armature windings are connected to dc source for a fixed
excitation. For normal operation the back emf the dc motor is always very small compared to
its nominal value since the nominal speed of the PM machine is 8 times smaller than the
nominal speed of dc machine. Therefore, by connecting the armature of the dc machine to its
nominal value (220V) through a large resistance (50 Ohm), the dc machine acts as a constant
current source at fixed excitation for the PM machine. This can emulate the linear region of
the power curve of wind turbine generator. The torque change can only be achieved by

changing the excitation of the dc machine.

The normal behavior of dc motor can be achieved by connecting a variable dc source directly
to the armature windings directly to armature terminals without large armature series resistor.
The armature current at zero or low speed operation can be limited by a continuously

changing the variable dc source manually.

N/ [T
Rectifier1 - T /%g::go
DH | l

400V i
00V line DC source

Rectifier 3

’\J I # Rectifier 2
_|_
DC source -

2 * B 400V line
— 400V

Figure 6-23 setup for generator mode control for a constant dc link voltage

The over view of the laboratory setup is as shown above. The dc link voltage is kept constant
by the diode rectifier. A resistive load is connected across the dc link which draws constant

power for a constant dc link voltage.

When the six -phase PM machine is at stand still the rectifier delivers full current/power to the
load RL. And when the PM generator is operated power flows from the generator to
converters; since the load consumes constant power at constant voltage, the rectifier reduces

the power delivered to the load. When the power production of the generator increases, the
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power production of the rectifier decreases. If generator power production increases above
the point where the rectifier contributes nothing, the dc link voltage becomes no more
constant. Therefore, the resistance RL is chosen to consume at least the rated power of the

generator at rated current.

6.5.1. Speed Control Mode
As it is discussed above, the dc motor armatures are connected to 220V dc through a 50 Ohm
armature series resistor, the motor acts as torque source. At constant speed operation is
maintained by the converter, the only way to control the power transfer is by changing the

input torque by varying the excitation of the dc machine.

To calculate the total power transfer from the two converters to the resistive load RL, the
current from the output of the rectifier is measure. In the other way the power delivered by the
generator is equal to the power saved by the Rectifier2. Following table shows when the
excitation of the dc machine is varied from zero to full while the six-phase PMSG is

maintained at 0.3 pu speed.

Table 6-3 Measured Generator torque and rectifier current —by varying dc excitation at 0.3 pu speed

Generator Torque | 0.622 | 0.6 | 0.565 | 0.533 | 0.508 | 0.483 | 0.461 | 0.447 | 0.431 | 0.42

Rectifier2 Current | 0.025| 0 | -0.05 | -0.1 | -0.15 | -0.2 | -0.25 | -0.3 | -0.35 | -0.39

Similarly, for 0.5 pu speed operation and excitation change from zero to full is shown below

Table 6-4 Measured Generator Torque and rectifier current by varying excitation at 0.5 pu speed

generator 1 161 0.602 | 0.533 | 0.466 | 0.404 | 0.383 | 0.293 | 0.243 | 0.195 | 0.172
Torque
Rectifier2 | 6031 0 | 2005 | -0.1 | -0.15 | -02 | 025 | -03 | -035 | -0.38
Current

Both tests show that the current contribution from the rectifier decrease when the torque of the

PM machine is increased (sign generator mode operation).

From the two tables the power contribution from the rectifier which is inversely proportional

to the power delivered by the six-phase PMSG.
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Figure 6-24 Power delivered by the rectifier to the Load

This emulates the linear range of the power curve of wind turbine.

6.5.2. Disabling of one Inverter

The system can operate successfully one one inverter is failed.

[ 11.0kHz  Hoise Filter

& 100y 100wy

|l oo0y

Figure 6-25 inverter 1 disabled, probe2 current a
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1.10kHz  Muaise Filter

& 100y 100wy

Figure 6-26 inverter 1 disable, probe2 current in the phase group 2

6.5.3. Torque Control Mode

When the dc motor operates as a constant torque, torque control mode is of no interest. Both
the source and load as a constant torque operation results in either acceleration or stall of the
generator. The generator accelerates when the reference torque, acts as load, is smaller than

the dc motor torque and the generator stalls when the reference torque is of is larger.

Therefore, in order to have a continuous change is torque without acceleration or stalling the
setup is modified by changing the supply of the dc motor to a variable voltage source

(Rectifier3) and no series resistance. In this case, the dc motor acts as a constant power source.

11.0kHz  Maise Filter

§p 1.00Y 00y

|| I

Figure 6-27 Measured shaft torque(probel), stator phase a current (probe2), stator phase x current and speed (probe4)
[ probel 5V/pu]
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Decreasing the reference load torque increases the speed of the drive. Initially the dc motor
is delivering power to the converter and has reached steady state. When the converter
decreases its torque demand, the dc motor tends to accelerate which increases its back emf.
This results in smaller armature current, since the back emf is comparable to the armature
voltage. Then the dc motor reduces its torque. A close up near a the disturbance are shown in

Appendix D

6.6  Generator Mode operation -DC voltage Control

In the case of grid connected wind turbine, there are two control strategies. The first strategy
is when grid side converter controls the dc link and the machine side converter controls the
generator. This is most common method. And the second strategy is when the machine side
converter controls the dc link voltage and the grid side converter controls the generator power.
Therefore, this control is studied for completeness, and show the capability of the proposed

converter topology.

6.6.1. Performance of DC link Controller

Test case 1: changing the excitation of dc motor at constant dc link voltage control

Reference dc link voltage is set to 0.5 pu and the generator was operating at 0.43 u speed. The

dc motor excitation increases from half excitation to full excitation.

1.10kHz  Maiss

E0.0mY

Figure 6-28 constant dc link variable load operation

The dc link voltage step change is also shown in figure below
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Prediu 1 ' 1.10kHz  Muaise Filter

& 100Y 50.0mY
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Figure 6-29 DC link voltage changes
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7 Conclusion and Further work

Conclusion

Offshore wind energy system has to be lighter in weight, more compact in size and more
reliable in operation. In this project, six phase permanent magnet synchronous generator-six

leg converter system is proposed for offshore wind energy conversion system.

The optimal angle difference between the two three phase groups is 30 degree. The PM
generator at hand was originally three phase machine. Rewinding of stator coils is done in
order to obtain six phase machine with a separation angle between phase groups as close to 30
degree. And 33.2725 degree is the nearest angle which is possible to obtain in symmetrical
systems of each phase group. This theoretical angle difference perfectly matches with that is

tested in the laboratory.
Six phase PMSG having 33.2725 degree difference is modeled.

Design of vector control of six phase PMSG is developed using both a single synchronous
rotating frame current control and dual synchronous rotating frame current control. For a
single layer concentrated winding six phase PMSG, the coupling inductance is very small
compared to self inductance. This makes the current and speed control loops same in both

control strategies.

Vector control strategy, zero d axis control, is also tested when six phase machine operate as a

Motor. Torque control and speed control operation is archived.

Vector control strategy, zero d axis control, is also tested when six phase machine operate as a
generator. Torque control and speed control operation is archived. The linear part of the wind
turbine power curve is emulated by making the dc machine constant torque source controlled

by its excitation.

In wind energy system, the machine side converter has always not been used for generator
speed or torque control. Dc link control using six phase converter is designed and
implemented. Dc link voltage control was not as robust as speed control of generator. A very

large disturbance may bring the system unstable.
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All the currents, speed and dc link controller parameters which are designed and tested in
MATLAB fits to the practical implementation values. This shows the assumptions and the

approximations of the control loops are very close to the real system.

Both sinusoidal and space vector modulation is tested and compared. Space vector modulation
of the two six phase converters has shown better dc link utilization but no superior advantages

in terms of harmonic minimization.

The harmonic in the dc link current shows little improvement. This may be because of the

poor generator design.

The disabling of one inverter is tested. And the system has shown good performance. This is a
proof that the proposed configuration can improve the reliability of the system. The harmonic
in the currents did not have considerable difference. This also shows that that concentrated

winding generators has better fault tolerant capability.

Further works:

In this, project vector control strategy is achieved. In this short time it is not possible to
investigate many detail characteristics. Having this as a foundation, the following points can

be listed out for further work

Implementation of actual drive trail and wind turbine model

Implementation of sensor less vector control technique

Investigating control strategy for fault tolerant operation

Comparison with other control strategies (direct torque control or direct power control)

Integrating with Grid and Comparing overall system performance

O O o o o o

Analyzing grid side fault and fault ride thorough capability
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A. Transformation Matrices
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Figure A- 1 phase, stationary and rotating reference frames

Clarke Transformation-the voltage invariant park transformation T;

1 -1/2 -1/2
2
m1=2 0 V3/2 —32
1/2 1/2 1/2
Wa1 Wq
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1 0 1
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Modified Clarke transformation
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cos (a + 120)
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Inverse Modified Clarke transformation
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sin (a + 240)
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cos « sina 1
[T3M]T=§cos(a+120) sin (@ +120) 1
cos (¢ + 240) sin(a+240) 1
(Al1.4)
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Park Transformation-Rotating Transformation
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B. Per Unit system

In this work, all quantities except time and angle are scaled to a common system. The scaling

factors are based on three quantities: No load terminal voltage(E,,), nominal stator current

(I,) and nominal stator frequency of the PMSG.

Physical quantity

Voltage (V)

Current (1)

Resistance (R) , Reactance (X) ,
Inductance (L)

Frequency (f)

Angular Speed( w,)

Mechanical Speed( N)

Power (S inVA)

Torque ( M)

Flux Linkages( 1)

Base quantity

% —\/EE
b \/§ n
Ib :\/Eln
Vp

Z, =2

b Ib

fo =1
wp = 21f)
Nb:60fi
p
Sb=6Vblb
PS,
M, = -2
b Zwb
Vp

A, =—
b wp

Per unit quantity

4
v—Vb

1

L—Ib

R b'¢
r=—x=—, 1=
Zp Zp

ot

fo

wT

n=—

Wp

_ N
n—Nb
)
S_Sb
M
m—Mb
_/1
¢—Ab

Since the transformation used in this work is voltage invariant, the base system in the three

phase system and two phase system ( a, §) &( d, q)are same except the power.

VbZZVdZ_l_VqZ

L =1 +1,°

The base value for the DC link voltage is taken to be two times the base value of the AC

Voltage, Vpc p, = 2V,
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The base value for the DC link current can be derived from the power balance.

3
P =Vpclpe = 6VIcosp = 25 (Vala + Vyl)

In the case of I; = 0 control,

3
P - VDCIDC - 6VICOS(p - 25(‘/61112)
Then the DC link current base value becomes,

6VbIbCOS§0b _ 2§<Vq_b1q_b> 3 (Vblb) _ 3
2V,

Vbe b 2 2

IDCl_b = IDCZ_b = Zlb

Generator Model in Per Unit system

Six phase PMSG Model as two three phase PMSG using dual synchronous rotating frame

. dig .
Vg1 = Flgr + g el n-Xg-igq

di
s q1 .
Vg1 = Tslgr + g ?+n-xd-ld1+n-1/)m
. digy ,
Vgy = Tlgy + g 9 n-Xq g2

. digy ,
Vg2 = Tslgz + 14 7+n-xd-ld2+n- Ym

1
me = Elpm(iql + iqZ)

Or

(A1.8)

(A1.9)

(A1.10)



Appendix

1
me = > (ig1 + ig2)

Y = 1 - Since the base voltage is taken to be the back emf and the permanent magnet at it

rated value and is not demagnetized.

When the six-phase PMSG Model as using single synchronous rotating frame or vector space

. di
decomposition, I, ﬁ

. dig
Vg =7”sld+lsa—n'

. di :
vq=rslq+lsd—:+n-xs-ld+n- Ym

di

Vy— = Ty + [
diy-
=1 s
Vy- = Tgly- + g o +
di, -
V- = Tglp- + U

diZZ_

Vyo= = Tglgp- + 1 at

mezzpm-iq=iq

- _
T Xy

n-Xg: I

_n'xs'iZZ_

+n-xg-iyn-

(A1.11)

(A1.12)

Ym = 1 - Since the base voltage is taken to be the back emf and the permanent magnet at it

rated value and not demagnetized.
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DC link Model in per unit

The base system for the DC link are based on the base DC voltage and base DC current.

Physical quantity Base quantity
DC link Voltage (V4.) Ve, = 2V
. 3
DC link Current (I4.) Ipc, = Elb
. . Ve,
Resistance (R), Capacitance (C), Zpc, = T
DCyp

Using the above base, the dc link model becomes
e =lgc =1

dvdc
dt ’

i, =cC

For I; = 0 control, the power balance equation,

v
)
= iq

Iq
¢ Vdc

Per unit quantity

V. = Vdc
dc —

VDCb
o= Idc
dc —

IDCb
R _ 1
Zpcy’ wpC-Zpc,

(A1.13)

(A1.14)
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C. Modulation

Vector space decomposition,

active and zero vector selection
Sector 1:45,41,9,11 63

Sector 5: 27, 26, 18, 22 63
y X C b
To 1 1 1 1 1 z y C |b
T, |1 |0 |1 |1 |0 |1 o 1 11 421 11 11 }2
. o 1 o o It T, 0o |1 |1 |o |1 |1
2
T o 11 1o lo I1 T, 0 |1 0 |1 |0
T, 0 1 0 1 1 T 0 1 0 1 0
T, 0 1 1 1 0
Sector 2: 41,9, 11, 27 56
Sector 6: 26, 18, 22,54 56
z y X c b |a
To 1 1 1 0 0 0 z y X c b a
T, 1 0 1 0 0 1 To 1 1 1 0 0 0
T 0 0 1 0 0 1 T, 0 1 1 0 1 0
2
|0 [0 [1 |0 |1 |1 L |0 |1 jo o |1 |0
T, 0 1 1 0 1 1 T 0 1 0 1 1 0
T, 1 (1 |0 |1 |1 |oO
Sector 3: 9, 11, 27, 26 0
Sector 7: 18, 22, 54, 52 0
z y X c b |a
To 0 0 0 0 0 0 z y X C b a
r, |o |o o |o T, |0 |0 |0 |0 |0 |0
T 0 0 1 0 1 1 T, 0 1 0 0 1 0
2
T, 0 1 1 0 1 T, 0 1 0 1 1 0
T, 0 1 1 0 1 0 T3 1 1 0 1 1 0
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z y X c b |a
To 0O |0 |O 1 1 1 z y X a
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T 0 1 1 0 1 1 T, 0 1 0 1 1 0
2
T, |0 |1 |1 |o |1 |o L |1 |1 |0 |1 0
T, |0 [1 |0 |0 |1 |oO T3 1 o |1 0
T, 1 |o |0 |1 0
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Sector 9: 54, 52, 36, 37 63 Sector 11: 36, 37, 45, 41 56
z y X b |a z y X C b a
To 1 |1 |1 1 |1 To o |0 |O (O |O |O
T, 1 |1 |o |1 |1 |oO T, 1 |0 |0 0 |0
T, 1 0 1 0 0 T, 1 0 0 1 0 1
T, 1 0o |1 |0 |oO T, 1 [0 |1 0 |1
T, 1 0 |1 |o |1 T, 1 (0 |1 |0 |0 |1
Sector 10: 52, 36, 37, 45 56 Sector 12: 37,45, 41,9 07
y X C b |a z y X b
To 1 1 1 0 0 0 To 0 0 0 1
T 1 {1 |0 |1 |0 |O T 1 /0 |0 |1 |0 |1
T, 1 /0 |0 |1 |0 |O T, 1 |0 |1 0 |1
Ty 1 |0 |0 |1 |O |1 Ts 0o |1 0 |1
T, 1 /o |1 |1 |0 |1 T, 0 |0 |1 0 |1

D. Motor Mode Operation of 6 Phase PMSG

Stator current transients at step change of torque (of magnitude 0.5 up or from 0 to 12 Nm)

Pretbiu M 200rns Foomn Factor 10 8 11.0kHz Muaise Filter

@B 0.0

Figure A 1 Step Torque Response and Transient Currents in phase a(probe3), and phase x(probe2)

Changing from speed control mode to speed control mode transients

Initially the motor 0.2 pu control mode in torque mode, then control is changed to speed
control mode with speed set value of 0.4 pu;
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11.0kHz Muaise Filter

@B 0.0

M1.00s  Foom Fact

[ S0.0mY

Presiu M 1005 Foorn Factor 10 H

IR

Figure A 1 Stator Current Transients to a change from torrque control to speed control mode

Constant speed variable load operation

The first excition is change from zero to half, and second the excitation is changed from zero
to full and to half then to zero at constant speed of 0.5 pu operation of the drive
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Figure A 2 encoder speed and torque (red)-at constant speed and variable exitaiton operation

Disabling one inverter in Torque control Mode

torque of 0.5 pu and speed of 0.59 pu

2

First the Motor is operating in torque control mode
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b 1.00 5 orn Facton 10 8

Figure A 3 Transients in speed and Torque when inverter 1 is disabled

Disabling one inverter in speed control mode

Initially the PM machine was running at reference 0.3 pu speed and load torque of 0.27
pu(7NM) torque, then inverter 1 is disable and enabled

Prediu r1.00s  Foom Factar: 25 11.0kHz  Maise Filter

& 100v 50,0

Predbiu Zoarn Facto 11.0kHz  Maise Filter

& 100 50,0

|[z 40.0mms
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Pretbiu M A1.005  Foomn Factor 11.0kHz Muaise Filter

& 100 50.0mY

Pretiu M 100 Foomn Factor

& 100v 50,0

Figure A 4 Disabling of inverter 1 while drive is in speed control mode
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E. Generator Mode operation of 6 Phase PMSG

F. Mathlab Codes
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Matlab code for current open loop

Ts=0.0002;% Sampling Time

Ti=0.008235;

Tv=0.0001;

Tf=0.001;

Kpp=3.4313;
Tprod=Tv*TVv*TiI*Ti*TF;
num=Kpp*Ti/Tprod*[1 1/Ti];
denum=poly([-1/Tv -1/Tv -1/TF -1/Ti 0]);
bd=tf(num, denum);

figure(1)

bode(bd)
num2=[3.4313/(Ti*(Tf+2*Tv))];
denum2=poly ([0 -1/(TF+2*Tv)]);
bd2=tF(num2, denum2);
figure(2)

%bode (bd2)

gd = c2d(bd2, Ts)
bode(bd2,"r",gd, "b--")

Matlab code for Speed open loop

Jeq=0.005;

Tiw=0.01877;

Tieq=0.0024;

Td=0.00002;

Twsum=0.004694 ;

T=0.00227;

Kpw=0.5;

Ts=0.0002; % sampling Time
Tprod=Tiw*Tieq*Tf*Jeq*Td;
num=Kpw*Tiw/Tprod*[1 1/Tiw];
denum=poly([-1/Td -1/Tieq -1/TF 0 0]);
bd=tf(num, denum);

Ffigure(1)

bode(bd)
num2=Kpw*Tiw/(Ti*Twsum*Jeq)*[1 1/Tiw];
denum2=poly([0 O -1/(Twsum)]);
bd2=tf(num2, denum2);

Ffigure(2)

%bode(bd2)

gd = c2d(bd2,0.0002)
bode(bd2,"r~,gd, "b--")
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Matlab code for voltage control loop

Kpv=0.7;
c=0.0033;%3300uF
Tiv=0.00976;
Tieq=0.0024;
Tdv=0.00002;
Tvsum=0.00244;
T¥v=0.00002;

Tprod=Tiv*Tieq*Tfv*c*Tdv;
num=Kpv*Tiv/Tprod*[1 1/Tiv];
denum=poly([-1/Tdv -1/Tieq -1/Tfv 0 0]);
bd=tf(num, denum);

Ffigure(1)

bode(bd)
num2=Kpv*Tiv/(Tiv*Tvsum*c)*[1 1/Tiv];
denum2=poly([0 O -1/(Tvsum)]);
bd2=tf(num2, denum2);

Ffigure(2)

%bode(bd2)

gd = c2d(bd2,0.0002)

bode(bd2,"r",gd, "b--")

clspd=tF(num2, [1])/(tF(num2, [1])+tF(denum2,[1]))
figure(3)

step(clspd,0.1)

figure(d)

bode(clspd,c2d(clspd,0.0002))

C++ code SVPWM

void SVM Modulation3p(float va_ref,float vb_ref)
{
vdc_invTime=0.5/(PUVoltages.U_dc_1);//*INVERTER_PARM.Tsw--- Normalized
here
// float va_ref,vb_ref;
float X,Y,Z;
float va,vb,vc;

X=vb_ref;// X=abs(vbref)

Y=0.5*(vb_ref + SQRT3*va_ref);
Z=0.5*(vb_ref - SQRT3*va_ref);
//Modified inverse park transformation
va=vb_ref;

vb=0.5*(SQRT3*va_ref - vb_ref);
vc=0.5*(-SQRT3*va_ref - vb_ref);

int A, B, C;
if(va>0) A=1; else A=0;
if(vb>0) B=1; else B=0;
if(vc>0) C=1; else C=0;

float t1=0,t2=0;
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int sector;
int N=A+2*B+4*C;

switch (N)

case 3: // sector 1
tl=X; t2=-Z; sector=1;break; // interchange tl and t2 here
case 1: // sector 2

tl=Y; t2=Z;sector=2;break;
case 5: // sector 3

tl=-Y; t2=X;sector=3;break;// interchange tl and t2 here
case 4: // sector 4

tl=Z; t2=-X;s

ector=4;break;

case 6: // sector 5
tl=-Z; t2=-Y;sector=5;break;//interchange tl and t2 here
case 2: // sector 6

tl1=-X; t2=Y;s

default:

sector=0;

ector=6;break;

float wO,wl,w2;// one time of each phase

wOo=(float) (1.
wl=wO+tl1;
w2=wl+t2;

0-t1-t2)/2.0;

float ta_on=0,tb _on=0,tc_on=0;
// sector phase time calculation

// odd sector
switch(sector)

{
case 1: //100
ta_on=w2;
case 2:// 110
ta_on=wl;
case 3:// 010
ta_on=wO0;
case 4:// 011
ta_on=wO0;
case 5:// 001
ta_on=wl;
case 6:// 101
ta_on=w2;
default:

110
tbh_on=wl; tc_on=w0; break;
010
tbh_on=w2; tc_on=w0; break;
011
tbh_on=w2; tc_on=wl; break;
001
th_on=wl; tc_on=w2; break;
101
th_on=w0; tc_on=w2; break;
100
tbh_on=w0; tc_on=wl; break;

ta on=0,tb on=0,tc on=0;

DwellTime.a=SQRT3*vdc_invTime*(ta_on-0.5);//;
DwellTime.b=SQRT3*vdc_invTime*(tb_on-0.5);//*
DwelITime.c=SQRT3*vdc_invTime*(tc_on-0.5);//
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Vector Control of Direct Drive Six Phase
Permanent Magnet Synchronous Generators

Nahome Alemayehu A., R. Zaimeddine, Bing Liu and Tore Undeland

Norwegian University of Science and Technology, Trondheim, Norway

Abstract—this paper presents the vector control of six phase
permanent magnet synchronous generator which is directly
connected to a six leg converter. A mathematical model of the
machine has been developed using the generalized two phase real
component transformation. Dual synchronous d-q current
control is employed so as to eliminate current imbalances. The six
legs the converter are controlled to extract the maximum power
from the wind turbine with reduced torque pulsation, reduced
harmonics and minimum stator losses using vector space
decomposition space vector modulation. Matlab® Simulink is
used for simulation.

Index Terms— orthogonal subspace transformation, multi leg
converter, six phase permanent magnet machines, space vector
pulse width modulation, vector control, vector space
decomposition.

I. INTRODUCTION

ULTI Phase machines provides several advantages such

as : reduction of amplitude of pulsating torque and

increased pulsating frequency; reduction of current per
phase for the same rated voltage; lowering the dc-link current
harmonics; reducing the stator copper loss ; improving
reliability and give additional degree of freedom[1]-[3].
Permanent magnet synchronous generators known to have
higher power density, higher efficiency, more stable and
secure during normal operation. Off shore wind energy system
needs to be more reliable and lighter than on shore wind
energy system. Therefore, Multiphase PMSGs have become
attractive for large off shore wind farm.

Multiphase machines drives, motors, has been used as in
Electric Vehicles(EV), hybrid EV, aerospace, ship propulsion,
and high-power applications in which the requirements are not
cost oppressive when compared to the overall system[1]-[4].
Reference [2] gives thorough survey related to Multiphase
drives in various subcategories, and including the application
of Multiphase machines for electric generation.

In [5] parallel connection of converters in modular way is
investigated to allow the use of classical converters. The
application of multiphase PMSG for wind is also shown in [6]
that the two three phase windings are controlled
independently.

In this paper the six-phase PMSG has two groups of three
phase windings which are separated by 30 degrees. The
arrangement of the six phases and definition of reference
frames is shown in Fig. 1.

dl, d2

al, &2

Fig. I Six phase machine-arrangement of stator windings

II. SYSTEM DESCRIPTION

The proposed wind energy conversion system along with
the control scheme is shown in Fig. 2. It is assumed that the
average DC link voltage is kept constant by the grid side
converter which is modeled by constant dc ideal voltage
source.

0 Six Leg
Turbine llk
Six Phase \VR
Pmse | | AC -
o |
I
T Control -

Fig. 2. System topology

A. Wind turbine
The power extracted from wind by turbine is given by



(1

Where p is the air density, A is the area swept out by the

1
b= ECPPAVW3

turbine blades, v, is the wind velocity, and C » is the power

coefficient. C,

tip speed ratio A, shown in Fig. 3. Tip speed ratio is the ratio

of turbine speed at the tip of a blade to wind velocity.
@R

1=2

v

w

is a function of the pitch angle  and of the

2)

where R is the turbine radius, and @ is the turbine angular
speed.

For a given wind turbine, the maximum power extracted
can be tracked by adjusting the speed of the generator either
using maximum power tracking or the optimal tip speed ratio.
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Tip speed ratio

Fig. 3. Power (performance) coefficient as function of A and B [7].

B. Six Phase PMSG Modeling

By neglecting the magnetic saturation and core losses, and
assuming a sinusoidal air gap flux, the voltage equations of
generator in phase quantities are

[Vs] = [RsI[is] + p - ([Ls I[is 1) + p - ([Asm]) (2)
2 2

[Asm] = Am [cosGr cos (Gr - ?“) cos (Gr + ?“) cos (6, -

m6 cosfr—5m6 cosOr—3m2T 3)

where the voltage and current are defines as
— T
Vs - [Val Vb1 Vcl VaZ Vb2 V%Z]
Is = [la1 lp1 o1 laz Bp2 G2 ] 5
Ay is the permanent magnet flux linkage, 6, is the angle
between magnetic axis of phase ‘a’ and rotating magnetic field

,as shownin Fig. 1., andp - ()_&

The resistance term and the 1nductance terms of (2) are given
by (4); for Surface Mounted PMSG the pulsatory components
of the magnetizing inductance of stator windings are zero.
Mutual leakage inductance is ignored and has little effect on
torque pulsation and voltage harmonic distortion since the

2

separation angle between the two sets of three phase windings
is 30°, [8].

[ 0 0 0 0 0
0o 0 0 O 0|
0 0o 0 0 O
[RS]_ 00 07 0 0| (4a)
0 000 rn O
lo o 0 0 0 7l
[Ls]=
1 0 00 0 0
01000 0]
001000
Liloo o 01 0 ofF
0000 1 0
0 0 00 o 1
[ 1 —-1/2 —-1/2 V3/2 —/3/2 ]
-1/2 1 -1/2 0 V3/2 —\/—/2
B R CEE VI N V3/2 |
1 V3/2 0 —3/2 1 —1/2 —1/2|
—V3/2 +3/2 0 -1/2 1 -1/2|
0 —v3/2 32 —1/2 -1/2 1 |

Whererg, Lyand L;are resistance, leakage reactance and
magnetizing reactance of a stator winding respectively.

Using  generalized two phase real component
transformation or vector space decomposition theory, the
original six dimensional space representation of the machine is
mapped to three orthogonal two dimensional subspaces, [16].
The power invariant transformation matrix is used to map
phase quantities to orthogonal subspace quantities, which is

1 cos40 cos80 «cos® cos50 cos90
[0 sin40 sin80 sin® sin50 sin96
[T,] = 1 | 1 cos 80 cos 40 cos50 cos® cos90] (5)
sin80 sin46 sin50 sin® sin96
1 1 1 0 0 0
l0 0 0 1 1 1 J

s
where 6 = p

Applying transformation [Tg] to (2) and (3), the vector
space decomposition variable can be written as

[Vvsd] = [Rs][ivsd] + [Lvsd]p : ([ivsd ]) + wr[}\vsd] (6)
[Avsa] = V3Ayw,[—sin®, cosB, 0 0 0 0]T (7
where w, = 40
dt - -
[Vvsd] = [Va VB Vi Vy Va1 sz] [ivsd] = [ia iﬁ iy iy iz1 izz]
And
[ch 0 0 0O 0'|
|[0L, O 00 0 |
oo ooo0]
00 0o0LO
00 0 0O0L
L, =3L; +1; (8b)

As seen above the voltage and flux equations are as a
function of rotor position. This can be eliminated by using



reference transformation, T,.
—sinB,

_ [cosB,

T [sin@r cos0, (a)
Wl _ o, [WWe 9b
W | = Trlw, (9b)

where W is dummy variable which can be voltage, current or
flux. Therefore, the machine model in the synchronous
rotating frame, applying rotational transformation T, on (6)
and (7), become

1) Machine model in (d,q) subspace

Vg =150q + Lo p - (la) — wrLg Ig (10a)
V, =7ig + Lap - (ig) + 0Ly ig + 0pV3y (10b)
2) Machine model in (x, y) subspace
[Vx]:[n;-l'Llp'()][l:x] (11)
% s+ Lip-Olly
3) Machine Model in (z,, z,) subspace
Vv, ] [7'5 +Lip- ()] [izl]
= : 12
Vo rs+Llp'() lz2 ( )

As seen from (11) and (12), the current components in (x,
y) and (z,, z2) are limited to stator resistor and stator leakage
inductance. These currents do not contribute to
electromechanical energy conversion but losses. Thereby the
electromechanical energy conversion variables are mapped in
the only (d,q) subspace. This makes the modeling of the
machine and torque calculation simpler. The electro-magnetic
torque expression can be calculated from the air gap power.
The air gap power is the part of input power which does not
contribute to resistive loss or rate of change of stored energy
in the inductances.

Pag = Fe1 — Ploss ~ TrateChangeStoredMagnetic

Pog = w; V3Ayig (13)
And if there are P poles, the electrical torque T, is

Pa P . .
T, = w—j = E\/g)\Mlq =Ki, (14)

C. Six Leg Converter

Using more legs means, power is shared by the many legs
so that the current stress of each switch can be reduced
compared with a three-phase converter. Besides six leg
converters give more freedom to choose switching states
which helps for optimal operation of the generator. Fig. 4,
shows the generic scheme of six leg converter.

i

)1

Fig. 4. Schematic of six leg converter

Only one of the power switches of the same leg can operate
in the “ON” state to avoid the short circuit of the DC-link. The
switching function can be represented in terms of the upper

switch of each leg as (S, S,,,5.155,,,55255,,) -

al? cl? c
Applying the transformation matrix [Ts] on the phase voltages
of the converter, the converter voltages with respect to the
stationary reference frame given by

_1 —-= 1 ﬁ __‘E 0 ]
2 2 2 2

[V“] N 1 1 [Sa1]
| Ve | 0 T < 2z z “Ysm
Vi | _ Vac _1 1 3 B Sc1
Vy - 1 2 2 2 2 0 1S42 (15)
" 0o ¥ B I 1 _qfls
. IR R 15
) 0 0 o 0 0 0 c2

L0 0 0 0 0 (.

The converter and the machine are connected without
neutral line and is taken in account, [9]. The switching
voltages (z1, z,) subspace is zero since the neutral points are
isolated. The vector space diagram converter of the converter
voltages on (a,f) and (x, y) subspace are shown in Fig. 5.
and Fig. 6.

axis B




Fig. 5. Converter voltage on (a,f) subspace; 0, 7, 56, 63 are zero states

210
Fig. 6. Converter voltage on (X, y) subspace; 0, 7, 56, 63 zero states

D. Space Vector PWM

The vector space decomposition technique is of priority. As
shown in Fig. 5 and Fig. 6, the largest voltages (outer most)
on (a,f) become smallest (inner most) voltages on (x, y)
subspace. The medium voltages have the same magnitude on
both(a,B) and (x, y) subspaces. Hence, the largest voltages are
chosen as active voltage thereby the switching control is
simplified to 12 sectors. To minimize losses in the (x, y)
subspaces four active vector and one zero vector are chosen to
build the space vector in(a,) subspace. The red vectors in
Fig. 5 and Fig. 6 shows the four active voltages when the
resultant vector lies on the first sector (— 1“—2,1“—2).

Imposing on the converter that average zero volt-seconds of
the switching vectors on (X, y) subspace and at same time
equaling the average volt-seconds of switching vectors
on (a,P) to that of the reference voltages at the output of the
inner current controller, further reduction in losses can be
achieved. The time duration of the four active vectors and one
zero vector is calculated this way, [9].

[Val Vaz Va3 Va4 Vao] [Tl] [TSVO(*
1 2 3 4 0 .
IVB Vg™ Vgo Vgr Vg IITzI TsVg
NARREI AR A |T3 |: 0 (15)
T,

|y 1 2 y 3 4 yol 0
lVi Vi Vi Vi’ Vi JlTOJ l T,

Where, Vki is the projection of the it voltage on the k-plane
and T; is the dwelling time of the vector Vi over a sampling
period Ts.

The switching sequence of the gate signals are generated
according to the dwelling time of the five vectors. Zero vector
has to be selected carefully so that only one of the leg change
state not more than two in a sampling period.

E. Vector Control

Vector control decouples field flux and armature flux so
that they can be controlled separately to control torque or

current and power or speed independently. The current control
forms an inner loop while seep control forms the outer control
for the case considered. The vector control is applied in the
synchronous rotating frame so as to use simple PI regulators
will result in zero steady-state error since the steady-state
currents are dc currents

The vector space decomposition approach of vector control
has been used to control dual three phase induction machines
[9]-[13]. Though using single current controller makes the
design easier and need less number of PI regulators, it can not
observe the current imbalance. Therefore, to do away with this
problem, dual current controller is preferred. The control
schematics of the proposed system is shown in Fig. 7

1
Id1_ref=0 —| Ve @

Current
Controller v

Iq_ref

va

1d+— —1d2 9

€
F&
I
=
=il —

vB

19T 192

Current
Controller
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Fig. 7. Control Schematics, with dual synchronous current control

To design dual current control for each three phase group,
the generator voltage equations are derived with respect to
synchronous rotating reference frames (d1,q1l ) and (d2, q2)
see Fig.1.

Va1 = T5lar + Lap - lgr + Map * lap — WrLgliqgr — w0 Mgig,

Vql = %iql + Lq p- iql + qu . iqz + wT‘Ldidl + wTMdidl +

3
wr\/; Ay

Vaz = Tslaz + Lqg D lgz + Mgp + igq

(16a)

—wpLglgy — 0w Mgig

qu = T:?iqZ + Lq p * iqz + qu * iql + wT‘LdidZ + wT‘Mdidl +
3
wr\/; Am

There is strong coupling between the voltage equations.
Since the d and q axis currents are constant at steady state, the
current control can be simplified and also control structures is
identical for d1 and d2 axes as well as ql and g2 axes.

(16b)

To
PWM
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Fig. 8. Block diagram of the current controllers

By introducing feed forward compensation and assuming
fast switching, the inner current controllers can be considered
as separate closed loops (decoupled current loop), in which
linear control theory can be applied. The Modulus optimum
criterion is used to find the PI controller the current control
loop. The detailed analysis of synchronous frame decoupled
current control can be found in many literatures, [14]-[15].
So, it is not repeated here.

The outer controller, show in Fig. 7, is speed control. The
reference speed is assumed to come from maximum point
power tracking. The Symmetric Optimum criterion is
employed to find the parameters of the PI controller. The
permanent magnet flux linkage is at rated value and there is no
need to use field weakening; the d axis current reference is
kept zero which helps to fully utilize the stator current for
torque or power extraction from the turbine.

III. RESULTS

Independent control of torque and speed is obtained. The
average DC link voltage is kept constant as if grid side
converter were connected.

The response of the generator-converter is tested first
keeping the torque constant at -16 Nm and the reference
speed is changed from 100 rad/s to 50 rad/s at 0.4 sec and then
to 100 rad/is at 0.68 sec..

(a) Generator rotor speed
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Fig. 9. Responses of vector controlled six phase PMSG- vector space
decomposition SVPWM of six leg converter to speed change.

Similarly, the system performance is tested for torque change
of torque from -16Nm to -10 Nm at 0.6 sec and again to -10
Nm at 0.96 sec as shown below.
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The use of vector space decomposition or generalized two
phase real component transformation makes the modeling of
six phase machines easier and also equivalent to that of three

phase machines.

The dual synchronous current controller maintains the
current in the two groups of three phase systems equal if there

IV. CONCLUSION

is current difference between them.

Having six leg converter increases the controllability of the
converter using vector space decomposition SVPWM which
results in reduced losses and ripple in the stator and Dc link

current.

g
lalphal(A)
(d) Stator currents of phases(al,bl,cl) referred to stationary axis
(al,B1)- radii of the circles is proportional to torque
1 m | | \' | |
| | | | |
| | | | |
| | | | |
100 l l l ~
| | | | |
| | | | |
| | | | |
m - — = i - — — — — T . |
l l l l l
| | | | |
| | | | |
o 1 1 1 1 1
(0] 0.2 04 0.6 0.8 1 1.2
Time(s)

(e) Rotor Speed
Fig. 10. Responses of vector controlled six phase PMSG- vector space
decomposition SVPWM of six leg converter to torque change.

V. REFERENCES

L. Parsa, “On advantages of multi-phase machines,” IEEE 2005, pp.
1574-1579

Levi, E. “Multiphase Electric Machines for Variable-Speed
Applications”, Industrial Electronics, IEEE Transactions on pp. 1893 -
1909, Vol. 55, May 5, 2008

Marcelo Godoy Simdes, and Petronio Vieira, Jr.,, “A High-Torque
Low-Speed Multiphase Brushless Machine—A Perspective Application
for Electric Vehicles”, IEEE TRANSACTIONS ON INDUSTRIAL
ELECTRONICS, VOL. 49, NO. 5, OCT. 2002, pp. 1154-1164

Leila Parsa and Suman Dwari “An Optimal Control Technique for
Multiphase PM  Machines Under Open-Circuit Faults’’, IEEE
TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 55, NO.
5, MAY 2008.

D. Vizireanu, S. Brisset, X. Kestelyn, P. Borchet, Y. Milet, and D.
Laloy, “Investigation on multi-star structures for large power direct-
drive wind generator,” Electr. Power Compon. Syst., vol. 35, no. 2, pp.
135-152, 2007.

Sheng-Nian Yeh, Jong-Chin Hwang, Ming-Chih Hsieh, Li-Hsiu Chen
“Development of Wind Power Control System for  Six-Phase
Permanent-Magnet Synchronous Generators”

M. J. Duran , F. Barrero , S. Toral , M. Arahal , R. Gregor , R. Marfil
“Multi-phase generators viability for offshore wind farms with HVDC
transmission”

Schiferl, R. F, and Ong, C. M., "Six Phase Synchronous Machine
with AC and DC Stator Connections - II: Harmonic Studies and
Proposed Uninterruptable Power Supply Scheme," IEEE Transactions
on Power Apparatus and Systems, Vol. PAS 102, No. 8, pp. 2694-2693
Yifan Zhao, A. Lipo, “Space vector PWM control of Dual Three Phase
Induction Machine using vector space decomposition”, IEEE Trans.
Industry Applications Vol 31 No 5,pp. 1100-1109, Oct 1995



[10]

[11]

[12]

[13]

[14]

[13]

M.B.R. Corria, C.B. Jacobina, C.R. da Silva, AM.N. Lima, E.R.C. da
Silva' “Vector and Scalar Modulation for Six-Phase Voltage Source
Inverters”, IEEE 2003, pp. 562-567

Yanhui He, Yue Wang, Jinlong Wu, Yupeng Feng, Jinjun Liu “A
Comparative Study of Space Vector PWM Strategy for Dual Three-
Phase Permanent-Magnet Synchronous Motor Drives” IEEE 2010, pp
915-919

Radu Bojoi, Mario Lazzari, Francesco Profumo, “Digital Field-Oriented
Control for Dual Three-Phase Induction Motor Drives ”, IEEE TRANS.
ON INDUSTRY APPLICATIONS, VOL39, NO. 3, MAY/JUNE 2003
Bojoi, EProfumo, A. Tenconi , “Digital Synchronous Frame Current
Regulation for Dual Three-phase Induction Motor Drives”, IEEE 2003,
pp 1475-1480

Rusong Wu, S.B. Dewan, G.R. Slemon, “A PWM AC to DC Converter
with Fixed Switching Frequency”, IEEE 1998, pp. 706-711

Vladimir Blasko, “A New Mathematical Model and Control of a Three-
Phase AC-DC Voltage Source Converter”, IEEE Transactions on
POWER ELECTRONICS, VOL. 12, NO. 1, PP. 116-123,JAN 1997.

Dissertations:

[16]

Thomas Marin Jahns “IMPROVED RELIABILITY IN SOLID STATE
DERIVES FOR LARGE ASYNCHRONOUS AC MACHINES BY
MEANS MULTIPLE INDEPENDENT PHASE DRIVE UNITS” Ph.D.
dissertation, MIT April 1978 VOL 1.



	Title Page
	ThesisONThesisFrameWorkF.pdf
	434_PowerTech2011


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AbadiMT-CondensedLight
    /ACaslon-Italic
    /ACaslon-Regular
    /ACaslon-Semibold
    /ACaslon-SemiboldItalic
    /AdobeArabic-Bold
    /AdobeArabic-BoldItalic
    /AdobeArabic-Italic
    /AdobeArabic-Regular
    /AdobeHebrew-Bold
    /AdobeHebrew-BoldItalic
    /AdobeHebrew-Italic
    /AdobeHebrew-Regular
    /AdobeHeitiStd-Regular
    /AdobeMingStd-Light
    /AdobeMyungjoStd-Medium
    /AdobePiStd
    /AdobeSansMM
    /AdobeSerifMM
    /AdobeSongStd-Light
    /AdobeThai-Bold
    /AdobeThai-BoldItalic
    /AdobeThai-Italic
    /AdobeThai-Regular
    /AGaramond-Bold
    /AGaramond-BoldItalic
    /AGaramond-Italic
    /AGaramond-Regular
    /AGaramond-Semibold
    /AGaramond-SemiboldItalic
    /AgencyFB-Bold
    /AgencyFB-Reg
    /AGOldFace-Outline
    /AharoniBold
    /Algerian
    /Americana
    /Americana-ExtraBold
    /AndaleMono
    /AndaleMonoIPA
    /AngsanaNew
    /AngsanaNew-Bold
    /AngsanaNew-BoldItalic
    /AngsanaNew-Italic
    /AngsanaUPC
    /AngsanaUPC-Bold
    /AngsanaUPC-BoldItalic
    /AngsanaUPC-Italic
    /Anna
    /ArialAlternative
    /ArialAlternativeSymbol
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialMT-Black
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialRoundedMTBold
    /ArialUnicodeMS
    /ArrusBT-Bold
    /ArrusBT-BoldItalic
    /ArrusBT-Italic
    /ArrusBT-Roman
    /AvantGarde-Book
    /AvantGarde-BookOblique
    /AvantGarde-Demi
    /AvantGarde-DemiOblique
    /AvantGardeITCbyBT-Book
    /AvantGardeITCbyBT-BookOblique
    /BakerSignet
    /BankGothicBT-Medium
    /Barmeno-Bold
    /Barmeno-ExtraBold
    /Barmeno-Medium
    /Barmeno-Regular
    /Baskerville
    /BaskervilleBE-Italic
    /BaskervilleBE-Medium
    /BaskervilleBE-MediumItalic
    /BaskervilleBE-Regular
    /Baskerville-Bold
    /Baskerville-BoldItalic
    /Baskerville-Italic
    /BaskOldFace
    /Batang
    /BatangChe
    /Bauhaus93
    /Bellevue
    /BellGothicStd-Black
    /BellGothicStd-Bold
    /BellGothicStd-Light
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlingAntiqua-Bold
    /BerlingAntiqua-BoldItalic
    /BerlingAntiqua-Italic
    /BerlingAntiqua-Roman
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BernhardModernBT-Bold
    /BernhardModernBT-BoldItalic
    /BernhardModernBT-Italic
    /BernhardModernBT-Roman
    /BiffoMT
    /BinnerD
    /BinnerGothic
    /BlackadderITC-Regular
    /Blackoak
    /Bodoni
    /Bodoni-Bold
    /Bodoni-BoldItalic
    /Bodoni-Italic
    /BodoniMT
    /BodoniMTBlack
    /BodoniMTBlack-Italic
    /BodoniMT-Bold
    /BodoniMT-BoldItalic
    /BodoniMTCondensed
    /BodoniMTCondensed-Bold
    /BodoniMTCondensed-BoldItalic
    /BodoniMTCondensed-Italic
    /BodoniMT-Italic
    /BodoniMTPosterCompressed
    /Bodoni-Poster
    /Bodoni-PosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /Bookman-Demi
    /Bookman-DemiItalic
    /Bookman-Light
    /Bookman-LightItalic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolOne-Regular
    /BookshelfSymbolSeven
    /BookshelfSymbolThree-Regular
    /BookshelfSymbolTwo-Regular
    /Botanical
    /Boton-Italic
    /Boton-Medium
    /Boton-MediumItalic
    /Boton-Regular
    /Boulevard
    /BradleyHandITC
    /Braggadocio
    /BritannicBold
    /Broadway
    /BrowalliaNew
    /BrowalliaNew-Bold
    /BrowalliaNew-BoldItalic
    /BrowalliaNew-Italic
    /BrowalliaUPC
    /BrowalliaUPC-Bold
    /BrowalliaUPC-BoldItalic
    /BrowalliaUPC-Italic
    /BrushScript
    /BrushScriptMT
    /CaflischScript-Bold
    /CaflischScript-Regular
    /Calibri
    /Calibri-Bold
    /Calibri-BoldItalic
    /Calibri-Italic
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /CalisMTBol
    /CalistoMT
    /CalistoMT-BoldItalic
    /CalistoMT-Italic
    /Cambria
    /Cambria-Bold
    /Cambria-BoldItalic
    /Cambria-Italic
    /CambriaMath
    /Candara
    /Candara-Bold
    /Candara-BoldItalic
    /Candara-Italic
    /Carta
    /CaslonOpenfaceBT-Regular
    /Castellar
    /CastellarMT
    /Centaur
    /Centaur-Italic
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchL-Bold
    /CenturySchL-BoldItal
    /CenturySchL-Ital
    /CenturySchL-Roma
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /CGTimes-Bold
    /CGTimes-BoldItalic
    /CGTimes-Italic
    /CGTimes-Regular
    /CharterBT-Bold
    /CharterBT-BoldItalic
    /CharterBT-Italic
    /CharterBT-Roman
    /CheltenhamITCbyBT-Bold
    /CheltenhamITCbyBT-BoldItalic
    /CheltenhamITCbyBT-Book
    /CheltenhamITCbyBT-BookItalic
    /Chiller-Regular
    /CMB10
    /CMBSY10
    /CMBSY5
    /CMBSY6
    /CMBSY7
    /CMBSY8
    /CMBSY9
    /CMBX10
    /CMBX12
    /CMBX5
    /CMBX6
    /CMBX7
    /CMBX8
    /CMBX9
    /CMBXSL10
    /CMBXTI10
    /CMCSC10
    /CMCSC8
    /CMCSC9
    /CMDUNH10
    /CMEX10
    /CMEX7
    /CMEX8
    /CMEX9
    /CMFF10
    /CMFI10
    /CMFIB8
    /CMINCH
    /CMITT10
    /CMMI10
    /CMMI12
    /CMMI5
    /CMMI6
    /CMMI7
    /CMMI8
    /CMMI9
    /CMMIB10
    /CMMIB5
    /CMMIB6
    /CMMIB7
    /CMMIB8
    /CMMIB9
    /CMR10
    /CMR12
    /CMR17
    /CMR5
    /CMR6
    /CMR7
    /CMR8
    /CMR9
    /CMSL10
    /CMSL12
    /CMSL8
    /CMSL9
    /CMSLTT10
    /CMSS10
    /CMSS12
    /CMSS17
    /CMSS8
    /CMSS9
    /CMSSBX10
    /CMSSDC10
    /CMSSI10
    /CMSSI12
    /CMSSI17
    /CMSSI8
    /CMSSI9
    /CMSSQ8
    /CMSSQI8
    /CMSY10
    /CMSY5
    /CMSY6
    /CMSY7
    /CMSY8
    /CMSY9
    /CMTCSC10
    /CMTEX10
    /CMTEX8
    /CMTEX9
    /CMTI10
    /CMTI12
    /CMTI7
    /CMTI8
    /CMTI9
    /CMTT10
    /CMTT12
    /CMTT8
    /CMTT9
    /CMU10
    /CMVTT10
    /ColonnaMT
    /Colossalis-Bold
    /ComicSansMS
    /ComicSansMS-Bold
    /Consolas
    /Consolas-Bold
    /Consolas-BoldItalic
    /Consolas-Italic
    /Constantia
    /Constantia-Bold
    /Constantia-BoldItalic
    /Constantia-Italic
    /CooperBlack
    /CopperplateGothic-Bold
    /CopperplateGothic-Light
    /Copperplate-ThirtyThreeBC
    /Corbel
    /Corbel-Bold
    /Corbel-BoldItalic
    /Corbel-Italic
    /CordiaNew
    /CordiaNew-Bold
    /CordiaNew-BoldItalic
    /CordiaNew-Italic
    /CordiaUPC
    /CordiaUPC-Bold
    /CordiaUPC-BoldItalic
    /CordiaUPC-Italic
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Courier-Oblique
    /CourierStd
    /CourierStd-Bold
    /CourierStd-BoldOblique
    /CourierStd-Oblique
    /CourierX-Bold
    /CourierX-BoldOblique
    /CourierX-Oblique
    /CourierX-Regular
    /CreepyRegular
    /CurlzMT
    /David-Bold
    /David-Reg
    /DavidTransparent
    /Desdemona
    /DilleniaUPC
    /DilleniaUPCBold
    /DilleniaUPCBoldItalic
    /DilleniaUPCItalic
    /Dingbats
    /DomCasual
    /Dotum
    /DotumChe
    /EdwardianScriptITC
    /Elephant-Italic
    /Elephant-Regular
    /EngraversGothicBT-Regular
    /EngraversMT
    /EraserDust
    /ErasITC-Bold
    /ErasITC-Demi
    /ErasITC-Light
    /ErasITC-Medium
    /ErieBlackPSMT
    /ErieLightPSMT
    /EriePSMT
    /EstrangeloEdessa
    /Euclid
    /Euclid-Bold
    /Euclid-BoldItalic
    /EuclidExtra
    /EuclidExtra-Bold
    /EuclidFraktur
    /EuclidFraktur-Bold
    /Euclid-Italic
    /EuclidMathOne
    /EuclidMathOne-Bold
    /EuclidMathTwo
    /EuclidMathTwo-Bold
    /EuclidSymbol
    /EuclidSymbol-Bold
    /EuclidSymbol-BoldItalic
    /EuclidSymbol-Italic
    /EucrosiaUPC
    /EucrosiaUPCBold
    /EucrosiaUPCBoldItalic
    /EucrosiaUPCItalic
    /EUEX10
    /EUEX7
    /EUEX8
    /EUEX9
    /EUFB10
    /EUFB5
    /EUFB7
    /EUFM10
    /EUFM5
    /EUFM7
    /EURB10
    /EURB5
    /EURB7
    /EURM10
    /EURM5
    /EURM7
    /EuroMono-Bold
    /EuroMono-BoldItalic
    /EuroMono-Italic
    /EuroMono-Regular
    /EuroSans-Bold
    /EuroSans-BoldItalic
    /EuroSans-Italic
    /EuroSans-Regular
    /EuroSerif-Bold
    /EuroSerif-BoldItalic
    /EuroSerif-Italic
    /EuroSerif-Regular
    /EuroSig
    /EUSB10
    /EUSB5
    /EUSB7
    /EUSM10
    /EUSM5
    /EUSM7
    /FelixTitlingMT
    /Fences
    /FencesPlain
    /FigaroMT
    /FixedMiriamTransparent
    /FootlightMTLight
    /Formata-Italic
    /Formata-Medium
    /Formata-MediumItalic
    /Formata-Regular
    /ForteMT
    /FranklinGothic-Book
    /FranklinGothic-BookItalic
    /FranklinGothic-Demi
    /FranklinGothic-DemiCond
    /FranklinGothic-DemiItalic
    /FranklinGothic-Heavy
    /FranklinGothic-HeavyItalic
    /FranklinGothicITCbyBT-Book
    /FranklinGothicITCbyBT-BookItal
    /FranklinGothicITCbyBT-Demi
    /FranklinGothicITCbyBT-DemiItal
    /FranklinGothic-Medium
    /FranklinGothic-MediumCond
    /FranklinGothic-MediumItalic
    /FrankRuehl
    /FreesiaUPC
    /FreesiaUPCBold
    /FreesiaUPCBoldItalic
    /FreesiaUPCItalic
    /FreestyleScript-Regular
    /FrenchScriptMT
    /Frutiger-Black
    /Frutiger-BlackCn
    /Frutiger-BlackItalic
    /Frutiger-Bold
    /Frutiger-BoldCn
    /Frutiger-BoldItalic
    /Frutiger-Cn
    /Frutiger-ExtraBlackCn
    /Frutiger-Italic
    /Frutiger-Light
    /Frutiger-LightCn
    /Frutiger-LightItalic
    /Frutiger-Roman
    /Frutiger-UltraBlack
    /Futura-Bold
    /Futura-BoldOblique
    /Futura-Book
    /Futura-BookOblique
    /FuturaBT-Bold
    /FuturaBT-BoldItalic
    /FuturaBT-Book
    /FuturaBT-BookItalic
    /FuturaBT-Medium
    /FuturaBT-MediumItalic
    /Futura-Light
    /Futura-LightOblique
    /GalliardITCbyBT-Bold
    /GalliardITCbyBT-BoldItalic
    /GalliardITCbyBT-Italic
    /GalliardITCbyBT-Roman
    /Garamond
    /Garamond-Bold
    /Garamond-BoldCondensed
    /Garamond-BoldCondensedItalic
    /Garamond-BoldItalic
    /Garamond-BookCondensed
    /Garamond-BookCondensedItalic
    /Garamond-Italic
    /Garamond-LightCondensed
    /Garamond-LightCondensedItalic
    /Gautami
    /GeometricSlab703BT-Light
    /GeometricSlab703BT-LightItalic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /GeorgiaRef
    /Giddyup
    /Giddyup-Thangs
    /Gigi-Regular
    /GillSans
    /GillSans-Bold
    /GillSans-BoldItalic
    /GillSans-Condensed
    /GillSans-CondensedBold
    /GillSans-Italic
    /GillSans-Light
    /GillSans-LightItalic
    /GillSansMT
    /GillSansMT-Bold
    /GillSansMT-BoldItalic
    /GillSansMT-Condensed
    /GillSansMT-ExtraCondensedBold
    /GillSansMT-Italic
    /GillSans-UltraBold
    /GillSans-UltraBoldCondensed
    /GloucesterMT-ExtraCondensed
    /Gothic-Thirteen
    /GoudyOldStyleBT-Bold
    /GoudyOldStyleBT-BoldItalic
    /GoudyOldStyleBT-Italic
    /GoudyOldStyleBT-Roman
    /GoudyOldStyleT-Bold
    /GoudyOldStyleT-Italic
    /GoudyOldStyleT-Regular
    /GoudyStout
    /GoudyTextMT-LombardicCapitals
    /GSIDefaultSymbols
    /Gulim
    /GulimChe
    /Gungsuh
    /GungsuhChe
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /Helvetica
    /Helvetica-Black
    /Helvetica-BlackOblique
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Condensed
    /Helvetica-Condensed-Black
    /Helvetica-Condensed-BlackObl
    /Helvetica-Condensed-Bold
    /Helvetica-Condensed-BoldObl
    /Helvetica-Condensed-Light
    /Helvetica-Condensed-LightObl
    /Helvetica-Condensed-Oblique
    /Helvetica-Fraction
    /Helvetica-Narrow
    /Helvetica-Narrow-Bold
    /Helvetica-Narrow-BoldOblique
    /Helvetica-Narrow-Oblique
    /Helvetica-Oblique
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Humanist521BT-BoldCondensed
    /Humanist521BT-Light
    /Humanist521BT-LightItalic
    /Humanist521BT-RomanCondensed
    /Imago-ExtraBold
    /Impact
    /ImprintMT-Shadow
    /InformalRoman-Regular
    /IrisUPC
    /IrisUPCBold
    /IrisUPCBoldItalic
    /IrisUPCItalic
    /Ironwood
    /ItcEras-Medium
    /ItcKabel-Bold
    /ItcKabel-Book
    /ItcKabel-Demi
    /ItcKabel-Medium
    /ItcKabel-Ultra
    /JasmineUPC
    /JasmineUPC-Bold
    /JasmineUPC-BoldItalic
    /JasmineUPC-Italic
    /JoannaMT
    /JoannaMT-Italic
    /Jokerman-Regular
    /JuiceITC-Regular
    /Kartika
    /Kaufmann
    /KaufmannBT-Bold
    /KaufmannBT-Regular
    /KidTYPEPaint
    /KinoMT
    /KodchiangUPC
    /KodchiangUPC-Bold
    /KodchiangUPC-BoldItalic
    /KodchiangUPC-Italic
    /KorinnaITCbyBT-Regular
    /KozGoProVI-Medium
    /KozMinProVI-Regular
    /KristenITC-Regular
    /KunstlerScript
    /Latha
    /LatinWide
    /LetterGothic
    /LetterGothic-Bold
    /LetterGothic-BoldOblique
    /LetterGothic-BoldSlanted
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LetterGothic-Slanted
    /LetterGothicStd
    /LetterGothicStd-Bold
    /LetterGothicStd-BoldSlanted
    /LetterGothicStd-Slanted
    /LevenimMT
    /LevenimMTBold
    /LilyUPC
    /LilyUPCBold
    /LilyUPCBoldItalic
    /LilyUPCItalic
    /Lithos-Black
    /Lithos-Regular
    /LotusWPBox-Roman
    /LotusWPIcon-Roman
    /LotusWPIntA-Roman
    /LotusWPIntB-Roman
    /LotusWPType-Roman
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSans-TypewriterBoldOblique
    /LucidaSans-TypewriterOblique
    /LucidaSansUnicode
    /Lydian
    /Magneto-Bold
    /MaiandraGD-Regular
    /Mangal-Regular
    /Map-Symbols
    /MathA
    /MathB
    /MathC
    /Mathematica1
    /Mathematica1-Bold
    /Mathematica1Mono
    /Mathematica1Mono-Bold
    /Mathematica2
    /Mathematica2-Bold
    /Mathematica2Mono
    /Mathematica2Mono-Bold
    /Mathematica3
    /Mathematica3-Bold
    /Mathematica3Mono
    /Mathematica3Mono-Bold
    /Mathematica4
    /Mathematica4-Bold
    /Mathematica4Mono
    /Mathematica4Mono-Bold
    /Mathematica5
    /Mathematica5-Bold
    /Mathematica5Mono
    /Mathematica5Mono-Bold
    /Mathematica6
    /Mathematica6Bold
    /Mathematica6Mono
    /Mathematica6MonoBold
    /Mathematica7
    /Mathematica7Bold
    /Mathematica7Mono
    /Mathematica7MonoBold
    /MatisseITC-Regular
    /MaturaMTScriptCapitals
    /Mesquite
    /Mezz-Black
    /Mezz-Regular
    /MICR
    /MicrosoftSansSerif
    /MingLiU
    /Minion-BoldCondensed
    /Minion-BoldCondensedItalic
    /Minion-Condensed
    /Minion-CondensedItalic
    /Minion-Ornaments
    /MinionPro-Bold
    /MinionPro-BoldIt
    /MinionPro-It
    /MinionPro-Regular
    /MinionPro-Semibold
    /MinionPro-SemiboldIt
    /Miriam
    /MiriamFixed
    /MiriamTransparent
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MonotypeSorts
    /MSAM10
    /MSAM5
    /MSAM6
    /MSAM7
    /MSAM8
    /MSAM9
    /MSBM10
    /MSBM5
    /MSBM6
    /MSBM7
    /MSBM8
    /MSBM9
    /MS-Gothic
    /MSHei
    /MSLineDrawPSMT
    /MS-Mincho
    /MSOutlook
    /MS-PGothic
    /MS-PMincho
    /MSReference1
    /MSReference2
    /MSReferenceSansSerif
    /MSReferenceSansSerif-Bold
    /MSReferenceSansSerif-BoldItalic
    /MSReferenceSansSerif-Italic
    /MSReferenceSerif
    /MSReferenceSerif-Bold
    /MSReferenceSerif-BoldItalic
    /MSReferenceSerif-Italic
    /MSReferenceSpecialty
    /MSSong
    /MS-UIGothic
    /MT-Extra
    /MT-Symbol
    /MT-Symbol-Italic
    /MVBoli
    /Myriad-Bold
    /Myriad-BoldItalic
    /Myriad-Italic
    /MyriadPro-Black
    /MyriadPro-BlackIt
    /MyriadPro-Bold
    /MyriadPro-BoldIt
    /MyriadPro-It
    /MyriadPro-Light
    /MyriadPro-LightIt
    /MyriadPro-Regular
    /MyriadPro-Semibold
    /MyriadPro-SemiboldIt
    /Myriad-Roman
    /Narkisim
    /NewCenturySchlbk-Bold
    /NewCenturySchlbk-BoldItalic
    /NewCenturySchlbk-Italic
    /NewCenturySchlbk-Roman
    /NewMilleniumSchlbk-BoldItalicSH
    /NewsGothic
    /NewsGothic-Bold
    /NewsGothicBT-Bold
    /NewsGothicBT-BoldItalic
    /NewsGothicBT-Italic
    /NewsGothicBT-Roman
    /NewsGothic-Condensed
    /NewsGothic-Italic
    /NewsGothicMT
    /NewsGothicMT-Bold
    /NewsGothicMT-Italic
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NimbusMonL-Bold
    /NimbusMonL-BoldObli
    /NimbusMonL-Regu
    /NimbusMonL-ReguObli
    /NimbusRomNo9L-Medi
    /NimbusRomNo9L-MediItal
    /NimbusRomNo9L-Regu
    /NimbusRomNo9L-ReguItal
    /NimbusSanL-Bold
    /NimbusSanL-BoldCond
    /NimbusSanL-BoldCondItal
    /NimbusSanL-BoldItal
    /NimbusSanL-Regu
    /NimbusSanL-ReguCond
    /NimbusSanL-ReguCondItal
    /NimbusSanL-ReguItal
    /Nimrod
    /Nimrod-Bold
    /Nimrod-BoldItalic
    /Nimrod-Italic
    /NSimSun
    /Nueva-BoldExtended
    /Nueva-BoldExtendedItalic
    /Nueva-Italic
    /Nueva-Roman
    /NuptialScript
    /OCRA
    /OCRA-Alternate
    /OCRAExtended
    /OCRB
    /OCRB-Alternate
    /OfficinaSans-Bold
    /OfficinaSans-BoldItalic
    /OfficinaSans-Book
    /OfficinaSans-BookItalic
    /OfficinaSerif-Bold
    /OfficinaSerif-BoldItalic
    /OfficinaSerif-Book
    /OfficinaSerif-BookItalic
    /OldEnglishTextMT
    /Onyx
    /OnyxBT-Regular
    /OzHandicraftBT-Roman
    /PalaceScriptMT
    /Palatino-Bold
    /Palatino-BoldItalic
    /Palatino-Italic
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Palatino-Roman
    /PapyrusPlain
    /Papyrus-Regular
    /Parchment-Regular
    /Parisian
    /ParkAvenue
    /Penumbra-SemiboldFlare
    /Penumbra-SemiboldSans
    /Penumbra-SemiboldSerif
    /PepitaMT
    /Perpetua
    /Perpetua-Bold
    /Perpetua-BoldItalic
    /Perpetua-Italic
    /PerpetuaTitlingMT-Bold
    /PerpetuaTitlingMT-Light
    /PhotinaCasualBlack
    /Playbill
    /PMingLiU
    /Poetica-SuppOrnaments
    /PoorRichard-Regular
    /PopplLaudatio-Italic
    /PopplLaudatio-Medium
    /PopplLaudatio-MediumItalic
    /PopplLaudatio-Regular
    /PrestigeElite
    /Pristina-Regular
    /PTBarnumBT-Regular
    /Raavi
    /RageItalic
    /Ravie
    /RefSpecialty
    /Ribbon131BT-Bold
    /Rockwell
    /Rockwell-Bold
    /Rockwell-BoldItalic
    /Rockwell-Condensed
    /Rockwell-CondensedBold
    /Rockwell-ExtraBold
    /Rockwell-Italic
    /Rockwell-Light
    /Rockwell-LightItalic
    /Rod
    /RodTransparent
    /RunicMT-Condensed
    /Sanvito-Light
    /Sanvito-Roman
    /ScriptC
    /ScriptMTBold
    /SegoeUI
    /SegoeUI-Bold
    /SegoeUI-BoldItalic
    /SegoeUI-Italic
    /Serpentine-BoldOblique
    /ShelleyVolanteBT-Regular
    /ShowcardGothic-Reg
    /Shruti
    /SimHei
    /SimSun
    /SnapITC-Regular
    /StandardSymL
    /Stencil
    /StoneSans
    /StoneSans-Bold
    /StoneSans-BoldItalic
    /StoneSans-Italic
    /StoneSans-Semibold
    /StoneSans-SemiboldItalic
    /Stop
    /Swiss721BT-BlackExtended
    /Sylfaen
    /Symbol
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Tci1
    /Tci1Bold
    /Tci1BoldItalic
    /Tci1Italic
    /Tci2
    /Tci2Bold
    /Tci2BoldItalic
    /Tci2Italic
    /Tci3
    /Tci3Bold
    /Tci3BoldItalic
    /Tci3Italic
    /Tci4
    /Tci4Bold
    /Tci4BoldItalic
    /Tci4Italic
    /TechnicalItalic
    /TechnicalPlain
    /Tekton
    /Tekton-Bold
    /TektonMM
    /Tempo-HeavyCondensed
    /Tempo-HeavyCondensedItalic
    /TempusSansITC
    /Times-Bold
    /Times-BoldItalic
    /Times-BoldItalicOsF
    /Times-BoldSC
    /Times-ExtraBold
    /Times-Italic
    /Times-ItalicOsF
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Times-RomanSC
    /Trajan-Bold
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /TwCenMT-Bold
    /TwCenMT-BoldItalic
    /TwCenMT-Condensed
    /TwCenMT-CondensedBold
    /TwCenMT-CondensedExtraBold
    /TwCenMT-CondensedMedium
    /TwCenMT-Italic
    /TwCenMT-Regular
    /Univers-Bold
    /Univers-BoldItalic
    /UniversCondensed-Bold
    /UniversCondensed-BoldItalic
    /UniversCondensed-Medium
    /UniversCondensed-MediumItalic
    /Univers-Medium
    /Univers-MediumItalic
    /URWBookmanL-DemiBold
    /URWBookmanL-DemiBoldItal
    /URWBookmanL-Ligh
    /URWBookmanL-LighItal
    /URWChanceryL-MediItal
    /URWGothicL-Book
    /URWGothicL-BookObli
    /URWGothicL-Demi
    /URWGothicL-DemiObli
    /URWPalladioL-Bold
    /URWPalladioL-BoldItal
    /URWPalladioL-Ital
    /URWPalladioL-Roma
    /USPSBarCode
    /VAGRounded-Black
    /VAGRounded-Bold
    /VAGRounded-Light
    /VAGRounded-Thin
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VerdanaRef
    /VinerHandITC
    /Viva-BoldExtraExtended
    /Vivaldii
    /Viva-LightCondensed
    /Viva-Regular
    /VladimirScript
    /Vrinda
    /Webdings
    /Westminster
    /Willow
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /WNCYB10
    /WNCYI10
    /WNCYR10
    /WNCYSC10
    /WNCYSS10
    /WoodtypeOrnaments-One
    /WoodtypeOrnaments-Two
    /WP-ArabicScriptSihafa
    /WP-ArabicSihafa
    /WP-BoxDrawing
    /WP-CyrillicA
    /WP-CyrillicB
    /WP-GreekCentury
    /WP-GreekCourier
    /WP-GreekHelve
    /WP-HebrewDavid
    /WP-IconicSymbolsA
    /WP-IconicSymbolsB
    /WP-Japanese
    /WP-MathA
    /WP-MathB
    /WP-MathExtendedA
    /WP-MathExtendedB
    /WP-MultinationalAHelve
    /WP-MultinationalARoman
    /WP-MultinationalBCourier
    /WP-MultinationalBHelve
    /WP-MultinationalBRoman
    /WP-MultinationalCourier
    /WP-Phonetic
    /WPTypographicSymbols
    /XYATIP10
    /XYBSQL10
    /XYBTIP10
    /XYCIRC10
    /XYCMAT10
    /XYCMBT10
    /XYDASH10
    /XYEUAT10
    /XYEUBT10
    /ZapfChancery-MediumItalic
    /ZapfDingbats
    /ZapfHumanist601BT-Bold
    /ZapfHumanist601BT-BoldItalic
    /ZapfHumanist601BT-Demi
    /ZapfHumanist601BT-DemiItalic
    /ZapfHumanist601BT-Italic
    /ZapfHumanist601BT-Roman
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 2.00333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.00333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00167
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


