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Abstract v

Abstract

A wind turbine unit with direct current (DC) output is investigated in this thesis. It
consists of a permanent-magnet synchronous generator (PMSG), series capacitors, a
diode rectifier and a DC/DC converter. In order to experimentally verify the results
obtained by calculation and simulation, a lab setup, including a DC/DC converter,
is built. Simulation and measurement show good agreement, such that the models
can be used for further research.

Series compensation and a diode rectifier in connection with a PMSG is analyzed
and compared to other electrical systems considering power output. It is found
to perform well for wind turbine applications and is a cheap and effective way of
rectifying.

The DC/DC converter is investigated with respect to problems that arise when
upscaling the wind turbine unit to higher power. It is found that the inductor has
to be designed carefully and the stresses on the semiconductors might have to be
limited with additional snubber circuits. Torque control of the PMSG by controlling
the input current of the converter is realized.

For the Hono test wind turbine, which is similar to the wind turbine unit with
DC output, a new electrical configuration is proposed. Series instead of parallel
compensation leads to a higher power output and lower losses at no and low load.
Furthermore, the problem with overvoltage at low load is solved.
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1 Introduction

1.1 DC in Wind Energy

In the past years there has been a lot of research and discussion on DC in power
systems in general, and in connection with wind turbines in particular. There are
several plans for large wind parks, mainly located offshore. For the usually long dis-
tance to the point of common coupling (PCC), high voltage direct current (HVDC)
transmission can be favorable, because of the well known problem with capacitive
current generation of long alternating current (AC) cables. With that, DC in the
wind park down to the wind turbine may become interesting.

For small, isolated grids, wind-hybrid systems are a possibility, wind-diesel and
wind-hydrogen being two examples. To be able to connect different power plants
together, a DC link is a good solution [1]. Therefore, also the wind turbine should be
able to feed into the DC link. An AC grid can be controlled and fed by an inverter.

For all the configurations discussed here, the common part is a wind turbine unit
with a controllable DC output. The electrical part of such a unit consists of a
generator, rectifier and possibly a DC/DC converter.

1.2 Possible Applications
1.2.1 Offshore Wind Farms

One of the reasons for DC in wind turbines is the trend to large offshore wind farms,
where HVDC transmission becomes interesting. For a system that is frequently pro-
posed the AC transmission is replaced by a HVDC connection. In variable speed tur-
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Fig. 1.1: Electrical system of the small DC wind park, adapted from [3].

bines, in connection with synchronous generators (usually direct-driven synchronous
generators), a full AC-DC-AC converter is needed to connect the generator to the
normal AC grid. Therefore, solutions have been proposed to directly connect wind
turbines to a DC grid [2]. In that case only a rectifier is needed in the wind turbines.





The transmission is DC as well, and there is a single large inverter that feeds the
power from the wind farm into the grid.

The first approach is to simply connect all wind turbine DC outputs. To feed into
the mains a DC transformer and an inverter is needed (Fig. 1.1). This is referred
to as the small DC wind park [3], and is considered for short distances to the PCC.
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Fig. 1.2: Electrical system of the large DC wind park, adapted from [3].

The second approach has a long transmission and therefore needs a high voltage
in order to have low losses. This is achieved by rising the wind turbine output
voltage with one or several DC transformers before transmission (Fig. 1.2). This is
referred to as the large DC wind park [3]. It has been analyzed with respect to cost,
operation and faults [3, 4, 5].
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Fig. 1.3: Electrical system of the series DC wind park, adapted from [3].

Furthermore, there exists the idea of connecting the DC outputs of a certain





number of turbines in series to achieve a higher voltage for transmission [6]. This is
referred to as the series DC wind park [3], (Fig. 1.3).

1.2.2 Wind Diesel Systems

For isolated grids, research has been conducted on wind-hybrid systems. One diffi-
culty is that standard wind turbines are designed for a common connection to a large
grid. High wind penetration therefore needs special attention concerning control of
grid frequency and voltage. One possible solution is to install a DC link where the
different power plants are connected. The AC grid is controlled by an inverter. One
example is a hybrid system with a wind turbine and a diesel generator set (genset),
which has been developed from the Svenska Hogarna project [7]. The new system
has a common DC link that can be fed by different power plants (Fig. 1.4). With
this, the diesel generator does not have to operate at constant speed and can start
quickly without synchronization, which keeps the number of engine starts down.

wind turbine

|
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[ He 1 AP @

diesel genset

Fig. 1.4: Electrical system of a wind diesel system with DC link, adapted from [7].

1.2.3 Wind Hydrogen Systems

The drawback of a wind diesel system is that surplus wind energy in case of high
wind speed can not be stored without additional energy storage. In recent years,
wind hydrogen systems have been studied. Combining a wind turbine with an
electrolyzer allows surplus wind energy to produce hydrogen. In case of low wind
this can be used to produce electrical energy in fuel cells or gas turbines, but also
for other applications such as heating or transportation. There are different ideas
where these kind of systems can be used [8]:

e In local stand-alone systems with no grid connection, surplus wind energy may
be used for hydrogen production

e In systems with a limited transmission capacity, e.g. at islands with a subma-
rine cable to shore, or in areas with weak transmission, surplus wind energy
may be used to produce hydrogen

e In systems where the portion of wind power integrated into the power system
is already meeting system limits and more wind power may cause problems





for the power system operation. In this case, the increased wind power may
be used for production of hydrogen.

A possible layout of a small stand-alone wind-hydrogen system consists of a wind
turbine, battery storage, an electrolyzer, a compressor, a hydrogen storage tank and
a demand for hydrogen used as a fuel for transportation (Fig. 1.5). Both electrolyzer
and battery need DC, the hydrogen production is controlled by a DC/DC converter.
Because of these requirements, the connection between the different parts of the
system is a DC bus.
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Fig. 1.5: Setup of an isolated wind hydrogen system, adapted from [8].

1.3 Wind Turbine Unit with DC Output

As mentioned in Chapter 1.1, the common part of all the configurations is a wind
turbine unit with a controllable DC output. However, classical wind turbines are
directly coupled to the AC grid.

1.3.1 Currently used Wind Turbine Configurations

There exist three state-of-the-art wind turbine configurations [9]:

Fixed Speed, Squirrel Cage Induction Generator The generator is coupled
to the blades through a gearbox. The advantage is that a standard (mostly
1500 rpm) squirrel cage generator can be used. The disadvantages are the
lower energy yield than variable speed turbines and the additional drive train
and gearbox (cost, losses, maintenance).

Variable Speed, Doubly-Fed Induction Generator The generator is coupled
to the blades through a gearbox. The stator is directly connected to the grid,
whereas the rotor is connected to a converter. The advantage is that a standard
doubly fed induction generator (mostly 1500 rpm) can be used and the optimal
energy is captured due to variable speed. The disadvantages are the additional





drive train and gearbox (cost, losses, maintenance) and the converter (cost,
losses).

Variable Speed, Direct-Driven Generator Here the generator is directly cou-
pled to the blades. A full frequency converter is needed for connection to the
grid. The advantages are to eliminate the disadvantages of the above. The
disadvantages are the losses in the converter and the specially designed, large
and heavy generator.

1.3.2 Generator and Rectifier Selection

All generators described in Chapter 1.3.1 produce AC. In the case of a DC output
of the turbine, a rectifier is needed. That is an additional component in the first two
configurations mentioned in Chapter 1.3.1, but one less in the last. This, in addition
to economic reasons [10], is why the direct-driven generator becomes the preferred
choice for a wind turbine unit with DC output. Different generator types have been
analyzed and the permanent-magnet synchronous generator is found to be the best
choice for this application [11]. Furthermore, four different rectifiers (Fig. 1.6) have
been compared in connection with a direct-driven wind turbine generator [12]:

a) b)
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Fig. 1.6: The four compared rectifiers for a direct-driven permanent-magnet syn-
chronous generator, a) plain diode rectifier, b) parallel (shunt) compen-
sated diode rectifier, c) series compensated diode rectifier and d) transis-
tor rectifier, adapted from [12].

Plain Diode Rectifier The advantages are the low losses and low cost. The disad-
vantage is that it keeps the terminal voltage in phase with the current, which
leads, in connection with the large inductance of a direct-driven generator, to
a low output power. Furthermore the DC voltage varies with generator speed

and load.





Parallel (Shunt) Compensated Diode Rectifier To improve the performance
of the above, shunt capacitors are introduced. They can be selected to maxi-
mize the rated power of the generator. The drawbacks are the reactive currents
produced at no and low load and the decreasing compensation with increasing
load, where the need for compensation increases as well.

Series Compensated Diode Rectifier To retain the advantages of the diode rec-
tifier and overcome the disadvantages of parallel compensation, series compen-
sation was designed. Because the capacitors are in series with the inductance
of the generator, the compensation increases with the load, where also the
need for compensation increases. For low speed the series compensation over-
compensates. For wind turbine applications this is no problem, because low
speed means low power [13].

Transistor Rectifier The transistor rectifier allows, in contrary to the other so-
lutions, a full control over the generator current and flux linkage at all loads
and speeds. It can also produce a constant DC voltage independent of the
generator speed. The disadvantages are the higher losses in the rectifier and
cost.

Plain and parallel compensated diode rectifiers are not suitable for wind turbine
applications. The series compensated diode rectifier is found to be an interesting
alternative to the transistor rectifier. It almost performs as well and will have less
rectifier losses and may lead to a more cost effective system. Therefore, this rectifier
is chosen in this work.

1.3.3 DC/DC Converter Selection

The series compensated diode rectifier is a passive setup. Therefore, a DC/DC
converter is needed to have a control possibility. There are two main tasks:

1. Input Current Control The DC current is almost proportional to the torque
in the generator. To run the turbine with the optimal tip speed ratio the
wind turbine controller usually sets the torque reference, which then can be
maintained by the current controller. This is the case in stall controlled wind
turbines (no possibility to control the torque with pitching the blades) and in
pitch controlled wind turbines when they are in optimal mode (pitch angle for
maximal Cp).

2. Output Voltage Control The DC voltage after the rectifier varies with the
generator speed. However, there are applications that need a stiff DC voltage.
In that case the output voltage is controlled, the torque has to be controlled
in another way. This can be done by controlling the output power of the wind
turbine unit or by pitching the blades.





Different hard switching DC/DC converter topologies in connection with wind
turbines have been investigated. For the two main tasks mentioned, the boost
converter is the preferred choice if the transformation ratio is low [4, 14]. This is
the case in this work because the main focus is on a wind turbine unit with DC
output. A high transformation ratio is needed for DC transmission and large DC
wind park layouts, which are analyzed in other works [3, 4, 5]. The boost converter
has continuous input current, which requires a smaller capacitance between the
diode rectifier and the converter compared to other converters with discontinuous
input current. Furthermore, it can adjust a variable input voltage to a constant,
higher output voltage over a large range.

1.3.4 Summary

The entire wind turbine unit used in this work consists of either stall or pitch
controlled blades, a direct driven permanent magnet generator, series capacitors,
diode rectifier, DC capacitor and a boost converter (Fig. 1.7). This system is

permanent
magnet diode
. boost converter
synchronous rectifier
generator

Ax

YY)

blades series DOt :
(aerodynamical model) capacitors capacitor

Fig. 1.7: The chosen configuration for the wind turbine unit with DC output.

analyzed with analytical calculations, simulations and measurements on a laboratory
setup and the at Hono wind turbine test station.

1.4 Outline of Thesis

In Chapter 2, all the information about the present system setup of the experimental
wind turbine at the Hono test station is gathered. This also includes measurements
that have been carried out during the thesis.

Chapter 3 reviews the theory needed to analytically calculate currents, voltages
and power for a compensated permanent-magnet generator with its single phase
equivalent circuit.

For the Hén6 wind turbine a new electrical configuration (series compensation)
is proposed in Chapter 4. This is compared to the present, parallel compensated





setup with calculations, simulations and measurements.

In Chapter 5, the built DC/DC converter required for the wind turbine unit,
introduced in Chapter 1, is described. The controller design, measurements and
simulations are presented.

The lab setup of the wind turbine unit is described in Chapter 6. It includes a
description of the different parts, modelling, simulation results and measurements.
The setup is tested for different applications.

Finally, Chapter 7 draws conclusions and future work is suggested.





2 The Hono Wind Turbine

The present experimental system at the Hono test site is a variable speed, stall
controlled wind turbine. It basically consists of a direct driven PMSG, parallel com-
pensation, diode rectifiers, a DC link with electrical brake and a thyristor inverter.

2.1 Blades

The blades of the Hono experimental wind turbine were manufactured at Gluelam
A/S and LM Glasfiber A/S in Denmark [15], who also provided the C,()) charac-
teristic (Fig. 2.1, Appendix B). The general equation for the mechanical power that

Fig. 2.1: C,(\) characteristic of the Hén6 wind turbine.

can be extracted from the wind is
P = O.Spairr27r0pu3, (2.1)
where for the Hono turbine

Pair = 1.225 % air density;
r=06.75 m blade radius;

C, power coefficient;
u wind speed (7).

With (2.1) and
2
oWt 7r7“’ (2.9)
U 60u
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where
A tip speed ratio;
w, rotor angular frequency (
v wind speed ();
n, rotor speed (rpm);

rad),

s )

the optimal power for each rotor speed can be calculated:

n2mr \°
Po imal — 0.5 air 2 C optimal — s 2.3
pt 1 Pair? T P : (60)\optimal> ( )

where
Cpoptimal = 0.49  optimal power coefficient;

Aoptimal = 9 optimal tip speed ratio.

Furthermore, the maximum possible aerodynamic power is determined by calculat-
ing the power at a given rotor speed for the whole C}, () characteristic. This is done
for different rotor speeds, and for each rotor speed the maximum value of the aero-
dynamical power is taken. In Fig. 2.2 both optimal and maximum aerodynamical
power are illustrated.

501 = maximum -
= = optimal
40
= 30
=
& 20
. ’
04 PRt
0 . === : :
0 20 40 60 80
n, (rpm)

Fig. 2.2: Maximum and optimal aerodynamical power delivered by the
Hono blades.

The inertia of the blades is calculated to J = 1600 kgm?. This is also the value
taken for the whole drive train inertia in the mechanical model.

2.2 Generator

The generator at the Hono test station is a 40 kW direct driven PMSG. The rotor
has 24 pole-pairs and is designed with flux concentration. The magnet material is
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ferrite. The whole generator has been tested in the laboratory [16]. Control and
operation experience has been obtained at the Honé test station [17]. The stator
consists of 27 separate, concentrated windings. The equivalent circuit of one phase
of the generator consists of an AC voltage source with an inductance and a resistor
in series (Fig. 2.3).

R L I,
+ I:I +
QPM@ U,

Fig. 2.3: Equivalent circuit for one phase of the Hono generator.

2.2.1 Resistance

A DC measurement at stand still of the turbine has been made, which leads to a
resistance of

U
R=-2¢_R, =080 (2.4)
Ipc

where
R winding resistance;

R; = 0.4 Q cable resistance.

2.2.2 Back EMF

Each stator coil of the generator was designed to give an open-circuit voltage of
Upratea = 211 V at the rated speed of 75 rpm. With

Upn = \/§7Tfs@/)PM (2.5)
and .
s = Jr = nT‘ — 26
fs= I =npes (2.6)
where
Up induced stator voltage;
fs stator frequency;
Ypy  permanent-magnet flux linkage;
fr rotor frequency (Hz);
Ny rotor frequency (rpm);

p = 24 pole-pairs;
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the induced voltage is proportional to the stator frequency (and therefore to the
rotor speed):
Up == klfs == k‘gnr. (27)

In order to get the fundamental component of the induced voltage, measurements
on different coils at different speeds have been carried out. For the calculation Fast
Fourier Transformation (FFT) within Matlab has been used. Time series of the
measured voltage can be found in Appendix D. The measurements (Table 2.1) show
a lower value for k; and k; compared to the theoretical values (211 V at 7, yatea = 75
rpm) at the design stage and earlier measurements [16]. Using the least square
function on the different measurements leads to a fundamental component of the
open loop voltage of U, , = 192 V at 1, ateqa = 75 rpm).

ny (rpm) fs (Hz) Upy (V) K (%) ks (rplm) Ypur (Vs)
Coil 1 | 74.87 29.95 191.75 6.40 2.56 1.44
59.93 23.97 154.74 6.46 2.58 1.45
44.98 17.99 116.98 6.50 2.60 1.46
29.99 12.00 77.76 6.48 2.59 1.46
Coil 2 | 7493 29.97 190.84 6.37 2.55 1.43
59.94 23.98 153.07 6.38 2.55 1.44
44.95 17.98 115.28 6.41 2.56 1.44
29.97 11.99 76.98 6.42 2.57 1.45
Coil 3| 74.93 29.97 190.54 6.36 2.54 1.43
59.98 23.99 152.08 6.34 2.54 1.43
44.92 17.97 115.22 6.41 2.57 1.44
29.88 11.95 76.49 6.40 2.56 1.44

Table 2.1: Open loop measurements for different speeds on different coils of the
Hono-Generator.

2.2.3 Current Limit

The highest possible continuous current without compensation is the short-circuit
current

Uy V271 fabpu
Ix=-L=—"—"="—"2"=7T72A. 2.8
KX, 21 f.L (28)
In retardation mode (Section 2.4) the current in one phase was measured to be
approximately 7.5 A. This is considered to do no harm to the generator and therefore

the current limit [; is set to this value.

2.2.4 Inductance

The inductance was estimated at the design stage to be 112 mH and measured in
the lab to 119 mH. With these values the simulation results did not match the
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measured DC power output. Therefore, new measurements have been undertaken
at the HOono test site. Measurements at (almost) standstill with an external source
(transformer) lead to a inductance value of 100 to 110 mH, depending on the rotor
position. But measurements at constant speeds with resistive and inductive loads on
one single phase (Fig. 2.4) show different results (Fig. 2.5). With the measurements

+ I I+ I+

QPM r\) RLoad Qm LLoad Qm

Fig. 2.4: Setup for measurements on a single phase with resistive and inductive

load.
a) 200 ‘ ‘ ‘ b) 200
+
EU - S 150
odg
= ‘ " Tere0g = whS ® ©
100 £ 100 R
~ ‘ ‘ ‘ ~ ‘ ‘
+ 75 rpm + 75 rpm
010 60rpm 010 60 rpm
® 45 rpm - ‘ ® 45 rpm -
o 30 rpm o 30 rpm
0 - - 0 -
0 2 4 6 8 0 2 4 6 8
I (A) I (A)

Fig. 2.5: Measurements for one single phase with a) resistive load, b) inductive
load.

(Un, Im) and the knowledge of the induced voltage Upy; and the resistance R, the
voltage over the inductance Uj can be calculated as function of the current for
different speeds. This is done for resistive load (Fig. 2.6), because for a diode
rectifier current and voltage also have to be in phase. With the least square method
a value of L = 132 mH is found.

2.2.5 Summary of the Generator Data
All the generator data is collected in Table 2.2.
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a - - - b
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Fig. 2.6: Measurements on one single phase with resistive load and least square
interpolation of voltage versus current through inductance. a) n = 75
rpm, b) n = 60 rpm, ¢) n = 45 rpm, d) n = 30 rpm.

Total
rated power  Paeq 40 kW
number of modules N 27

pole-pairs D 24
rated speed  Npatea 7D TPM
Single Module
rated power  Patea 1.5 kW
rated voltage Upratea 192V
current limit I 75 A
inductance L 132 mH
resistance R 0.88 Q2
rated stator frequency  fsiatea 30 Hz
rated stator angular frequency ws atea 188.5 %
permanent-magnet flux linkage  ¢¥py  1.44 Vs

Table 2.2: Summary of the Hono generator data.

2.3 Electrical System

Each of the 27 single phases described above is rectified with a diode rectifier. To
compensate the large inductance of the generator, a capacitance C = 60 uF is placed
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across the terminals on the AC side of the rectifier. This is called parallel (shunt)
compensation. The modules then are arranged in two groups, one consisting of 13,
the other one of 14 rectified single phases. Within the group they are connected in
parallel to an electrolytic DC capacitor (Cpc = 3300 uF). Then the two groups are
connected in series to the DC link.

The connection to the grid is done by one smoothing inductor, a thyristor inverter
and a transformer. In the DC link an electrical brake is added. This is for the case
of control system failure or loss of grid. The whole electrical system including the
single phase modules of the generator is shown in Appendix A.

2.4 Wind Turbine Controller

The control of the Honé wind turbine is described in [17]. Due to the permanent-
magnet generator, the diode rectifiers and stall control, only the DC-current can be
controlled. The control scheme including the aerodynamical, electrical and mechan-
ical model is shown in Fig. 2.7. The control can be divided into different modes of
operation:

Standby The wind turbine is waiting for the right conditions to start up. When
the cut-in wind speed is reached, a hydraulic systems spins the turbine up to
40 rpm where the wind forces take over. No load is applied below 50 rpm.
Above that speed the control goes into ramp up mode.

Ramp up The load is softly increased. For a turbine speed higher than 55 rpm the
control changes to optimal.

Optimal The DC current reference is set by the square of the rotor speed times a
constant, in order to get the highest possible power for a given wind speed.
When the rotor speed hits the reference speed set by the operator the controller
goes into speed control mode.

Speed Control The speed is held constant to the reference speed with a PID-
controller. If the turbine slows down below a adjustable level the mode changes
back into optimal mode.

Retardation The speed of the turbine is slowed down in a controlled way. At high
speed, the current is set to a given maximum generator torque. As the speed
slows down the DC current reference is set down.

Voltage Control In order to prevent high voltages at optimal load, a voltage con-
troller is always active. It sets a higher DC current reference if the DC voltage
hits a limit. This leads to a lower DC voltage, but also a higher torque, which
takes the wind turbine out of the optimal operation.
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2.5

In order to evaluate different electrical configurations of the Héné wind turbine, a
model has been built in PSCAD/EMTDC. The full model consists of an aerody-
namical, a mechanical, an electrical and a controller part (Fig. C.1). Simulations

Fig. 2.7: Controller of the Honoé wind turbine.

Modelling

can be done with the full model or the electrical model only.

Wy
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2.5.1 Aerodynamical Model

The aerodynamical model is based on Equation 2.1, where the C,()) characteristic
is a look-up table with interpolation. The main inputs are the wind speed u (m/s)
and the rotor angular frequency w, (rad/s). The aerodynamical Torque T,e, (Nm)
is the output handed over to the mechanical model. Constant inputs are the blade
radius r and the air density pa;,.

2.5.2 Mechanical Model

The mechanical model consists of one dynamical expression

dw,
J dt - Taero Tel (29)
where
J = 1600 kgm? total inertia;
wy rotor angular frequency (*4);
Troero aerodynamical Torque (Nm);
T electrical Torque (Nm).

The blades, drive train and rotor of the generator are considered to be stiff. The
output of this model is the rotor angular frequency w,.

2.5.3 Electrical Model

The reference DC current Ipc .y and the rotor angular frequency w, are inputs to
the electrical model. This consists of 27 single phase modules which are connected
matching the Honé setup (Appendix A). One single phase module is either parallel
(Fig. 3.1) or series (Fig. 3.3) compensated. The inverter is modelled as a current
source, controlled by the wind turbine controller output Ipc,.r. The electrical
Torque T,; handed over to the mechanical model is calculated as

Ppc — Poy  Upclpe — 27130, R
T, = Dcw Cu _ ZDC Dcw ACsp (2.10)

where
R winding resistance;

Ppe  electrical power on the DC side;
P, copper losses;

Wy rotor angular frequencys;

Upc DC voltage;

Ipc  DC current;

ITacsp single phase current, rms;

which is considered to be accurate enough. Mechanical losses are not taken into
account.
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2.5.4 Wind Turbine Controller

The wind turbine controller is implemented according to the controller shown in
Chapter 2.4, except the voltage controller. Without this, parallel and series com-
pensation can be compared with regard to overvoltage problems.
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3 Compensation

Direct driven permanent-magnet generators have a high stator inductance. In com-
bination with a diode rectifier, there is the need for compensation in order to get
higher rated and peak power for the electrical system [12]. Parallel (shunt) compen-
sation has drawbacks that will be discussed further on in this section. An alternative
to this is series compensation [13].

3.1 Parallel Compensation

Parallel (shunt) compensation means that a capacitor is placed across the terminals
of the single phase equivalent circuit (Fig. 3.1). For the calculations, Up and Ip,
the voltage and current at the connection point to the diode rectifier, are considered
to be in phase (Fig. 3.2). The generator current is calculated to

+ Up - + U, - I, I,
— Y Y ¥ > >
+ I i + +
R Lo

Upn @ C ——U;s Up

Fig. 3.1: Parallel compensation.

> 1 -
I, QC:QD:jw_ClCRlL

Fig. 3.2: The phasor diagram for parallel compensation.

I, =1c+1p (3.11)
=jwCUp+1p (3.12)
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Comparing the absolute values of right and left hand side leads to a terminal current

of
Ip = \/I? — w2C2U? (3.14)

and therefore the generator current as a function of its absolute value and the

terminal voltage is
I, = jwCUp +/I} — W2C?U3,. (3.15)

When neglecting the resistance the generator voltage U p,, consists of

QPM - QL + QD (316)
=jwlLl, +Up (3.17)

= Up(1 — W?LC) + jwL\/ I} — w2C2U3,. (3.18)

Solving the absolute value of Upy,

Upar = \/UB(1 — w?LO)? + w2 LA(I} — w?C2UR) (3.19)

for Up leads to

TLwL)? — U2
Uy = VUoL)? — Uy (3.20)
V2w2LC — 1

The output current of one module without resistor is

fo =1}~ wOPU (3.21)
B \/j2 ~ WOy ((]infio__U{% g (3.22)
Combining equation 3.20 and 3.22 results in an output power of
Hoe = 0ty (3.23)
N U;M\/ 12— @OPULoLY = Upy,
B 2ot = 2 (3.24)

V2w LC -1

where I, is the generator current.
For maximal power output the optimal current can be calculated with solving

dPout
dly,

=0 (3.25)

for I;,. This leads to

UPM\/l — 20LUJ2 + 202L2W4

= . 3.26
Lwv?2 — 4CLw? + 2C? L2w* ( )
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3.2 Series Compensation

The general drawback of parallel compensation is the high reactive power at low
load and the relatively low peak power output [12]. A special drawback of this
compensation at the Hono turbine is the high terminal voltage at low load. The
DC voltage has to be limited by a special voltage controller, which increases the DC
current if the DC voltage gets too high. This takes the turbine out of the optimal
control, which lowers the overall energy production. To overcome these drawbacks,
series compensation (Fig. 3.3) is being investigated. Series compensation is not
dependent on the load, but just on the rotor speed. The compensation then can be
designed for rated speed. Full compensation means I, is in phase with U p,, at rated
speed, half compensation means half the voltage drop over L is being compensated
(Fig. 3.4). The same calculations as for the parallel compensation can be done.

+ Up - + U, - + Up -
3P
+ R L . lD +

Upas fg Uy

Fig. 3.3: Series compensation.

Upn RILp
= — U =rk w
Iy =D
1 7 JwLlI
jwC P

|
(a) (b)

Fig. 3.4: The phasor diagram for series compensation. a) Full compensation, b)
half compensation.

Upy=Ur+U,+Uc+Up (3.27)
1

=] R+I1jwlL+1,——+U 3.28

IpR+Lpjw +_Djwc +Up ( )
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Up =Up;
Iy = Ip;
Comparing phase and magnitude gives
1
ID((.UL - E)
= t - W 2
$u.py = arctan 0ot TR (3.29)
and
1\?2
Upy = (UD—|—]DR)2+ (IDWL_IDE> . (330)
Solving (3.30) for Up leads to
1\2
and when neglecting the resistor R, the output power is
1\?2
Pout:UDID:ID UI%M_ (IDwL—IDE) . (332)

To find the optimal current for maximum power, equation 3.32 is differentiated
by Ip, which leads to:

1 2
I wlh — —
dPOUt B 9 1 2 b ( UJC)

To get the dependence of I on w one needs to set (3.33) equal to zero and solve it
for Ip. Doing this leads to

UPMWC

In=+ .
V2~ 4PLC + 2(W2LO)

(3.34)
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4 Analysis of Different Electrical Systems for the
Hono Turbine

The electrical system of the Hon6é wind turbine consists, as described in Chapter 2,
of the single phase modules of the generator, parallel (shunt) compensation and
diode rectifiers. There are several drawbacks with this system. The compensation
decreases with increasing load, which causes a relatively low peak power. Further-
more, the terminal voltage is not just dependent on the speed but also on the load.
At low or no load there are high reactive currents which cause losses in the generator.

Series compensation was found to be the better choice for direct driven wind
turbine generators with diode rectifiers [12]. This compensation is not dependent
on the load, but just on the speed. It can be designed for rated speed, which is
75 rpm for the Hono generator (Chapter 2). Full compensation means I, in phase
with Up,, at rated speed, half compensation means half the voltage drop over L is
being compensated. For the Hono generator this is

1
Crat = —5— =213 uF (4.35)
rated
and
Chalf = 2Cfuu =426 /LF (436)
where
L =132 mH inductance of one single phase module;
Wrated = Z—gpnrated rated electric angular frequency (rad/s);
n, = 75 rpm rated rotor frequency (rpm);
p=24 pole-pairs.

To compare the present setup with the proposed new one, the performance of the
Hono wind turbine with both parallel and series compensation has been evaluated
with analytical calculations, measurements and simulations in EMTDC with the
electrical and full model.

4.1 Maximum Power

For parallel (3.24, 3.26) and series compensation (3.32, 3.34) the maximum mechan-
ical power of the generator can be calculated for a current lower than or equal to a
current limit (Chapter 2.2.3) of the generator. These values are compared with the
ideal rectifier (sinusoidal current in phase with Upj), non compensation and the
maximum possible aerodynamical power (Fig. 2.2) at a given rotor speed (Fig. 4.1,
4.2, 4.3 and 4.4). The series compensation is designed for rated speed (1 ateqa = 75
rpm). The results show that the rotor speed must not be higher than 85 rpm for any
rectifier if the current is limited to 7.5 A and the system should remain stable for
any wind conditions. If the current can be higher there is unlimited power output
for series compensation at rated speed (Fig. 4.1, 4.2, 4.3 and 4.4, a)). For parallel
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compensation the power output is limited for every current (Fig. 4.1, 4.2, 4.3 and
4.4, b)).

a) : : : : b) : : : :
50 { == max. aerodyn. power 501 == max. aerodyn: power /|
= = full compensation - f4 = = parallel compensation/4
a0 half compensation ,f 40] '''' Do compensation :f A
'=ideal ~ /.. '=ideal -/,
—~ . . ,‘I\ Yy A — . . ‘,‘ .
330_ . . A ;,e\, g:),o . \,,\, ,l,
= ‘ SR = e ‘
’” ,
R 20 ,\.5 1 A 20 o P
, /I 2 P
w0l 7 : 101 T e T i
’ 2.2 L
SENNE
0 k2 o £z
0 20 40 60 80 0 20 40 60 80
n (rpm) n (rpm)

Fig. 4.1: Analytical calculation of the maximum mechanical power as a function of
the rotor speed with a limited current of 7.5 A. a) Series compensation,
b) parallel compensation and no compensation.

a) ol = b) 60 P U |
= max. aerodyn. powep= = max. aerodyn. power
sol = full compensation ,*° sol = - parallel comp‘gnssat’iﬁn, i
v half compensati ' no compensation
] el S el

24 301
20

10

n (rpm) n (rpm)

Fig. 4.2: Analytical calculation of the maximum mechanical power as a function
of the rotor speed with a limited current of 10 A. a) Series compensation,
b) parallel compensation and no compensation.

4.2 Terminal Voltage

The terminal voltage Up of a single phase can be calculated for varying active
power and different rotor speeds. For series compensation, solving (3.30) for I and





701
60 1

501

Fig. 4.3: Analytical calculation of the maximum mechanical power as a function of
the rotor speed with a limited current of 12.5 A. a) Series compensation,

80 1

— 601

Fig. 4.4: Analytical calculation of the maximum mechanical power as a function
of the rotor speed with a limited current of 15 A. a) Series compensation,

= max. aerodyn powel'
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neglecting the resistance leads to

VU = Up
Ip="—"—
wlL — —

(4.37)
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which, with the power formula P = Uplp, results in

VUZ,, — U?
P = Up~—"H—-". (4.38)
) J—
“ wC'

Finally, (4.38) can be solved for Up

C*wUyy +1/C2w? (—4 (=1 + CLw?)? P2 + C%2U,,)
U, — s (4.39)

to get the function Up = f(P,w). The same steps can be done for the parallel
compensation which results in

U+ —4L2%2 (-1 + CLu?)? P2 + Uy,

Up = 2022

(4.40)

for the parallel compensated single phase terminal voltage.
For parallel compensation the terminal voltage Up is higher at low load (Fig.
4.5, a)) than for series compensation (Fig. 4.5, b)). At Hénd, the problem of

a) 500 : : b) 500
4001 ——] 400
— 300.n — 75 rpm, UPM - 192V . — 300 . L . R . .
:\>/ : . \>/ n. =90 1D1) Upy = 230V
:bQ 200 o ) bq 200 n="75rpm, Upy = 192
n = 50 rpm, Upy; = 128V " — 50 rp —— o8V
1001y =25 rpm, Upy = 64N — 100
ha ‘ n =25 rpm, Uppy = 64V
0 0
0 0.5 1 1.5 0 0.5 1 1.5
P (kW) P (kW)

Fig. 4.5: Calculated terminal voltage of a single phase as function of the active
power for different rotor speeds. a) Parallel compensation (C), = 60 pF),
b) series compensation (Cs = Cf,y = 213 uF).

high DC voltage occurs in optimal control operation, where the load is small. The
terminal voltage for optimal power is lower for series compensation than for parallel
compensation (Fig. 4.6).

To verify the calculated terminal voltages and to determine the DC voltage of the
whole Hong electrical system (Appendix A.1), simulations in PSCAD/EMTDC have
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a) : " :
3004 . = parallel compensated .
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o000 PR
Q - - "
=100 =T
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=
SR
0 . : . .
0 20 40 60 80
n (rpm)

Fig. 4.6: Calculated terminal voltage of a single phase as function of the rotor
speed for optimal power.

been undertaken. The whole simulation has been carried out for optimal control
operation. In this mode the DC-current is directly controlled by the rotor speed
(2.4). At the Hono setup this is the case for 55 rpm < n, < stall speed, where
stall speed can be adjusted by the operator. The results show that for parallel
compensation both the terminal voltage Up and the DC voltage Upe are high due
to the low load in optimal control (Fig. 4.7, a)). With series compensation both
voltages are lower in the optimal control range (Fig. 4.7, b)). Furthermore, the
optimal control range could be extended without risk of high over voltages. It
also shows that the quadratic constant for optimal control is too high for parallel
compensation, which leads to a lower C), [17]. For series compensation the same
quadratic constant value would lead to a higher, more optimal C),.

4.3 DC Power

Another goal for the Hono test station is to be able to get more power out of the
generator. With parallel compensation there is always a maximum power output at
a certain speed. This limits the operation area of the turbine, because the maximal
generator power always has to be higher than the maximal aerodynamical power. If
series compensation is installed instead, the power output at the speed the compen-
sation is designed for is only limited by the current capability of the generator. To
proof this, measurements and simulations have been carried out for different speeds
with parallel (Fig. 4.8) and series (Fig. 4.9) compensation. The first measurements
are taken from [16]. The measurements with series compensation have been made
on one single module and the total DC current and DC power has been calculated
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Fig. 4.7: Simulation of the electrical system of the Hono generator. a) Parallel
compensation, b) series compensation.

with

Ipc = 13'5]DC,single phase (441)

and

PDC = 27[DC,single phaseUDC,single phase- (442>
Simulation and measurement show good agreement for both parallel and series com-
pensation. It can be seen that the maximum output power at n, = 75.4 rpm for
parallel compensation is 34 kW, whereas for series compensation there is no maximal
power for full compensation. Measurements could not be carried out for currents
higher than the current limit of one single module (I; = 7.5 A), because at the time
it is unknown how much current the generator can exactly handle. There is the dan-
ger of demagnetizing the permanent magnets. To find out more about the magnetic
flux, saturation and permanent magnets, FEM calculations are being done as part

of a PhD thesis (Chapter 7).
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Fig. 4.8: DC power as a function of DC current for different speeds with parallel
compensation. a) Simulation results, b) measurements.
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Fig. 4.9: DC power as a function of DC current for different speeds with full series
compensation at 75 rpm. a) Simulation results, b) measurements.

4.4 No Load

A further advantage of the series compensation of a permanent-magnet generator is
the no load or low load operation. With parallel compensation, there is already a
current in the coils of the generator at no load. Looking at Figure 3.1 and considering
Ip = 0 the phase current can be calculated to

= Y (4.43)
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which leads to an absolute current of

I, = Upn . (4.44)

1\ 2
I — 2
\/(w wC) +R

For example at nominal speed this leads to a current of I, = 3 A. This leads to
losses in the generator even at no load and low load. In comparison, for series
compensation there is no current at no load (Fig. 3.3).

4.5 Simulation of the Full Model

Simulations of the full model have been run for a stall speed of 72 rpm and also 85
rpm. The first speed because there exist measurements to verify the model. The
second one to see the advantage of series compensation with regard to power output.
The measurements match the simulation results in case of the DC voltage and the
rotor speed well. The simulation results for DC current and therefore DC power
are higher than the measured ones. The reason for this is that just copper losses
in the generator have been taken into account for the simulation. But especially
mechanical losses have a big influence on the power output. For both parallel and
series compensation in optimal operation of the wind turbine, the output power
follows the optimal power output

Poptimal = 0-5pairr27rcp7optimalu37 (445)
where
Pair = 1.225 X2 air density;
r=06.75m blade radius;
Cp.optimal = 0.49  optimal power coefficient;
u wind speed (%),

very well. When the speed is limited C), decreases for increasing wind speed and the
power output moves away form the optimal curve.

Also at a stall speed of 72 rpm there is an advantage of series compensation. The
DC voltage is more constant and does not exceed 460 V (Fig. 4.10). As expected,
the power output is the same for parallel and series compensation, the difference
is the more constant DC voltage and the ability of handling higher speeds. With
rising the stall speed the power output could be increased for higher wind speeds.
Then series compensation is needed to still be able to operate safely.

Parallel compensation for a stall speed of 85 rpm is not stable anymore for wind-
speeds exceeding 11 m/s (Fig. 4.11). With series compensation the power output is
increased. The limitation is the current capability of the generator. Further advan-
tages of series compensation would be low generator losses at small load and more
stable DC voltage.
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Fig. 4.10: Simulation of the whole H6né model (aerodynamical, mechanical, elec-
trical) with a stall speed of 72 rpm. a) Parallel compensation, simulation
(black) and measurements (grey), b) series compensation.

4.6 Proposed New Electrical Configuration

The proposed new electrical system is series compensation. Full compensation for
rated speed is recommended, which leads to a capacitance of 213 uF for each of the
27 phases. The new system solves the problem of overvoltages at high speed and low
load. Furthermore, the losses at no and low load in the generator decrease. Also, if
FEM calculations and information from the manufacturer show that the generator
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Fig. 4.11: Simulation of the whole H6né model (aerodynamical, mechanical, elec-
trical) with a stall speed of 85 rpm. a) Parallel compensation, b) series
compensation.

can handle higher currents, there is the possibility of increasing the power output
of the wind turbine by rising the stall speed.
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5 DC/DC Converter

For a wind turbine unit as described in Chapter 1, a boost converter is needed
to have a control possibility. It follows the diode rectifier and the output can be
connected to different loads, for example a stiff DC link or a resistive load (Fig. 5.1).

Iin [L * UL B D Iout
> p YV Y Y n > >—
L

=
||

I
Q

Us

— Ucs JI: Cy =

Fig. 5.1: Scheme of the boost converter.

To test a whole wind turbine unit, such a converter has been built. Both input
and output capacitor have a capacitance of 1950 uF. The switch is realized with a
Semikron IGBT module (SKM 400 GB 125 D). This module consists of one half-
bridge (two in series connected IGBTs with antiparallel diodes). The freewheeling
diode of the upper IGBT is used as boost diode D while the gate of that IGBT is
connected to negative potential, Ugg = -8 V (Fig. 5.11). The inductor is described
in more detail in section 5.1. In order to keep the connection of the IGBT mod-
ule with the output capacitor Cy as low inductive as possible it is realized with a
stripline. The IGBT is switched with frequency of f; = 10 kHz. The controller is
implemented in dSpace.

5.1 Inductor

The inductor for the DC/DC-Converter is built with an iron-powder core having
the data

frequency range DC - 1 MHg;

geometry (d, X d; X h) 101.6 mm X 57.2 mm x 33 mm;
magnetics (I¢, Ae, Ve) 249 mm, 743 mm?, 185280 mm?;
A;, value 260 2

relative permeability (p,) 75.

To get the desired value L = 15 mH the inductor is designed with the standard
theory [18]. The number of windings is calculated to

L
N = ﬂ/A—L — 240, (5.46)
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A~

which leads, with the maximal magnetic flux density B = 1 T, to a maximal peak
inductor current of

Hi Bl
¢ = ‘ —11A 5.47
N prpN (5.47)

The copper wire has a diameter of d = 2 mm and the inductance is designed for
a frequency of f = 10 kHz. Considering the skin effect this frequency leads to a

penetration depth of
/ 1
0 =4/ ——— =0.66 mm (5.48)
71-O'CuﬂCuf

Ocu = p(_ji = 5.8824 - 107 ﬁ electric conductivity;
fow = Jo = 4m - 1077 X—; magnetic permeability;

pow = 1.7-1078 Qm electric resistance.

I =

where

This leads to a current area of

d—9
A =2n6 = 2.77 mm? (5.49)
and a maximal electric current density of
S = I_ 3.97 (5.50)
AT mm?’ '

With a mean turn length of approximately l;,,p, = 0.14 m the resistance of the
inductor is calculated to

Nlloop
A

which leads to a maximal resistive power dissipation of

Ry = peu = 0.20 Q. (5.51)

Peumaz = IR = 24.95 W. (5.52)

The core losses are estimated with a data sheet of a similar iron powder material.
The maximal peak-to-peak current ripple is AI = 0.67 A. This results in a maximum
change of the magnetic flux density of

- AT
AB = ur,uONl— = 56.40 mT. (5.53)

e

Furthermore, the power loss can now be calculated to Peoremaez = 16.68 W. The total
maximal losses are therefore

Ptot,maa: = Pcore,max + PC’u,maz =41.63 W. (554)

Measurements with the wound inductor have shown that the inductance slightly
changes at a given switching frequency (f; = 10 kHz) depending on the average
current in the coil (Table 5.1).
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lavg (A) | 3 35 4 4.5 5 5.5
L (mH) [ 132 157 1439 1451 15.63 17.19

Table 5.1: Measured boost inductance L.

5.1.1 Parasitic Capacitance of the Inductor

The main inductor of the boost converter has several layers of windings (Section
5.1). Therefore there is a large, parasitic, parallel capacitance (Fig. 5.2). This par-

Cp
| |
|l
Y Y Y LL_~r~n >
L Leoaa

p—] JK Cy ——

Fig. 5.2: Boost converter with parasitic capacitor C, and additional inductor Lggq.

asitic capacitance arises between neighboring windings as well as between winding
and ground and results in a high frequency oscillation of the current just after the
switching. Because this frequency is in the range of the switching operation (200-400
ns), the effects can not be simulated with ideal switches. With the normal setup
(Fig. 5.1) there is a first big current spike (Fig. 5.3, a)). The assumption is made
that with that current the parasitic capacitance C), (Fig. 5.2) is charged/discharged.
With

Q- / rdt (5.55)

and

-~ Q
c== (5.56)

the parasitic capacitance is calculated to C = 585 pF. Looking at the oscillation
(Fig. 5.3, a)) the inductance of the wiring can be calculated with

1

Lwirin = ———= =14 Ha .

which is realistic. Furthermore, a measurement with an additional, low capacitance,
ferrite core inductor L,qq (Fig. 5.2) in series with the main inductor is carried out
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Fig. 5.3: Measurement of the current through the main inductor L. a) Normal
setup, b) with additional, low capacitive inductor L,g4q in series.

(Fig. 5.3, b)). The additional inductance was 50 pH, so the wiring inductance can

be neglected. With
1

C Lom(Zr )2 (5.58)
the capacitance is determined to 530 pF, which is in good agreement with the value
calculated with Equation 5.56. These current spikes and oscillations are no problem
for the converter in that power range. The current measurement for the control
is always sampled in between the switching operation and therefore is not affected
by these spikes. A possibility to avoid a large parasitic capacitance is to build the
inductor with just one layer of windings or to use multi chamber windings.

5.2 Current Controller

The current controller is designed for a boost converter with constant input voltage,
output capacitor and resistive load (Fig. 5.1). The controller parameters are found
with bode plot analysis [19]. The current in the inductance can be controlled by a
proportional integral (PI) controller:

d(s) = Ge(s)e(s) (5.59)

where e(s) is the error between the reference current and the actual coil current

6(8) = icoil,ref(s) - icoil(s)a (560)

G.(s) is the transfer function of the PI-Controller

Guls) = k, (1 + %) (5.61)
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and d(s) is the duty cycle for the switch.
The control-to-input-current transfer function Gj4(s) of the converter with resis-
tive load (Fig. 5.1) is found through state-space averaging [20]. This leads to

U, 1 (U
Gt 10 L e (Rout + I D>> (5.62)
TG ey T L 1 _py |

Rout CQ - LCZ

where i(s) is the inductor current and d(s) is the duty-cycle. Fig. 5.4 shows this
transfer function for the following parameters:

Uy 294.5 V;

U, 375.1V;

L 15 mH;

Rt 100 O

o 1950 1F;
(Uz = Uy)

duty-cycle D ——.
uty-cycle 0,

Thus it appears that the phase margin is never smaller than -90° and therefore
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Fig. 5.4: Bode diagram of control-to-input-current transfer function G4(s).

the controller could be tuned very fast. Since the inertia of the drive train is high,
the time constants for the whole system are quite large. Nevertheless, the current
controller can have a wide bandwidth, whereas the wind turbine controller (which
sets the reference current) has to be much slower. A too fast current controller will
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try to compensate the current ripple caused by the diode rectifier, which is neither
necessary nor desired. The control parameters (5.61) have been set to T'n = 0.005
and kp = 0.15. The resulting bode plot of the open loop transfer function is shown in
Fig. 5.5. The closed loop bode plot shows a bandwidth of approximately w. = 3000

m 100 D S S S S

Magnitude (dB

Phase (deg)

10 10 10’ 10° 10 10
Frequency (rad/sec)

Fig. 5.5: Bode diagram of G.(s)G;q4(s).

rad/s, which leads to a frequency of roughly f. = 500 Hz (Fig. 5.6). For discrete
systems the critical frequency is the sampling rate, because it can be modelled as a
dead time with the value of the sampling time. The bandwidth of the controller is a
factor 20 away from the switching frequency of the system, which leads to a stable
controller. In order to use the controller in dSpace, it has to be implemented with
discrete integrator blocks (Appendix F).

5.3 Voltage and Current Measurement

The voltage measurement is done with the measuring card ”UMAT2.PCB”, which
has been developed at the Department of Electrical Engineering at Chalmers Uni-
versity of Technology. This card consists of each three independent channels to
measure voltages and currents. The measured signals are connected to the dSpace
system.

The currents are measured with LEM current transducers (LA100-S), which have
a turns ration of 1:2000. The measurement wires are wrapped six times around
the current sensors, such that the measured currents represents six times the actual
currents. The output currents of the LEM modules flow through 100 €2 shunt resis-
tors. The voltage across these resistors are then measured with the dSpace system.
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Fig. 5.6: Closed loop bode diagram.

Scaling all these, the voltages have to be multiplied by a factor of 200/6 in order to
display the actual currents.

5.4 Overcurrent Protection

An overcurrent protection is built for the inductor current. It is realized as an analog
circuit (Fig. E.1). No protection is implemented for the input and output current.

5.5 Measurements
5.5.1 Current and Voltage Stress on Inductor and Semiconductors

Of interest are the voltage across and the current through the inductor and the
overvoltage across the IGBT due to the parasitic inductance of the stripline. Fur-
thermore, the current through the semiconductors, especially the IGBT, would be
important to know. The semiconductors could be chosen to match the current
stresses and the losses could be measured. Because the diode D and the IGBT
are built into one package and the output loop of the converter is realized with a
stripline, the current through the semiconductors can not be measured. For the
measurements the coil current is I, = 5 A. The input voltage is set to U; = 300 V
and the output voltage to Uy = 400 V. The duty cycle is d = 0.25.

The PWM output signal of the dSpace DSP system shows a disturbance when
the IGBT is switched (Fig. 5.7). The delay through the overcurrent protection logic
and the drive circuit is clearly visible.
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Fig. 5.7: dSpace PWM signal.

The voltage across the inductor shows an undershoot at turn off. This is due to

the parasitic inductance of the stripline and possibly also an inductive behavior of
the diode (Fig. 5.8).
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Fig. 5.8: Voltage over inductor at an average input current of HA.

The current through the inductor has a quite large oscillation at the switching
instants due to the parasitic capacitance (Fig. 5.9). There is an initial large current
spike during the switching transients, where the main charging/discharging of the
parasitic capacitor takes place. The following oscillation is between this capacitor
and the wiring inductance.

With the standard setup of the driver (Rg = 22 Q) the voltage across the IGBT
has an overshoot at turn off of approximately 30 V, due to the parasitic inductance
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Fig. 5.9: Inductor current.

of the stripline (AUcg = L,%). Even with faster switching (Re = 7.8 Q) the
overshoot is only 35 V (Fig. 5.10). Therefore there is no need for a snubber circuit,
the stripline is low inductive enough. But for higher power, higher current boost
converters this issue needs to be accounted for.
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cOVREEE | EEE S I A 300{ :
. 200 5 200 1
S | | | | S
wor 1 ]t 100 - | ‘ |
0 100 200 300 400 500 140 150 160 170
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Fig. 5.10: Collector-emitter voltage Ucg at an inductor current of 5A, gate resis-
tance Rg = 7.8 .
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5.5.2 Delays and Switching Transients

The delays of the gate driver and the switching transients for both turn on and turn
off are analyzed. The transients are compared for two different gate resistors, Rg =
22 Q and Rg = 7.8 Q. The measured voltages are (Fig. 5.11):

Uss dSpace PWM output signal;

Ugrg driver output voltage, before gate resistance;
Urc gate-emitter voltage;

Ucg collector-emitter-voltage.

The delay of the signal through the overcurrent protection logic and the drive circuit

gate driver C

|

|

' potential :I G | U,

| P | E CE

i| separation |
i fRG 1 U GEi
1 |
E

Fig. 5.11: IGBT with drive circuit.

with the potential separation is independent of the gate resistance. It is measured
to be 1.67 ps for turn on (Fig. 5.14) and 1.60 us for turn off (Fig. 5.15).

In contrary, the switching transients change with different gate resistances. For a
lower resistance, the IGBT switches earlier and faster. The four voltages are shown
for two periods for a gate resistance Rg = 22 Q (Fig. 5.12) and Rg = 7.8 Q (Fig.
5.13). The two resistances are compared for turn on (Fig. 5.14) and turn off (Fig.
5.15).





0 50 100 150 200
t (ps)

Flg 5.12: Udg, URg, UGE and UCE for RG =22 Q.
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Fig. 5.13: Uus, Urg, Ugre and Ugg for Rg = 7.8 Q.
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Fig. 5.14: Uys, Ugg, Ugr and Ucg at turn on for Rg = 22 ) (grey) and Rg = 7.8¢)

(black).
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Fig. 5.15: Uys, Ugg, Ugr and Ucg at turn off for Rg = 22 Q) (grey) and Rg = 7.8)
(black).
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5.5.3 Current Step

Simulation and measurement are compared for a current step. The controller is both
the same in the lab setup and simulation. The current measurement is sampled with
10 kHz in reality, therefore a sample and hold block has been implemented for the
simulations (Appendix F). The measured and simulated current match very well.
The controller shows a fast and stable behavior both for a current step from 3 to 4
A (Fig. 5.16) and 4 to 5 A (Fig. 5.17).

4.1 : : :
4.2 = = simulation
| 4 reference -
4 4.05 measurement
3.8
—~ ~—~ 4 """""""""""""
< 36 =
=34 ='395{ :
= = simulation 309
3 v reference
= measurement -
2.8 " " " 3.85 - T T T
0 0.05 0.1 0.15 0.2 0.025 0.03 0.035 0.04 0.045

0
t(s) t(s)

Fig. 5.16: Simulated and measured inductor current I, of the converter. Step from
3todA.
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Fig. 5.17: Simulated and measured inductor current I, of the converter. Step from
4to5 A.
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5.6 Summary

Tests of the converter under load showed a fast step response of the current. The
parameters of the PI controller, which regulates the inductor current, were obtained
with state-space averaging and bode plot analysis.

Measurements of the collector-emitter voltage of the IGBT showed only a low
overvoltage at turn off. Nevertheless, this issue needs to be taken into consideration
if the boost converter is operated at higher currents and voltages. A snubber circuit
might then be needed, which would result in additional losses and therefore lower
efficiency of the converter.

Oscillations, caused by the parasitic interwinding capacitance of the inductor,
occurred in the inductor current waveform. This means that for higher currents
the design of the inductor is critical. There are several methods to avoid a large
parasitic capacitance such as building the inductor with a single turns layer or using
multiple chamber windings.

Simulations performed with Simulink/PLECS [21] matched measurements ex-
tremely well. In further work the model can be used to predict the converter behavior
at higher power.
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6 Experimental Lab Setup of a Wind Turbine Unit
with DC Output

An experimental setup of a wind turbine unit described in Chapter 1 has been built
in the laboratory (Fig. 6.1). The goals are to test the performance of such a unit,
evaluate the advantages of series compensation in combination with PMSG and
compare simulation and measurement. The obtained models can be used to upscale
the wind turbine unit in simulation.

permanent
magnet diode
. boost converter
synchronous rectifier I
L
generator

+

) EI_ UL JE} L

A5k -

blades series DC
(aerodynamical model) capacitors capacitor

Fig. 6.1: The chosen configuration for the wind turbine unit with DC output.

6.1 System Description
6.1.1 DC Machine as Aerodynamic System

The permanent-magnet generator is driven by a DC machine. Either the speed or
the armature current can be controlled. Most measurements have been carried out
at constant speed. To test a whole wind turbine controller according to Chapter
2.4, the DC machine can simulate wind. For this, an aerodynamical model (Section
2.5.1) has been implemented in LabView. The torque output is adjusted considering
a DC machine model (including losses). With this, the armature current reference
is set.

6.1.2 PMSM

The machine used as generator is a three phase permanent-magnet synchronous
machine with one pole-pair. It used to be a induction machine, but the rotor has
been replaced with a permanent-magnet rotor. There was no data available such
that parameters like the stator resistance, stator inductance and permanent-magnet
flux linkage had to be determined first. The parameters are summarized in Table
6.1.
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The flux linkage of the PMSM can be calculated with
60Up

e (6.63)
V2T nparsar

Upy =

where

Up  back EMF (V);
Upy  permanent-magnet flux linkage (Vs);
n speed PMSM (rpm).

Measuring the back EMF at a speed of 1500 rpm leads to a value of Up = 164.98V.
Putting these values in equation 6.63 results in a flux linkage of U p,,=1.48 Vs.

At ambient temperature (9 = 20 °C), the resistance of one winding is measured
to Ry = 2.88 (). The winding resistance changes with temperature 9,

Rﬁ = Rgg(l + Oécu(ﬁ — 2000)) (664)

where
. 1.
o temperature coefficient (55);

¥ winding temperature (°C).

After 15 minutes of running with a phase current of 5.3 A, the resistance is measured
again and found to be 3.25 2. With (6.64) this leads to a winding temperature of 54.7
°C. All the measurements have been carried out on the warm machine. Therefore
this resistance value has been used in the simulations.

To determine the inductance, measurements with different loads, down to short
circuit have been carried out. The inductance was determined to L = 220 mH.

The inertia of the whole drive train (DC and permanent-magnet machine together)
has been measured and is approximately J = 0.048 kgm?.

A summary of the machine data is given in Table 6.1. Some data from the previous
induction machine is included.

6.1.3 Series Compensation

For the series compensation a capacitance has been put in each phase. Each capac-
itance consists of eight, in parallel connected 40 pF capacitors which results in a
total capacitance of Cyeies = 240 pF. Each capacitor has a tolerance of £10%. At
full compensation, the whole voltage drop over the inductance is compensated with
the capacitance:

1

wlL = )
WCseries

(6.65)

This leads to a speed with full compensation of

60 / 1
Tfull compensation — % Lo = 1314 rpm. (666)
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Induction Machine
rated power  Patea 4 kKW
number of phases N 3
pole-pairs D 1
rated speed  Npatea 2800 rpm
rated voltage Upjatea 380 V
rated current I, 8.2 A
PMSM
inductance L 220 mH
resistance R 2.88
rated speed  Npatea 3000 rpm
rated stator frequency  fsiatea 90 Hz
rated stator angular frequency ws atea 314.16 %
permanent-magnet flux linkage  ¢¥py;  1.48 Vs

Table 6.1: Summary of the parameters of the previous induction machine and the
permanent-magnet synchronous machine used in the lab.

6.1.4 Diode Rectifier

To generate a DC voltage from the 3 AC phases, a standard three phase diode
rectifier is used. To smooth out the DC voltage, a DC capacitor of 1950 uF is
placed across the DC terminals of the rectifier.

6.1.5 Boost Converter

The boost converter has been analyzed in detail in Chapter 5.

6.1.6 Output Connection
There are two possibilities output connection to the wind turbine unit:

Resistive Load The output of the boost converter can be connected to different
resistances. This is the easiest way to measure.

Constant Output Voltage To test the setup for the application with constant,
given output voltage, the armature terminals of two DC machines are con-
nected in series. The DC machines are powered by induction motors coupled
to the net (Fig. 6.2). The converter output voltage can be adjusted with the
field current of the DC machines.

6.2 Modelling

All the modelling of the lab setup has been done in the Matlab/Simulink environ-
ment. For the electrical system, including the PMSM, the PLECS (Piece-wise Linear
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Fig. 6.2: Wind turbine unit with constant output voltage.

Electrical Circuit Simulation for Simulink) toolbox has been used [21]. With this,
the electrical circuits can be integrated into a Simulink model. For the simulations
with constant speed, a PI controller sets the mechanical torque of the PMSM.

The Simulink models are shown in Appendix F. The lab setup is controlled with
dSpace. The PWM frequency, and therefore also the sampling rate, is 10 kHz. To
be able to compare measurements and simulation results, also in the model the
controllers are discrete and the measurements are sampled with the same frequency.

6.3 Comparing Simulation and Measurements

6.3.1 DC Power

The entire wind turbine unit has been simulated for DC power as function of DC
current. The same has been measured on the lab setup. Without compensation the
limit of the power output is clearly visible (Fig. 6.3). The peak power for different
speeds is reached at the same DC current, approximately 4 A.

If the same procedure is carried out with series compensation, it can be seen that
in the area of the full compensation (n = 1314 rpm), the power output is almost
unlimited (Fig. 6.4).

Simulation and measurement results show good agreement. Simulation results
show generally a bit higher power. Probable reasons for this are nonlinearities
(inductance), uncertainties in inductance and capacitance values, harmonics and
neglected losses such as iron losses and resistive losses in cables and connections.

6.3.2 Input Voltage

Running the whole setup without compensation, the measured input voltage of the
converter is slightly lower than the value gained through simulations, depending on
the load (Fig. 6.5). The reason for that might be the same as in Chapter 6.3.1. The
uncertainty and nonlinearity of the inductance has a big influence.
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Fig. 6.4: Power output (P = I, U;) with series compensation. a) Simulation, b)

measurement.

Doing the same for series compensation at the same speed leads to higher volt-
ages. Since the speed is in the range of full compensation, the voltage is almost
independent of the load (Fig. 6.6). The same phenomenon appears as without com-
pensation, the voltage difference increases with increasing load. This probably is
due to the same reasons. Furthermore it can be said that above the compensated
speed, a difference in the value of the inductance, and below a difference in the

capacitance, has more influence.
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Fig. 6.5: Measured and simulated input voltage of the converter for a generator
speed of 1380 rpm and no compensation. The inductor current is a) [ =

3A;b)I=4A¢c)l=5Aandd) I =6A.
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6.4 Measurements for DC Link Application

One possible application for the wind turbine unit is a stall controlled variable
speed wind turbine feeding a stiff DC link. The DC voltage is fixed and controlled
externally. The task of the DC/DC converter is to control the torque, which is done
with the input current of the boost converter. The wind turbine controller, which
sets the reference current for the DC/DC converter, is built according to Chapter
2.4. The aerodynamic system is simulated with a LabView program. The blades
have a radius of r = 1 m, and a C,(\) curve according Fig. 2.1. To adjust the speed
to the generator system, there is a virtual gear box with a ratio of ngenerator/Mblades
= 1.8. The aerodynamic model is not very accurate and not designed to determine
the exact power output, but to show that the wind turbine unit is feasible for wind
turbine applications. The measurements show a good and expected performance
over the whole speed range (Fig. 6.7). The fluctuations in the output power of the
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Fig. 6.7: Measurement on the lab setup as a variable speed, stall controlled wind
turbine.

converter are probably due to oscillations between the output capacitance and the
two in series connected DC machines. The power output is, even for the optimal
C,, much lower than the calculated optimal power. This is due to mechanical losses,
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the aerodynamical model and nonlinearities in the DC machine that drives the
generator.
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7 Conclusion

This thesis investigated a wind turbine unit with DC output and all of its compo-
nents.

Series compensation in connection with a PMSG and a diode rectifier works well
for wind turbine applications. Compared to parallel compensation and no compen-
sation the power output is increased. At the speed series compensation is designed
for, the output power is just limited by the generator, not by the electrical system.
Compared to a full transistor rectifier, series compensation performs almost as well
for wind turbine applications and is a cheap, efficient and simple alternative.

A boost converter was built in order to investigate the entire wind turbine unit
in the lab. The converter was analyzed with respect to problems that can arise in
case of upscaling to higher power. The inductor has to be built carefully, a large
parasitic capacitance should be avoided. This can be achieved with just one layer
of windings or multi chamber windings. To limit the stress on the semiconductors,
snubber circuits might be needed in case of higher power. This results in additional
losses.

Simulations were carried out for both the entire wind turbine unit and the boost
converter itself. In both cases, the agreement with the measurements were very
good. Therefore, the models can be used to investigate the wind turbine unit in
different configurations.

For the Hono test wind turbine, a new electrical system was proposed. It increases
the possible power output, has lower losses at no and low load and solves the problem
with overvoltage in optimal operation of the wind turbine.

DC in wind energy is not used in industrial applications yet, but research show
promising results.

7.1 Future Work

The electrical system with a PMSG, series compensation, a diode rectifier and a
boost converter has been analyzed considering power output and performance in a
wind turbine application. Furthermore, the wind turbine unit should be investigated
with respect to losses and cost, especially compared to a full transistor rectifier.

There are interesting challenges in building a DC/DC converter in the MW range.
Especially the non-ideal characteristics of the components have to be looked at
closely. If the transformation ratio has to be higher, isolated DC/DC converters with
a high frequency transformer have to be analyzed. A new PhD project developing
and investigating DC/DC converters for wind farm applications starts soon.

The proposed new electrical system for Hono can be installed in the test wind
turbine. Then, operation experience with a series compensated system could be
obtained. To increase the power output the current capability of the generator has
to be determined. This is an ongoing project. FEM calculations are undertaken and
the manufacturer is contacted.
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A Hono - Electrical System

R L
Upy  Cp T *
R L
Upm Cp * +C Q 3
T g1 |z
- :
I Upc Tg O I
'E O -
R B =
L_) -~
Upnm Cp T * +C v o 8
R L
Upy Cp T *

Fig. A.1: Electrical system of the Honé wind turbine.

The upper branch consists of 14, the lower one of 13 modules. The modules in
both branches are connected in parallel after the diode rectifier. Furthermore there
is a 3300 puF capacitor (C) in each branch. The capacitance of Cp is 60 uF (two
parallel connected capacitors of 30 uF).
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B Hono - Cy(\) Values of the Blades

N[ G,
2 0.014
2.25 | 0.016
2.5 | 0.022
2.75 | 0.032
3 0.044
3.25 | 0.064
35| 0.09
3.75 | 0.12
1] 015
15| 0218
5| 0.284
5.5 | 0.358
6 | 0.408
65| 0.44
7] 046
75 | 0472
810.482
8.5 | 0.488
9| 049
9.5 | 0.488
10 | 0.484
11 | 0.468
12 ] 0.444

Table B.1: C,(\) values of the Héno blades.
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D Hono - Measurements

— measurement
'\ fundamental

0 001 002 003 004 005 006 007
t (s)

Fig. D.1: Open loop measurement on one single phase.
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0 0.01 0.02 0.03 0.04 0.05 0.06 0.07

t(s)

Fig. D.2: Measurements on one single phase with parallel compensation, diode
rectifier and resistive DC load (Rpc = 42 ). Setup according Fig. D.3.

L
R
Tsc Ipc
_:'_NYY\_—+>— .
@ C J— UD Zk CD(J ::RLoad UDC

Fig. D.3: Setup for measurements on a single phase with parallel compensation,
diode rectifier and resistive DC load. C' = 60 uF, Cpe = 390 pF.
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0 0.01 0.02 0.03 0.04 0.05 0.06 0.07

t(s)

Fig. D.4: Measurements on one single phase with series compensation, diode rec-
tifier and resistive DC load (Rpc = 42 §2). Setup according Fig. D.5.

C
@ ZIS Cpc —=—=Rroad| | Unc

Fig. D.5: Setup for measurements on a single phase with series compensation,
diode rectifier and resistive DC load. C' = 250 uF, Cpe = 390 uF.
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E Laboratory Setup - Overcurrent Protection

The circuit described in this section (Fig. E.1) shuts down the boost converter in
case of a positive or negative overcurrent in the inductor. The output current of
the LEM current transducer (LA 100-S) is flowing through a measuring resistor
of 100 € as described in Chapter 5.3. The resulting positive or negative voltage
drop across this resistor is then compared with a voltage applied to the negative
input port of the two comparators (LM393). That voltage can be set with a 10 k(2
potentiometer. The voltage across the 100 €2 resistor and thus also the positive in-
put voltage of the two comparators is 0.3 times the output current of the transducer.

SW; represents the overtemperature switch of the heat sink. In case the temper-
ature of the heat sink reaches 71 °C the switch opens and causes the overtempera-
ture error (Over Temp) to go on high (5 V). Furthermore this sets the D-flip-flop
(HEF4013B) and turns the transistor on. The flip-flop can only be released by press-
ing the switch SW5 which is located on the case of the boost converter. By turning
on the transistor the LED lights up and indicates an error. This error signal is also
read into dSpace (Main Error). The inverted main error signal is then connected to
the gate driver signal of the dSpace system. In case the main error is set the input
of the IGBT gate driver stays on 0 V independent of the value of the dSpace signal
until the system is reset via the switch SW5.
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F Laboratory Setup - Simulink Model

Iref i_ref
Iref

PWM PWM

—P|i_ist

nref

PLECS

Tm_soll TMPMSM Gireuit

nist

Pl-Te

come

IDrect
compensation

uL

IDrect

Circuit1

uL

r.
Isample Ts
1

Fig. F.1: Entire Simulink model.

Discrete-Time
Integrator

1/Tn

1/TawTe

Fig. F.2:

0.05->0.95

1/TnTm

Triangle

Current controller.

Fig. F.3: Torque controller.

>

Tm_ref





¥ St

epowt SHHTd

v_in
v_L|

v_Rout|

I—D@ ’V IDrect
1 o~ N
Il
52 i ] & W
f Aml D2 D3 pg Am L
.—-3 .—P-l g@e
Comp PWM ’
© A b
I
53 ips &)
Am?2
. f
o V}‘ Ugb | D7 D6 D5
a -
7
Il )
S4 i ] W
F\ Am3

TmPMSM

m
Width: 3

Boost

89





(D,

+U1

Cin

C:Cin==

v_init: UCin0

(D,

gate

D1
iL Vi: U_F
Ron:r_T
NI
1
C: Cout::+ Rout
IGBTH v_init: UCout0 R: Rout
Vf: U_CE
Ron:r_on

-U1t

Fig. F.5: Boost model.

N+

v_Rout

69





70

References

1]

D. Jorda, M. Twidell, J. Patel, F. Teofilo, R. Soin, "Remote power-integrated,
customer oriented solutions”, Photovoltaic Energy Conversion, 1994, Waikoloa,
HI USA, 5-9 December 1994, pp. 747-749.

L. H. Hansen, P. H. Madsen, F. Blaabjerg, H. C. Christensen, U. Lindhard, K.
Eskildsen, ” Generators and Power Electronics Technology for Wind Turbines”,
Industrial Electronics Society, 2001 (IECON ’01), Denver, Colorado, USA, 29
November-2 December 2001, pp. 2000-2005.

S. Lundberg, ”Configuration study of large wind parks”, Chalmers University
of Technology, Goteborg, Sweden, Licenciate Thesis 474L, 2003.

O. Martander, ”DC Grids for Wind Farms”, Chalmers University of Technology,
Goteborg, Sweden, Licenciate Thesis 443L, 2002.

O. Martander, J. Svensson, ”Connecting Offshore Wind Farms Using DC Ca-
bles”, Wind Power for the 21st Century, Kassel, Germany, 25-27 September,
2000.

K. J. P. Macken, L. J. Driesen, and R. J. M. Belmans, "A dc bus system
for connecting offshore wind turbines with the utility system”, Furopean Wind
Energy Conference 2001, Copenhagen, Denmark, 2-6 July, 2001, pp. 1030-1035.

S. Ruin, O. Carlson, ”Wind-hybrid systems with variable speed and DC-link”,
Wind Power for the 21st Century, Kassel, Germany, 25-27 September, 2000.

L. N. Grimsmo, M. Korpas, T. Gjengedal, S. Mgller-Holst, ” A Probabilistic
Method for Sizing of Isolated Wind-Electrolyzer Systems”, 2004 IEEE Nordic
Workshop on Power and Industrial Electronics (NORPIE/2004), Trondheim,
Norway, 14-16 June, 2004.

H. Polinder, S. W. H. de Haan, M. R. Dubois, J. G. Slootweg, ”Basic Oper-
ation Principles and Electrical Conversion Systems of Wind Turbines”, 2004
IEEE Nordic Workshop on Power and Industrial Electronics (NORPIE/2004),
Trondheim, Norway, 14-16 June, 2004.

A. Grauers, ” Direct Driven Generators: Technology and Development Trends”,
Nordic Wind Power Conference (NWPC “2000), Trondheim, Norway, 13-14
March, 2000, pp. 127-131.

A. Grauers, "Design of Direct-driven Permanent-magnet Generators for Wind
Turbines”, Chalmers University of Technology, Géteborg, Sweden, PhD Thesis,
1996.





[12]

[13]

[16]

[17]

[18]

[19]

[20]

[21]

71

A.Grauers, S. Landstrom, ” The Rectifiers Influence on the Size of Direct-driven
Generators”, Proceedings of the 1999 European Wind Energy Conference and
Ezhibition (EWEC’99), Nice, France, 1-5 March 1999, pp. 829-832.

A. Grauers, A. Lindskog, "PM Generator with Series Compensated Diode
Rectifier”, 2000 IEEE Nordic Workshop on Power and Industrial Electronics
(NORPIE/2000), Aalborg, Denmark, 13-16 June, 2000, pp. 59-63.

S. Lundberg, ” Performance comparison of wind park configurations”, Chalmers
University of Technology, Goteborg, Sweden, Technical Report No. 30R, 2003.

H. Ganander, E. Ulén, Maria Poppen, A. Bjorck, M. Ellsén, O. Carlson, ”Stall
Control with Variable Speed at the Honé Wind Turbine”, Department of Elec-
trical Machines and Power Electronics, Chalmers University of Technology,
Goteborg, Sweden, Report No. R-92-11, January 1993.

O. Carlson, A. Grauers, A. Williamson, S. Engstrom, E. Spooner, ”Design and
test of a 40 kW Permanent-Magnet Generator with a frequency converter”,

EWEC 99, March 1999.

O. Carlson, Magnus Ellsén, ”Control and operation experience of a 40 kW di-
rectly driven permanent magnet wind turbine generator with a frequency con-
verter”, 2001 European Wind Enerqy Conference (EWEC’2001), Copenhagen,
Denmark, 2-6 July 2001.

N. Mohan, T. M. Undeland, W.P. Robbins, Power Electronics: Conuverters,
Applications and Design. 2°¢ edition, 1995, John Wiley & Sons, New York,
NY.

G.F. Franklin, J. D. Powell, A. Emami-Naeini, Feedback Control of Dynamic
Systems. 3" edition, 1994, Addison-Wesley Publishing Company, Inc.

R. W. Erickson, Fundamentals of Power Electronics. New York: Chapman and
Hall, May 1997.

Plexim GmbH, PLECS User Manual. Zurich: Plexim GmbH, 2004.










Appendix B

Investigation of a Wind Power Generator, Part 1, Ingemar Mathiasson, Chalmers,
November 2005










1 (45)

Investigation of a Wind Power Generator

Part 1

Ingemar Mathiasson

November 2005

Department for Energy and Environment
Division of Electric Power Engineering

Chalmers University of Technology





2 (45)

CONTENTS

1 INTRODUCTION

2 ABOUT FEM CALCULATIONS

2.1 (€323 23 27N S
2.2 THE SPECIFIC ELECTROMAGNETIC PROBLEM ........ccvvvvvvieeeeeeeeeeeeereeeeerereeeseeeennens

3 FEM-ANALYSIS APPLIED ON THE GENERATOR

4 SIMULATION RESULTS BASED ON FEM-ANALYSIS

4.1 VOLTAGE — CURRENT-SIMULATIONS .....ccotiuirrriieeeeeiiiirreeeeeeeeenreeeeeeeseennnneeens
4.1.1 BOSTCS ettt st s taaanananannne
4.1.2 INO 10AA CALCUIATIONS .....cccoooeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee e e s
4.1.3 LOAA CAICULATIONS ... aaaasasasanaes

4.2 DEMAGNETIZATION CURRENT .......uuvtiiiiieiiiiiiieeieeeeeeieiareeeeeeeeesnseeeeeeeseenassneeens

4.3 (006) 15513 01804 V-V (@) =N RSO

4.4 THE STATOR COIL WIRING NUMBER .......ccvuuiiiiiiiiereeeeeeeeeeeeeeereeesereeeseseseseseseneeees

4.5 THE AIRGAP BETWEEN ROTOR AND STATOR .....cccvvvveeeeeeeeeeeeereereeeeeeeesereeeseeennnens

5 FOURIER ANALYSIS REGARDING THE FLUX LINKAGE

5.1 GENERAL .....uvvviiieeeeeeeiiteeeeeeeeeeeaaeee e e e eeeetaaaeeeeeeeeeatasaeeeeeeeeenttaaeeeeeeeeessraeeeeeeaan
52 GENERAL ABOUT DISCRETE FOURIER TRANSFORMING ........ccvvveeeeeeeeninrreeeennn.
53 D FT APPLIED ON THE FEM RESULT ......uvviiiiiiiieciiee et e
54 CONCLUSION ....ooiiiiiiiieeeirieeeetteeeeetteeeesteeeeetseeeeeaseesesassseestseseeasssesenasseeeenareeaas

6 FUTURE WORK

7 REFERENCES

APPENDIX (USED SOFTWARE)





3 (45)

1 INTRODUCTION

The following work is Part 1 of a study regarding a technical investigation of the wind
power system at Hono (Hono 3, generator Morley 27/48/1). The work has different
goals:

¢ To increase the theoretical knowledge about some important electromagnetic
phenomena e.g. demagnetization, the airgap dependence, the harmonic properties of
the coil current and the coil inductance

® To evaluate possibilities of increasing the active power by increasing the coil current

The work has been performed around an analysis of the PM-generator in question,
where one of the important methods has been FEM-analysis. The following main parts
are included in this paper:

¢ General about the Finite Element Method (FEM) calculations
e FEM-analysis applied on the generator
¢ Simulation results based on FEM-analysis
— Voltage — Current-simulations
— Demagnetization current
— Coil inductance
— The stator coil wiring number
— The airgap between rotor and stator
¢  Fourier analysis regarding the flux linkage
— General about discrete fourier transforming
— Dft applied on the FEM result

Part 2 of this study ([ 1 ]) deals with the question about the reactive effect
compensation.
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2 ABOUT FEM CALCULATIONS
2.1 General

The Finite Element Method is a numerical analysis method for solving (partial)
differential equations. The method is very useful in combination with complex
geometry. The geometry in question is here divided into a mesh of elements consisting
of triangles in 2D and tetrahedrons in 3D. The analysis is then performed separately for
every single element. The result of this analysis is modeled as polynomials (one
polynomial for each element) in the spatial coordinates (e.g. x, y). The finite element
analysis is the solution of the set of equations for the unknown coefficients in all
polynomials. By a system analysis the results from the single elements is adapted into a
total system solution. This is done by matching the results of adjacent elements to each
other (e.g. connect adjacent element to each other).

2.2 The specific electromagnetic problem

One important field for FEM is to solve electromagnetic problems. In this case it is of
interest to solve problems in the low frequency region. This is when the electromagnetic
wavelength (A = ¢/f) is much larger than the geometrical dimensions.

Maxwell’s equations could be stated according to the following:

(Equation 1) VxH=J +aa—l: (Ampere’s law)

(Equation 2) VXE = _?9_1? (Faraday’s law)

(Equation 3) V-D=p (Poisson’s equation)

(Equation 4) V-B=0 (The condition of solenoid
magnetic field)

H: the magnetic field intensity (A/m)

J: current density (A/m?)

D: electric flux density (As/mz)

E: the electric field (V/m)

B: the magnetic flux density (Vs/m?)

0: charge density (As/m’)
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The following relations are available:

B=u-H

(Equation 5, Equation 6)
a a D=¢-E

U is the material’s magnetic permeability and € is the coefficient of dielectricity. As the
magnetic permeability i for ferromagnetic materials usually is dependent on the
magnetic flux density it is in this case a nonlinear problem to solve.

In this case the low frequency approximation is in question. This approximation implies
that € = 0 and the displacement current in Ampere’s law could be neglected. In the
FEM-calculation the magnetostatic case is assumed and take use of the following
equations:

VxH=J

Equation 7, Equation 8)
(Eq q V.B<0

Since V - B = 0 there exists a magnetic vector potential A such that

(Equation 9) B=VxA
and
) 1
(Equation 10) VX(—VxA)=J
U

As the plane case (2D) is in question the current flows are parallel to the z-axis and only
the z component of A is present:

A =(0,0,A) and J=(0,0,J)and the equation can be simplified to the following
elliptic partial differential equation

(Equation 11) -V (i VA)=J
U
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where J = J(X,y).

2 2
(Equation 12) V~(lVA):l(a A+8 A)
2 2
u Moox”  dy
and
2 2
(Equation 13) E;x? + 3};‘ =u-J(x,y)

Then the magnetic flux density B could be computed as

(Equation 14) (%A _9A

—.,0
dy ox )

The magnetic field intensity H is given by

(Equation 15) H=—B
)7,

The interface condition between regions of different material properties is that H X n
should be continuous. This implies the continuity of

104
M On

The magnetostatic potential A is on the boundary specified by the Dirichlet boundary
condition.

The value on the boundary of the normal component of
1

n(—VA)
Y7,

is specified by the Neumann condition. This is equivalent to specify the tangential value
of the magnetic field H on the boundary.

When solving the present problem the magnetostatic potential A is calculated for every
single triangle (defined by the mesh of elements consisting of triangles). As mentioned
in chapter 2.1 the result of this analysis is modeled as polynomials. The finite element
analysis is then the solution of the set of equations for the unknown coefficients in all
polynomials followed by an adaption into a total system solution where adjacent
elements are adapted to each other.
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3 FEM-ANALYSIS APPLIED ON THE GENERATOR

A first study of the generator is presented in [ 1 ].

The configuration of the device is shown in Figure 1. The first approximation will be to
handle the device as a symmetric construction. This is not quite correct (there are 24 x 2
rotor poles and 27 stator E-cores). It is important to remember this approximation when
using the model. This approximation makes it for example impossible to study the field
in more than one stator E-core at the same time (same rotor position), and to compare
the results).

Figure 1 Configuration of the studied PM-generator consisting of 27 stator modules
and 24 X 2 rotor poles
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Figure 2 gives more in detail the configuration of the stator and rotor modules. From a
circular geometry the configuration then is approximated into a rectangular geometry
according to Figure 3.

The FEM-calculations have been performed by a software named ‘“Magnet” from
Infolytica Corporation. Two examples of used geometries are illustrated in Figure 4 and
Figure 5. These figures correspond to different relative positions between the stator
module and the rotor module. This is named “X-shift” in the figures. By calculating the
coil flux linkage for different X-shift we get information about the coil flux linkage as a
function of rotor position. This give us on the other hand a possibility to calculate the
time derivative of the coil flux linkage and hereby the induced voltage for a given
rotating speed of the generator. Figure 6 illustrates a part of the model and Figure 7
gives the corresponding flux image.

By using the method of “shifting” the stator — rotor position we have a possibility to
calculate the coil inductance as a function of position.

The following points are discussed in [ 1 ] and are not treated in this paper:

Different geometric configurations
Air-box sizes

Solution polynom orders

Mesh sizes

The following main points have been treated regarding FEM-analysis:

Voltage — Current-simulations
Demagnetization current

Coil inductance

Determination of the stator coil wiring number
The airgap between rotor and stator
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Figure 2 The stator- and rotor modules. Dimensions in mm. In the FEM-

calculations we have used the following material:
¢ Permanent magnet: Ceramic ferrite
B-Max: 0.4 T, He: -2.7-10° A/m
e Other components: Cold rolled 1010 steel

B-Max: 2.15 T, Hc: 0
The distance between two equivalent points of stator modules is asumed to

164 mm. See Figure 3.
The airgap between rotor and stator is 2 mm, nominal value. See chapter

4.5.
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165 mm

Figure 3 Model configuration for 9 poles in combination with 5 E-cores. The figure
illustrates the magnetic flow direction in the rotor parts.
The distance between two equivalent points of stator modules is assumed
to 165 mm
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Geometric model used for the FEM-calculations. X-shift 0 mm

Figure 4

=7 ¥

Geometric model used for the FEM-calculations. X-shift in this example

41 mm

Figure 5
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Figure 6 Part of the geometric model. X-shift in this example 20 mm. The coil is
wired around the middle E-core

Figure 7 Calculated flux image corresponding to Figure 6
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4 SIMULATION RESULTS BASED ON FEM-ANALYSIS
4.1 Voltage — Current-simulations
4.1.1 Basics

In Table 1 we have the calculated flux linkage values for a coil with 323 turns. No
current in the coil.

Shiftposition Flux linkage
(mm) (Weber)

0 -1.57463
2.5 -1.56709
5 -1.54017
7.5 -1.49872
10 -1.44704
12.5 -1.38729
15 -1.31946
17.5 -1.25001
20 -1.1811
22.5 -1.11004
25 -1.03145
27.5 -0.93993
30 -0.82634
32.5 -0.68853
35 -0.51895
37.5 -0.32085
40 -0.10013
42.5 -0.00646
45 0.134045
47.5 0.350455
50 0.543717
52.5 0.705755
55 0.837647
57.5 0.944775
60 1.031985
62.5 1.108428
65 1.177873
67.5 1.245703
70 1.315687
72.5 1.381902
75 1.440042
77.5 1.489568
80 1.528867
82.5 1.550938

Table 1 Flux linkage as a function of shift position. No current in the coil
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As the distance between two equivalent points of stator modules is assumed to 165 mm
we have a symmetry around a shift of 82.5 mm, 165mm + 82.5mm, 2 X 165mm +
82.5mm, ....., and so on.

Figure 8 is a plot of how the flux linkage varies when the shift is alternated.

Flux linkage as a function of shift position

Flux linkage (vh)

0 20 40 B0 50 100 120 140 160 180
=hift position {rmrm)

Figure 8 Flux linkage for a coil of 323 turns vs shift positon

The position dependent flux linkage according to Figure 8 could be divided into a DC-
component, a fundamental frequency and a number of harmonics. This is done in
chapter 5. The analysis point out the fairness to approximate the flux variation with a
single sinusoidal function based on the fundamental frequency. This results in a simple
expression for the corresponding induced voltage in the coil if we suppose a flux
linkage variation as a result of ordinary relative movement between the rotor and the
stator. Suppose the following generator parameters:
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A: amplidue of the fundamental regarding flux linkage (Wb)

Viot: generator rotating speed (rpm)
P: number of pole pairs in the rotor
o(t):  flux linkage (Wb)

u(t): induced voltage in the coil (V)

(Equation 16) o(t) = A-sin(w(;to Lorp
(Equation 17) u(t) = (—)? = (—)A-%Zﬂ'-cos(vmt Lorn

Figure 9 gives the equivalent electrical circuit of a single stator module.

A" Yl .4

u(t) <> Load

Figure 9 Equivalent circuit of the stator module

R: the coil resistance (Q2)
L: the coil inductance (H)

R and L have been measured to:

R=1.0Q (20 °C)
L =106 mH (mean value 20 °C)

P=24
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The fundamental amplidue A (based on FEM-calculations according to the above and
fourier analysis according to chapter 5.3) = 1.615 Wb

4.1.2 No load calculations

Table 2 gives some examples of no load voltages (RMS), calculated by (Equation 17,
for a stator module when the rotor speed is varied:

Rotor speed (rpm) | No load voltage,
RMS (V)
50 144
70 201
80 230
Table 2 Some examples of no load voltages (RMS) for the stator module for

different rotating speeds

4.1.3 Load calculations

To calculate load currents and load voltages we have used a special kind of simulation
tool called “PLECS” (Piecewise Linear Electrical Circuit Simulation). The circuit
according to Figure 10 corresponds to the circuit in Figure 9 with a load consisting of
the ordinary “load circuit” (capacitor (C2) for reactive power compensation, diode
bridge (D1 — D4), capacitor (C1) in parallel with a resistor (R1) representing the loaded
DC-AC converter) for a stator module.
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Outd
R3
| —
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Figure 10 Used PLECS circuit for simulation

Different measurement campaigns have been realised. One of these is presented in [ 2 ].
Figure 11 and Figure 12 show some results from these measurements.

tMeasured module ac voltage

400 T T
e I Y

200 f------ oo - oo oo booee - {ooeees :

. e e s o S St oo s il

Waoltage (V)
(o]

-100

-200

-300

-400
0

L | I
001 o002 003 o004 005 006 0OCF 003 009 01
Time (5]

Figure 11  Measured module voltage
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Measured module current

Current (A)

18 I T R R S S S
0 001 002 003 o004 005 008 007 003 009 01
Time (5]

Figure 12 Measured module current

Meassured module voltage and module current according to Figure 11 and Figure 12 is
based on:

. Rotor speed: 80 rpm
. Generated power 20 kW/27 per module

If we use these parameters for simulation we get the results according to Figure 13 and
Figure 14.

The other parameters are (referring to Figure 10):

V_ac: 325 - cos(2m - 32't)

L1: 106 mH

R2: 1Q

C2: 60 uF

D1 - D4: forward voltage: OV, on resistance: 0 Q
R3: 0.1Q

Cl: 1000 uF

R1: 200 Q
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When comparing Figure 11 (measured voltage) with Figure 13 (simulated voltage) it
could be noted that the curve shapes are rather similar. The same similarity is on hand
when compareing Figure 12 (measured current) with Figure 14 (simulated current). A
corresponding comparison regarding the levels in question will give a voltage
difference of about 14% higher top level for the simulated case compared with the
measured one and a current difference of about 20 % lower top level for the simulated
case compared with the measured one. However, as there are some uncertainties
regarding some, for the result important, parameter values, that have been estimated, we
can not expect a better agreement between simulated and measured results. There are
especially two parameters that for the moment are sources for uncertainties; the coil
inductance and the air gap. These parameters are treated in chapter 4.3, 4.4 and 4.5. See
also chapter 6 for some suggestions of future works.

4.2 Demagnetization current

If a permanent magnet is exposed to an external magnetic field that is reversed to its
own direction there is a risk for reduction of the permanent magnet capacity. Figure 15
gives an example of a part of a B-H characteristic for a certain permanent magnet. B ,
corresponds to the remanence flux density and H . is the coercivity. Suppose that a
magnetic field intensity of H ; is applied to the permanent magnet. The corresponding
flux density will be B ;. If H | then is reduced to zero the resulting flux density in the
general case will follow a line called the “recoil line”. That means that, for the general
case, we can’t expect to return to the original remanence flux density, B ;, but onother
one, some reduced, in the figure called B ‘. In this example we have got a partial
demagnetization of the permanent magnet. The size of this demagnetization depends on
the material in question and on the size of the reversed magnetic field. In “the Hono
generator” there is a similar situation. In this case the permanent magnets are exposed to
the reversed magnetic fields from the stator poles. The size of the reversed field
depends on the size of the coil current. Supposing that a reversed field on the permanent
magnet, to some extent, will course a reduction of the remanence there is a necessity to
find a limit of the coil current that is well adjusted to the induced voltage (some reduced
as an effect of the remanence decreasing) in order to get an optimal total power.
Relating to Figure 15, there is somewhere in between the zero point and the point
corresponding to the coercivity, an optimal point resulting in an acceptable
demagnetization, regarding the maximum available power. This point is marked as
point 2 in Figure 15. In the case of “the Hono generator” there is, for the moment, no
information available to give a possibility to with certainty calculate the location of
point 2 (the optimal point). We make temporarily the assumption that the optimal point
is located somewhere in the region near the coercivity force. That imply a simple way to
estimate the largest current that could be flowing in a coil without risk to seriously
reduce the capacity of the permanent magnet by demagnetization. The method is to
calculate the current that results in a flux that exactly balance the permanent magnet
flux in the airgap. For larger currents the permanent magnet get fluxes in reversed
direction with risk for seriously capacity reduction.
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Figure 16 - Figure 18 illustrate the flux images with different coil currents. For a coil
current of about 17 A the flux in the airgap is zero. If the current exceeds this limit the
resulting flux will get a direction that is reversed to the permanent magnet.

According to this calculation we draw the conclusion that the limit current for seriously
demagnetization of the permanent magnets has an amplitude of less than 17 A. (i.e. an
rms value of about 12 A).

As mentioned above there is in the writing moment lack of specific information
regarding the permanent magnets and their magnetizing properties in respect of
demagnetization. Therefore it is recommended that further studies will be performed in
order to more in detail specify the maximum acceptable coil current.

In order to get a primarily value regarding a suitable limit for uper coil current it for the
moment will be suggested a current value that results in a magnetic field intensity
corresponding to 85 % of the coercivity force, Hc. This is the same as 85 % of 17 A,
which is about 14.5 A. This value is used in the analysis described in [ 3 ].

Z
» B '["u"sfm }

B, |
1/; Er
=&,
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H, Hy  Hy

Figure 15  Portion of a B-H characteristic (example)
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Figure 17  Airgap flux for a coil current of 0 A
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Figure 18  Flux image for a coil current of 5 A
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Figure 22 Flux image for a coil current of 17 A
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Coil inductance
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The coil inductance has been measured. This parameter depends on the relative position
between stator and rotor. The inductance was randomly measured at different relative
positions (40 positions randomly) between stator and rotor. The result was:

Mean value (measured):
Max value (measured):
Min value(measured):

. ... L
Total relative inductance variation —/>—%

106 mH

114 mH
99 mH

The standarddeviation: 4 mH

The mean value 106 mH is used in the calculation above.

min_ js about 14 %.

mean

Table 3 gives the randomly measured valus.

The coil inductance has been calculated as a function of relative position between stator
and rotor. As the coil wiring number was unknown we had to estimate a reasonable

value.

The first assumption, based on some data specifications of the generator, was that the
coil wiring number was 600. This resulted in the values presented in Figure 24.

The principle for calculation was to calculate the flux linkage for two coil currents (+1

A and -1 A was used) and then use the definition of inductance according to the

Ag

following expression: L = A where A¢ is the flux linkage change for a coil current

change of Al =2 A (a change between +1 A to —1 A).

Table 4 gives the calculated flux values for the two currents and 600 turns of the coil.

Random | Measured | Random | Measured | Random | Measured | Random | Measured
position | inductance | position | inductance | position | inductance | position | inductance
(H) (H) (H) (H)
1 0.112835 11 0.101982 21 0.108047 31 0.111682
2 0.108362 12 0.100742 22 0.103926 32 0.108362
3 0.10423 13 0.102945 23 0.101037 33 0.099487
4 0.110553 14 0.101037 24 0.100401 34 0.100401
5 0.114011 15 0.105947 25 0.110553 35 0.110553
6 0.101982 16 0.103245 26 0.101982 36 0.10228
7 0.106986 17 0.100109 27 0.10228 37 0.107299
8 0.111357 18 0.103926 28 0.107299 38 0.10423
9 0.111357 19 0.102945 29 0.10228 39 0.109447
10 0.104927 20 0.103926 30 0.111682 40 0.105233
Table 3 Measured inductances for different randomly positions
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Shiftposition | Flux linkage | Flux linkage | Shiftposition | Flux linkage | Flux linkage
(mm) +1A -1A (mm) +1A -1A
(Weber) (Weber) (Weber) (Weber)
0 -3.333 -2.517 85 2.472 3.289
2.5 -3.318 -2.503 87.5 2.433 3.247
5 -3.266 -2.455 90 2.363 3.169
7.5 -3.185 -2.382 92.5 2.276 3.072
10 -3.084 -2.291 95 2.174 2.958
12.5 -2.966 -2.185 97.5 2.058 2.827
15 -2.833 -2.067 100 1.935 2.689
17.5 -2.694 -1.944 102.5 1.816 2.552
20 -2.555 -1.824 105 1.694 2.411
22.5 -2.41 -1.699 107.5 1.559 2.257
25 -2.25 -1.561 110 1.405 2.082
27.5 -2.067 -1.398 112.5 1.212 1.874
30 -1.849 -1.194 115 0.972 1.626
32.5 -1.591 -0.942 117.5 0.675 1.324
35 -1.276 -0.631 120 0.321 0.965
37.5 -0.909 -0.269 122.5 -0.078 0.569
40 -0.507 0.142 125 -0.507 0.142
42.5 -0.078 0.569 127.5 -0.909 -0.269
45 0.321 0.965 130 -1.276 -0.631
47.5 0.675 1.324 132.5 -1.591 -0.942
50 0.972 1.626 135 -1.849 -1.194
52.5 1.212 1.874 137.5 -2.067 -1.398
55 1.405 2.082 140 -2.25 -1.561
57.5 1.559 2.257 142.5 -2.41 -1.699
60 1.694 2.411 145 -2.555 -1.824
62.5 1.816 2.552 147.5 -2.694 -1.944
65 1.935 2.689 150 -2.833 -2.067
67.5 2.058 2.827 152.5 -2.966 -2.185
70 2.174 2.958 155 -3.084 -2.291
72.5 2.276 3.072 157.5 -3.185 -2.382
75 2.363 3.169 160 -3.266 -2.455
77.5 2.433 3.247 162.5 -3.318 -2.503
80 2.472 3.289 165 -3.333 -2.517
82.5 2.48 3.298
Table 4 Calculated flux linkage as a function of shift position and with current in

the coil. Two current values was used: + 1 A and — 1 A. Coil wiring

number = 600
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Coil inductance. YWiring number = BOO
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Figure 24 Coil inductance vs stator-rotor relative position. Coil wiring number =
600. The mean value of this inductances is 365 mH.

As these values were based on an estimated wiring number for the coil, here calculated
inductances have to be corrected. By compareing the measured and here calculated
inductances (see chapter 4.4) the wiring number is estimated to 323. By using the
expression Leor = Lirst (Nkorr / Nestim) 2 new corrected inductance values are given. These
values are illustrated in Figure 25.

Leor : Corrected inductance values Lt : 17st calculated inductance values
(Figure 24)
Neorr : Corrected wiring number (323)  Negim : Estimated wiring number (600)

Mean value (calculation): 106 mH
Max value (calculation): 119 mH
Min value (calculation): 93 mH
The standarddeviation: 10 mH

The total relative inductance variation ((Lyax - Limin) / Liean) 1S about 25 %. The
corresponding relative inductance variation for the measured values is 14 %.

The standarddeviation for calculated values is 10 mH, while for the measured values
this parameter is 4 mH. The distribution of calculated values are consequently larger
than corresponding measured distribution. The reason for this result could be an
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interesting topic regarding a future work.

In the calculations according to chapter 4.1 we have regarded the coil inductance as
undependent of the stator-rotor relative position. As the inductance has an influence on
the resulting stator voltage, it could be a good idea to in the future, realize a more
detailed analysis regarding the real effect of the inductance variation.

Regarding the coil inductance we consequently have the following topics for coming
studies:

- investigation of inductance distribution (measurements and calculations)
- voltage dependent based on the inductance variation

Coll inductance. YWiring number = 323

115

110

105

Inductance (mH

100

95

o0 A S R T S R S
] 20 40 G0 80 100 120 140 160 180
Shift (mm)

Figure 25  Corrected inductance values for a coil of 323 wiring numbers. The mean

value of this inductances is 106 mH and agrees with the corresponding
measured one

4.4 The stator coil wiring number

The stator coil wiring number has been estimated by using the measured coil inductance
(106 mH) and the calculated coil inductance (see chapter 4.3):
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Measured coil inductance (mean value): 106 mH
Calculated coil inductance (mean value) for a wiring number of 600: 365 mH

The coil inductance depends on the coil wiring number as:
Li/Ly=(N{/Ny)’
This give us the estimated wiring number as:

Nestimated = NL:365mH : (Lmeasured / Lcalculated)1/2
NL:365mH =600 Lmeasured =106 mH Lcalculated =365 mH

That will give us the estimated coil wiring number: 323 turns.

4.5 The airgap between rotor and stator

The airgap between rotor and stator has been assumed to 2 mm as a nominal value. As a
result of mechanical imperfections this value varies during the rotation motion. This
variation causes on the other hand a variation regarding the resulting flux linkage of the
coil and thereby also a variation of the induced voltage. Figure 26 illustrates an example
of measured “no load voltage and current” for the stator modules. The variation of the
different modules is understood as an effect of varying airgap between stator and rotor
vs rotor position. According to Figure 26 the following could be noted:

Vinax = 268 V Vinin = 249V Vinean = 255V
(Vmax - Vmean) / Vinean=15 % (Vmin - Vmean) / Vinean=-2 %

Calculations based on FEM-analysis regarding the effect of varying airgaps have been
performed. Figure 27 shows how the flux linkage alternates when the airgap varies. In
Figure 28 the relative flux linkage (relative to the flux linkage value when the airgap is
2mm) is illustrated. If we make the very simple assumtion, regarding Figure 26, that the
mean voltage (255 V) corresponds to an airgap of 2 mm, than it follows, comparering
Figure 26 and Figure 28, that the maximum voltage (268 V, + 5 % rel mean value)
corresponds to an airgap of about 1.8 mm and the minimum voltage (249 V, - 2 % rel
mean value) corresponds to an airgap of about 2.1 mm. (This comparison between
measured voltage and calculated flux linkage is of course relevant as we have a linearly
dependence between flux linkage and induced voltage.)

The flux linkage variation (for small variations) is approximately linearly depending
on the airgap variation. 5 % variation of the airgap results in about 5 % variation of the
induced voltage and so on.
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Flux linkage for a coil of 323 turns vs airgap
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It is not only the induced voltage that is dependent on the airgap in question. Also the

coil inductance will vary for alternating airgaps. Figure 29 illustrates the calculated coil
inductance vs the airgap.

Inductance for a coil of 323 turns vs airgap
126 I
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Inductance (mH)
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A 1.6 1.7 1.5 1.9 2 21 22 23 24 245
Alrgap (mm)

Figure 29  The coil inductance is dependent on the airgap

We have as a consequence of the discussion above two parameters, the induced voltage
and the coil inductance, to take into account when analyzing the resulting effect of
airgap variations. A future work that deal with this problem and that discuss the
consequence on the power quality is recommended. See chapter 6.
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5 FOURIER ANALYSIS REGARDING THE FLUX LINKAGE
5.1 General

A special kind of system analysis regarding the calculated flux linkage is realized by
using the discrete calculated values as sample inputs to a discrete fourier analysis.
Totally 66 calculated values give 66 sample points. The analysis results in a series of
sine formed functions that together will modelle the flux linkage in question.

5.2 General about discrete fourier transforming

Suppose a continuous and real function v(t) that is repeated with a periodic time T. This
function could be divided into an infinite number of components according to:

(Equation 18) V(1) =V, + D v, (1)
k=1
(Equation 19) v, (£) =2V, cos(k2af,t + @,)
T
(Equation 20) vV, = g j V(1) exp(— jk27f,1)dt
0
1 T
(Equation 21) V, = FJ.V(t)dt
0
. 1
(Equation 22) fo = -

Suppose a time dependent signal, e.g a voltage v(t), that is sampled with N uniformed
distributed samples in a measurement window T. Then we have the following time

points: ¢, :% ,for n=0.1,........ ,N—1

. 27 : :
If we transform the expression “ V, = %J-v(t) exp(—jk2af,t)dt ” above into a discrete
0
expression we get:

28 T 27
Equation 23 V. =—» v(—)exp(—j—kn
(Eq ) f N;<N> p(=j k)

The so called discrete Fourier transform X is defined according to:
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(Equation 24) X, = Z x,Wy
x,1s the voltage value at time point n

(Equation 25) W, =exp(—j 277[)

Return to the the voltage v(t) and applying the defined discrete Fourier transform:

The DC-level:

(Equation 26) V, =—X,

The different harmonics:

(Equation 27) V., =

The RMS values of the harmonics:

(Equation 28) Virus = |Vk |

The phase angles of the harmonics:

(Equation 29) Q, = arctan(&)

27

where S, is the imaginary part and ¢, is the real part of V, .

The frequency of the harmonics:

(Equation 30) fin = ? Mm=123....,
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Appendix A 3 gives a “mat-lab”’- program based on the expressions above.

53 D f t applied on the FEM result

Table 4 gives the calculated flux linkage values for a coil with 600 turns. The total shift
interval corresponds to a total shift of one stator module. Figure 30 illustrates the flux
linkage wave form for a coil with 323 turns when the rotor moves a shift of one stator
module. Figure 31 illustrates the flux linkage vs time for a rotor speed of 80 rpm. As
can be observed the wave form differs from a perfect sine curve. If we make a fourier
analysis of the curve, using the program routine according to Appendix A3 (66 sample
points corresponding to each calculated value are used) we get the result presented in
Table 6. As could be noted the fundamental (base) harmonic (e.g 32 Hz for a rotating
speed of 80 rpm) is quite dominating. Figure 32 and Figure 33 illustrate the difference
between the original calculated curve and the corresponding curve approximated with
sine functions. In Figure 32 there is a comparison between the original calculated values
and a sine function based on the fundamental frequency (0.4 - Vo - 1, where V, : rotor
speed (rpm)). As could be observed the flux function with a fair accuracy could be
approximated with a single sine function. Figure 33 gives the corresponding result with
3 sine functions (1st, 3rd and 5th harmonics) taken into account. Here we can see that
the two curves are very closed together.
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Shiftposition (mm) | Flux linkage Shiftposition (mm) | Flux linkage
(Weber) (Weber)
0 -1.57463 85 1.550938
2.5 -1.56709 87.5 1.528867
5 -1.54017 90 1.489568
75 -1.49872 92.5 1.440042
10 -1.44704 95 1.381902
12.5 -1.38729 97.5 1.315687
15 -1.31946 100 1.245703
17.5 -1.25001 102.5 1.177873
20 -1.1811 105 1.108428
22.5 -1.11004 107.5 1.031985
25 -1.03145 110 0.944775
27.5 -0.93993 112.5 0.837647
30 -0.82634 115 0.705755
32.5 -0.68853 117.5 0.543717
35 -0.51895 120 0.350455
37.5 -0.32085 122.5 0.134045
40 -0.10013 125 -0.10013
42.5 0.134045 127.5 -0.32085
45 0.350455 130 -0.51895
47.5 0.543717 132.5 -0.68853
50 0.705755 135 -0.82634
52.5 0.837647 137.5 -0.93993
55 0.944775 140 -1.03145
57.5 1.031985 142.5 -1.11004
60 1.108428 145 -1.1811
62.5 1.177873 147.5 -1.25001
65 1.245703 150 -1.31946
67.5 1.315687 152.5 -1.38729
70 1.381902 155 -1.44704
72.5 1.440042 157.5 -1.49872
75 1.489568 160 -1.54017
71.5 1.528867 162.5 -1.56709
80 1.550938 165 -1.57463
82.5 1.555245
Table 5 Calculated flux linkage as a function of shift position. No current in the

coil
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Flux linkage for a coil of 323 turns

Flux linkage (b
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Figure 30 Flux linkage for a coil of 323 turns vs shift positon. Total shift interval
corresponds to one stator module.

Flux linkage for a cail of 323 turns. Rotation speed: 80 rpm

Flux linkage (b
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Figure 31  Flux linkage for a coil of 323 turns vs time.
Rotation speed: 80 rpm
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Parameter Frequency Amplitude | Phase angle | Relation to
(hz) (Wb) (rad) 1 harmonic

Mean level |0 0.0015 - 0.1 %

I harmonic | 0.4-V,.-1 | 1.6166 oL 1

(base)

2 harmonic | 0.4 - V., -2 | 0.0098 o 0.6 %

3 harmonic | 0.4 -V, -3 | 0.1076 0 6.7 %

4 harmonic | 0.4 - Vo - 4 | 0.0029 0 0.2 %

S harmonic | 0.4 -V, -5 | 0.0696 o 4.3 %

Table 6 The result of fourieranalysis. Vi : Rotor speed (rpm)

Flux linkage for a cail of 323 turns. Rotation speed: 80 rpm

Flux linkage b

1] 5 10 159 20 25 30 35
Tirme (ms)

Figure 32 Flux linkage for a coil of 323 turns vs time. Rotation speed: 80 rpm
__:original function **: 1 sine function (1st harmonic)
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Flux linkage for & coil of 323 turns. Rotation speed: 80 rpm

Flux linkage [y

0 5 10 15 20 25 30 35
Time [{ms)

Figure 33  Flux linkage for a coil of 323 turns vs time. Rotation speed: 80 rpm
__:original function **: 3 sine functions (1st, 3rd and 5th harmonics)

54 Conclusion

According to the fourieranalysis of the calculated flux function the flux vs time could be
described by using 3 sine functions with frequencies corresponding to 1st, 3rd and 5th
harmonics:

o(t) = A; - cos(mt + o) + Az - cos(mst + 03) + As - cos(st + Ols)

A;=1.6166 A3 =0.1076 A5 =0.0696
0 =21-04-Q-1 0:=21-04-Q-3 0s=2w-04-Q-5
o =T oz=0 O =T

Q = Rotor speed (rpm)
At this step we limit the description by using the first term.

ie..  O(t)=A; - cos(mt+ o)
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As is illustrated in Figure 32, this results in a fair good approximation. However, in a
future work, it could be of interest to more in detail investigate the contents of

harmonics and its dependence of e.g mechanical design and the resulted effect on power
quality. This is mentioned in chapter 6.

6 FUTURE WORK

The performed investigation of the Hono generator has resulted in a number of
interesting questions. The following ones are of immediate importance:

o The question regarding demagnetizing current. A more detailed study to define

an appropriate upper current limit for the stator coils is recommended. See
chapter 4.2.

. In the calculations according to chapter 4.1 we have regarded the coil inductance
as undependent of the stator-rotor relative position. However according to
chapter 4.3 the inductance will vary as a function of relative position between
stator pole and rotor pole. As the inductance has an influence on the resulting
stator voltage, it could be a good idea to in the future, realize a more detailed
analysis regarding the real effect of the inductance variation. Regarding the coil
inductance we consequently have the following topics for coming studies:

- complementary investigation of inductance distribution (measurements
and calculations)
- voltage dependent based on the inductance variations
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APPENDIX (USED SOFTWARE)

Al FEM-analysis

The FEM-calculations have been performed by a software named ‘“Magnet” from
Infolytica Corporation. The version of Magnet that have been used is limited to 2
dimensions and static calculations ( 2D Magnetostatic version).

A2 Circuit Simulation

Circuit simulations have been performed by a software named “PLECS” ((Piecewise
Linear Electrical Circuit Simulation). See chapter 4.1.
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A3 Discrete Fourier Calculations

A matlab-routine called ”dft_1" has been used to perform discret fourier analysis. The
base theory is described in chapter 5.2.

%
% Program dft_1
%

% Programmet genomfor beridkning av den diskreta fouriertransformen for en samplad
signal

%
% Ingemar Mathiasson  6/6 - 04
%

%

% Den diskreta fouriertransformen berdknas enligt uttrycket:

% X(k+1)=DFT(Xn) = summa(x(n+1)*W_N~(k*n)), n=0,,, till N-1, ddr N
% ar antalet sampel inom mitfonstret

% W_N=exp(-j*2*pi/N); x(j): samplad signal sampel j;

% Foljande giller for den spektralanalyserade signalen: Medelniva (likriktad
komponent): VO = 1/N * X(1)

%

% RMS-virden for grundton och dvertoner: Vk = qrt(2)/N * abs(X(k)), k=2,3, ...,
N,

% OBS! Det dr endast de forsta N-1 elementen som innebér ny information.
% Resten av elementen dr en "spegling" map realaxeln

%

% Frekvenser: f(k) = 1/T, 2/T, ..., N/2T

%
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% Fasvinklar: FI(k) = arctan(b(k)/a(k)), dédr b(k) dr imaginirdelen och a(k) dr realdelen
an X(k)

%

%

%

%

clear

%

% load s_fil % alternativ lagringsfil
%

% load s_fil_2 % alternativ lagringsfil

%

% load s_fil_flux_linkage % alternativ lagringsfil. Anvéandes for lagring av
berdknade avldankningsfloden. Antal spolvarv = 600

%

load s_fil_flux_linkage_2 % alternativ lagringsfil. Anvéndes for lagring av
berdknade avlankningsfloden. Antal spolvarv = 323

%
N=length (signal_s); % antal sampel
%
W_N=exp(-j*2*pi/N);
%
n_ton=6; % antal delkomponenter som skall analyseras (inkl DC-komponent)
%
for k=0:n_ton-1

%
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Xk(k+1)=0;
%
for n=0:N-1
x(n+1)=signal_s(n+1);
Xk(k+1)=Xk(k+1)+x(n+1)*W_NA*(k*n);
end
%
end
%
Xk(1)=Xk(1)/N; % DC-komponent

for k=1:n_ton-1

Xk(k+1)=Xk(k+1)*sqrt(2)/N;

End

%

Xk_2=abs(Xk); % ger sinussignalernas RMS-virden. Forsta elementet 1 vektorn
ar DC-nivan

Xk_3=sqrt(2)*Xk_2; % ger sinussignalernas toppvirden. Forsta elementet i vektorn
ir ej relevant

fas_vinkel=angle(Xk); % ger de olika komponenternas fasvinkel i radianer
%
%

% STOP
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1 INTRODUCTION

The following work is Part 2 of a study regarding a technical investigation of the wind
power generator at Hono (Hono 3, generator Morley 27/48/1). This work deals with the
question of the differences between the two principles to make reactive power
compensation; parallel compensation and series compensation.

Part 1 of this study ([ 3 ]) deals with FEM-analysis applied on the generator and
consequences based on this FEM-analysis

2 SERIES- AND PARALLELL COMPENSATION.

The electrical power from the single stator module could in an ordinary way be
expressed according to:

(Equation 1) S=P+jQ, where
S: the complex apparent power, P: the active power, Q: the reactive power

The reactive power from the stator module is in the first place an effect of the stator coil
inductance. It is of interest to reduce the reactive power consumption as much as
possible. There are two different suitable main methods present; the parallel
compensation (a capacitor parallel with the stator coil) and the series compensation (a
capacitor in series with the stator coil). See below in Figure 1 and Figure 2. Referring to
the symbols in the figures:

U(t): the induced voltage, R: the coil resistance, L: the coil inductance, C: a capacitor to
reduce the reactive power and Load: represents the load in question

R L
— W W W - . &

Load

um< :j e [

L 3
-
-

Figure 1 The principle for parallel compensation.
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R L
[ } T T Y o I I

-
ult) > Load

Figure 2 The principle for series compensation

The following is an analysis to find out some important differences between the two
compensating methods.

The correlation between the electric angle speed, ®, and the rotating speed (rpm), Vo,
is:

v -2x-P
(Equation 2) = % where P = 24 is the number of
pole pair.
3 PARALLEL COMPENSATION

The following is a circuit analysis regarding the equivalent circuit of a stator coil in
combination with parallel compensation. The question that should has it’s answer is:
“what conditions should be fulfilled to get maximum active power from the stator
coils”.

Figure 3 gives the circuit principle for the parallel compensation.
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R1 L
. - } A" alare
F{-" E T -
Ut ( ) — oJ— R2
Figure 3 The principle of the parallel compensation.

U(t): induced voltage in the coil, R1: coil resistance, R2: load resistance (it
is assumed a resistive load), L: coil inductance, C: capacitance for
compensation

The impedance Z in the circuit is:

o

(Equation 3) Z=R+ ja)L+]1—
TR,
joC

For maximum compensation the phase angle of Z should be zero.

Developing of (Equation 3) gives:

_ R +R, —@LCR, + joXL+CRR,) |A-¢"

Z - =]
1+ joCR, |B|'e”’
(Equation 4) 7 = |C| .o/ (91-02)
o(L+CRR
(Equation 5) @1 = arctan ( R,)

R +R,—®’LCR,
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(Equation 6) @2 = arctan @WCR,

For maximum compensation Z is quite resistive and @1 = ¢2. That gives:

L+CRR

(Equation 7) ocR,= ALt CRR,)

R +R,—w LCR,
or:

. 2 1 1

(Equation 8) C"-C——+ =0

oL R,
This gives the following solution:

2
(Equation 9) C= 12 * ( 12 j 1 5
20°L 20°L) 'R,

As C has to be real (passive components are suggested) the following has to be
satisfied:

1Y 1
(Equation 10) ( j > SR

Looking for the maximum load for perfect compensation, than R, should be chosen as
low as possible. That means:

. 1Y 1
(Equation 11) = DR or
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(Equation 12) R, =2a0L

and

(Equation 13) C= !
2w’L

This is the condition that has to be fulfilled to get maximum active power from the
voltage source in question. Then there is no reactive power from the voltage source (Z is
quite resistive) and R; is as low as possible.

Putting (Equation 12) and (Equation 13) into (Equation 3) gives:

R2
jo- !
1 ' R
R, 20 %
Z=R + joL+-. =R+ jo -2+ 20
1 1
——+R, +R,
jaC i 1
20° R
2w
and after some simplifications:
. R, .
(Equation 14) Z=R +— or assuming R, << R,

(Equation 15) Z =2
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Conclusion regarding parallel compensation:

Compensation capacitans: C= (according to (Equation 13))

Where ® is the electric angle speed according to (Equation 2) and L is the stator coil
inductance. If (Equation 13) is satisfied then the stator coil load is quite resistive
according to (Equation 14) or (Equation 15).

4 SERIES COMPENSATION

The following is a circuit analysis regarding the equivalent circuit of a stator coil in
combination with series compensation. The question that should has it’s answer is:
“what conditions should be fulfilled to get maximum active power from the stator
coils”.

Figure 4 gives the principle for the series compensation.

c
R1 L |
— VYV |
|
( z |
v ( ) — R2
Figure 4 The principle of the series compensation. U(t): induced voltage in the coil,

R1: coil resistance, R2: load resistance (it is assumed a resistive load), L:
coil inductance, C: capacitance for compensation
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The impedance Z in the circuit is:
. . 1
(Equation 16) Z=R +R,+ joL+——
joC

For maximum compensation the phase angle of Z should be zero.

This implies JOL+ L =0 or
joC

(Equation 17) C=

If (Equation 17) is satisfied the impedance Z is quite resistive according to

(Equation 18) Z =R, +R,

Conclusion regarding series compensation:

B 1
w’L

Compensation capacitans: (according to (Equation 17))

Where o is the electric angle speed according to (Equation 2) and L is the stator coil
inductance. If (Equation 17) is satisfied then the stator coil load is quite resistive
according to (Equation 18).





10 (35)

COMPARISON BETWEEN PARALLEL AND SERIES
COMPENSATION

A comparison is done between the two compensation principles by the following
assumption:

Power parameters are compared during different rotating speeds

Complete compensation by a rotating speed, below named V,, of 80 rpm. This
rotating speed is below named V¢ comp.

The current amplitude in a coil is for each rotating speed adapted to a maximum
value with an upper limit. The adaption is performed by altering the value of the
resistance R2, the load. The goal of the study is to get the maximum power
available from the generator. Therefore the current amplitude is adjusted to a
value that is not allowed to exceed that value, which was predicted in [ 3 ]
(demagnetization current). If this value is exceeded there is a risk for damaging
the permanent magnets by demagnetization. In [ 3 ] a maximum recommended
value of about 14.5 A (amplitude) was predicted. As a limit for the calculations in
this chapter a current amplitude of 14.5 A therefore is chosen. This current limit is
below named Iax.

The following circuit parameters are used:

- RLI: 1Q
— R2: Controlled to get maximum allowed current
- L: 106 mH

— C: parallel compensation 116,7 uF (adapted for 80 rpm)
series compensation 233,4 uF (adapted for 80 rpm)

The induced voltage is calculated according to the result presented in [ 3 |
V., 27 P
60

o is the electric angle speed, V ;o is the generator rotating speed (rpm) and P is the
number of pole pairs (24) in the rotor. See Figure 17

ire.u(t)= A-®-cos ot, where Ais 1,615 (Vs) and @ =

The impedance is calculated according to above (chapter 3 and chapter 4)

Simulations have been performed by mathlab routines in accordance with A 3
Some results of simulations are presented in Figure 5 to Figure 17. The following
could be noted:
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. For low rotating speeds the P-comp (parallel compensation) is more effective than
the S-comp (series compensation). See Figure 5. Mean value over the interval is
about 6.5. For V, < about 56 rpm the P-comp is more effective than S-comp

° For low rotating speeds it could be a problem to reach I;,.x when using S-comp.
See Figure 6, Figure 7 and Figure 8

— Figure 6: For V. < about 56 rpm it is not possible to get I;,.x by S-comp
— Figure 7: For V, < about 56 rpm the load resistance is zero for S-comp

o Within a sertain interval of rotating speed, below Vi comp, S-comp is more
effective than P-comp. See Figure 9. In this example (60 < V,, <80 ) the active
power relation between P-comp and S-comp is about 0,6. This means assuming a
rectangular probability distribution in between the V. region in question, that in
this case there is an increasing of active power by more than 60 % by using S-
comp instead of P-comp

. For Vot > Viot_comp 1t 1s impossible to limit the current by increasing the load
resistance, when using P-comp. This effect depends on the parallel capacitor that
take more and more over the total current when the frequency is increasing. See
Figure 14 and Figure 15. In Figure 16 it can be observed how the the real part of
the impedance is decreasing when Vo > Vo comp 1n spite of increased resistive
load. The capacitor take more and more over when the frequency is increasing

Relation between active power parallel / series compensation
35 I I I I I I I

=
2
s
a1}
o
0 | | | 1
40 45 &0 65 B0 65 70 75 80
Rotation speed (rpm)
Figure 5 Relation between active power for P-comp/S-comp

Mean value over the interval is about 6.5
For V, < about 56 rpm the P-comp is more effective than S-comp
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Current amplitude. Parallel (-], Series (-]

15 . : : : : : :
” : : 7 : : : : ’
e e
123/ ------- .
o]
% I VA R A N B
L s e
o 9 _________ Looo-- /7/ R Locoooooo Lo ____ Lo ____ Lo ____ Lo ____ —
=] RN SN SRS S SO SN S SO |
? ------- r;)?i'{fl: """ F======== F======== T======== T======== T======== T======= 1
E____%___i_ ________ Locoooooo Locoooooo Lo ____ Lo ____ Lo ____ Lo ____ —
5 i | | | | | |
40 45 o o5 B0 B5 70 75 a0
Rotation speed (rpm)
Figure 6 Current amplitude for P-comp and S-comp (- -)
For Vo < about 56 rpm it is not possible to get I ax by S-comp
Resistive load. Parallel (-], Series (-]

e . : : : : : :

Load (ohrm)

0 A i i i i
40 45 50 55 B0 B5 70 75 80
Rotation speed (rpm)

Figure 7 Adjusted load (resistive) for P-comp and S-comp (- -)
For V. < about 56 rpm the load resistance is zero for S-comp
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Real part of total impedance. Parallel (-1, Series (-]
25 I I I T T T T

20

—_
i

—
o

Impedance (ohrm)

40 45 a0 85 G0 65 70 75 a0
Rotation speed (rpm)

Figure 8 Real part of the total impedance for P-comp and S-comp (- -)

Relation between active power parallel / series compensation

0.595

04

0.85

0.8

0.75

Felation

0.7

0.65

0.6

0.55

60 62 64 1] 1] 70 72 74 7B 78 a0
Rotation speed (rpm)

Figure 9 Relation between active power for P-comp/S-comp
Mean value over the interval is about 0.60
For V; < 80 rpm the S-comp is more effective than P-comp
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Current amplitude. Parallel (-], Series (-]

14.56 T T
14.54
14.52

14.5

Current (&)

14.45

14.46

B0 62 B4 a15] T 70 72 74 7B 78 a0
Rotation speed (rpm)

Figure 10  Current amplitude for P-comp and S-comp (- -). The current is adjusted to
a value of about 14.5 A (amplitude)

Resistive load. Parallel (-], Series (-]
4 N A

Load (ohrm)

B0 B2 B4 BB B3 70 72 74 7B 78 80
Rotation speed (rpm)

Figure 11  Adjusted load (resistive) for P-comp and S-comp (- -). The load is
adjusted to result in a current of about 14.5 A (amplitude)
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Real part of total impedance. Parallel (-1, Series (-]
2t e

Impedance (ohrm)

B0 62 B4 a15] T 70 72 74 7B 78 a0
Rotation speed (rpm)

Figure 12 Real part of the total impedance for P-comp and S-comp (- -)

Relation between active power parallel / series compensation
35 T T T T T

Felation

1]
40 G0 80 100 120 140 160
Rotation speed (rpm)

Figure 13 Relation between active power for P-comp/S-comp
For V., > about 80 rpm it is impossible to limit the current with P-comp





16 (35)

Current amplitude. Parallel (-], Series (-]
45 : : : :

Current [A)

40 1] 80 100 120 140 160
Rotation speed (rpm)

Figure 14  Current amplitude for P-comp and S-comp (- -)
For V.o > about 80 rpm it is impossible to limit the current with P-comp

Resistive load. Parallel (-], Series (-]

0 : : : : :
S et FESNS S SUS
] OSSN AN SN S———
e .
o A i s S .
3 ] ' '
- : : : :
e -
— ' h

| i |
100 120 140 160

Rotation speed (rpm)

Figure 15  Adjusted load (resistive) for P-comp and S-comp (- -)
For V. > about 80 rpm it is impossible to limit the current with P-comp
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Real part of total impedance. Parallel (-1, Series (-]
35 T T T T T

Impedance {ohm)

40 1] 80 100 120 140 160
Rotation speed (rpm)

Figure 16  Real part of the total impedance for P-comp and S-comp (- -)
The real part is for the P-comp decreasing when V, > about 80 rpm, in
spite of strongly increased resistive load

Induced valtage amplitude
el : : : : :

600

540

500

450

400

“Yoltage (v

350

300

240

200

150
40 B0 el 100 120 140 160

Rotation speed (rpm)

Figure 17  Induced voltage amplitude vs rotation speed
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6 PRESENT DESIGN

The present generator design, that is based on parallel compensation, has a
compensation capacitor of 60 pF. For a parallel compensation circuit there is a complete
compensation at:

1

N2LC

That means a complete compensation at a rotation rate of:

=

w60 60
" 2m-P 27J2LC24

L =0.106 H and C = 60 uF give

Vit = 112 rpm

Figure 18 - Figure 25 illustrate some simulation results based on C and L parameters
according to the present design (with P-comp) and by adapting R2 (the load) to get
maximum allowed current amplitude (if possible), I.x, for each rotating speed. Note! In
the present simulations and when compareing with the corresponding results with series
compensation, Vo comp (complete compensation) for S-comp has been chosen to the
same value as in chapter 5, i.e. at Vo_comp = 80 rpm (the compensation capacitor is
233.,4 uF). The following could then be noted:

o For P-comp it is now possible to limit the current amplitude to I, by adjusting
the load resistance, if V;,; < about 112 rpm. See Figure 19 and Figure 20. In
Figure 21 it can be observed how the real part of the impedance is increasing up to
Vrot_comp (112 rpm)

. If Vi 1s studied in the interval 60 rpm to 80 rpm an extremely increasing of the
effectivity for S-comp compared with P-comp can be noticed. See Figure 22. The
result is, assuming a rectangular work distribution in between the V,, region in
question, that in this case there is a possibility to get 2,5 times more active power
by using S-comp (note! Vo_comp = 80 rpm for S-comp in this case) instead of P-
comp (note! Vyo_comp = 112 rpm for P-comp in this case)
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Relation between active power parallel / series compensation
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Rotation speed (rpm)

Figure 18  Relation between active power for P-comp/S-comp
For P-comp it is now possible to limit the current if V., < about 112 rpm

Current amplitude. Parallel (-], Series (-]
# : : : : :

Current [A)

40 1] 80 100 120 140 160
Rotation speed (rpm)

Figure 19  Current amplitude for P-comp and S-comp (- -)
For P-comp it is now possible to limit the current if V., < about 112 rpm





20 (35)

Resistive load. Parallel (-], Series (-]

= ! ! ! ! !
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Rotation speed (rpm)

Figure 20  Adjusted load (resistive) for P-comp and S-comp (- -)
For P-comp it is now possible to limit the current for V., < about 112 rpm

Real part of total impedance. Parallel (-1, Series (-]
35 T T T T T

Impedance (ohrm)

1]
40 G0 a0 100 120 140 160
Rotation speed (rpm)

Figure 21  Real part of the total impedance for P-comp and S-comp (- -)
The real part is for the P-comp decreasing when V, > about 112 rpm, in
spite of strongly increased resistive load
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Relation between active power parallel / series compensation
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Figure 22

14.56

62 64 1] 1] 70 72 74 7B 78 a0
Rotation speed (rpm)

Relation between active power for P-comp/S-comp
Mean value over the interval is about 0.4

Current amplitude. Parallel (-], Series (-]
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Figure 23

B2 B4 BB St 70 72 74 76 78 a0
Rotation speed (rpm)

Current amplitude for P-comp and S-comp (- -)
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Resistive load. Parallel (-], Series (-]
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Rotation speed (rpm)

Figure 24  Adjusted load (resistive) for P-comp and S-comp (- -)

Real part of total impedance. Parallel (-1, Series (-]
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Figure 25  Real part of the total impedance for P-comp and S-comp (- -)
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CONCLUSIONS

The following conclusions could be taken as a result of the analysis above:

*)

**)

For large working areas in respect of V. *) it could be a problem to adjust the
current amplitude by using the load. S-comp (series compensation) could result in
problems for small V. values (problem to reach the wanted level) and P-comp
(parallel compensation) could give problem for large V. values (problem to limit
the wanted level). To get a basis for optimization of the best Vg comp™*) and
thereby choice of the compensating capacitors, furher studies regarding the
probability distribution of the V,, values have to be done. See chapter 8
Depending on the choice of Vi comp , choice of working area in respect of Vo
and the probability distribution of the V, values in that working area, we could
get very different answers with respect to the question of: “which compensating
principle is the best one, S-comp or P-comp”. The results above give a hint that
probably the S-comp is to prefere. But more studies regarding the probability
distribution of the V. values have to be done before we have a more specific
answer. See chapter 8

The used example in chapter 5 resulted among other things in: “Within a sertain
interval of rotating speed, below Vi comp, W€ have that S-comp is more effective
than P-comp. See Figure 9. In this example (60 < V,, <80 ) the active power
relation between P-comp and S-comp is about 0,6. This means, if we assume a
rectangular probability distribution in between the V, region in question, that we
in this case have an increasing of active power by more than 60 % by using S-
comp instead of P-comp”.

V.ot: rotation speed of the generator (rpm)
Viot_comp: the rotation speed that, with respect to compensation principle in
question, gives perfect reactive compensation (no reactive power)
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8 FUTURE WORK

Above there is suggested a study to investigate the statistical work/probability
distribution of the different V,,. This future work should include:

. Statistical studies regarding the wind speed
. Adapting the wind speed distribution to an optimal working area for V., with
respect to A-Cp and Vo_comp for P-comp and S-comp
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APPENDIX (USED SOFTWARE)

Al Software. Parallel compensation

A matlab-routine called "medel_p_kp_Dlast” has been used to simulate the circuit for
parallel compensation. The routine controls the current amplitude to a specific value in
between the rotation speed region that is to be studied. The control is realized by
adapting the load (resistive) to an appropriate level. Some parameters are loaded in the
file "fil_parkomp" for later use.

%
% medel_p_kp_Dlast

%

% Reglerar utgaende stromamplitud fran en generatormodul till 6nskad

% niva inom valfritt varvtalsintervall. Reglering sker genom att anpassa

% lasten som forusitts resistiv. Kompensering map reaktiv effekt sker med
% parallellkompensation. Lagring av vissa berdkningsparametrar gors i
% filen "fil_parkomp"
%
%
% Ingemar Mathiasson, Januari 2005
%
%
clear
%
R1=1; % spolresistans
% R2=39.9611; % lastresistans anpassad for 75 rpm

R2=42.6251; % lastresistans anpassad for 80 rpm
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L=0.106; % spolinduktans
% C=1.3276e-004; % kompensationskapacitans anpassad for 75 rpm
% C=1.1668e-004; % kompensationskapacitans anpassad for 80 rpm
C=60.e-006; % kompensationskapacitans enligt dagens design
A=1.615; % amplitud for avldnkat spolflode
% Imax=15.2360; % maximalt tillaten spolstrém
Imax=14.5530; % maximalt tillaten spolstrom
% Imax=12.; % maximalt tillaten spolstrom

DR2=0.05; % stegning av R2 vid anpassning av last

%
rpm=75; % rotationshastighet (nominell)
rpm=60; % rotationshastighet
%
N_sampel=200; % antal rotationssampel
%
rpm_min=60; % ligsta rotationsfrekvens
rpm_max=80; % hogsta rotationsfrekvens
%
rpm_steg=(rpm_max-rpm_min)/(N_sampel-1); % sampelsteg
%
for k=1:N_sampel
rpm(k)=rpm_min+(k-1)*rpm_steg; % aktuell rotationsfrekvens
w(k)=rpm(k)/60%24*2%pi; % vinkelfrekvens for inducerad spinning
R2=42.6251; % lastresistans anpassad for 80 rpm

% R2=39.9611; % lastresistans anpassad for 75 rpm
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% R2_var(k)=2*w(k)*L; % varierbar lastresistans anpassad till aktuell
rotationsfrekvens

C_var(k)=1/2*w(k)*w(k)*L); % varierbar kompensationskapacitans anpassad till
aktuell rotationsfrekvens

%

Uk)=A*w(k); % inducerade spdnningens ampliud
%

for m1=1:5000
%

Z(k)=R1+*w(k)*L+(R2/(G*w(k)*C))/(1/G*w(k)*C)+R2); % Impedans

I(k)=U(k)/abs(Z(k));

if I(k) < Imax-0.1
R2=R2-DR2;
if R2 <0, R2=0.01;, end

else
break

end

end

%

for m1=1:5000

Z(k)=R1+j*w(k)*L+R2/(G*w(k)*C))/(1/G*w(k)*C)+R2); % Impedans
I(k)=U(k)/abs(Z(k));
if I(k) > Imax+0.1

R2=R2+DR2;

if R2 > 85, R2=85;, end
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else
break
end
end
%
I(k)=U(k)/abs(Z(k)); % amplitud for utgdende strém
R2_var(k)=R2; % resistiv last
Z_var(k)=7(k); % total impedans

Z_var_R(k)=real(Z(k)); % reell del av total impedans

fi(k)=atan(imag(Z(k))/real(Z(k))); % kretsens fasvinkel
P(k)=U(k)"2/abs(Z(k))/2*cos(fi(k)); % aktiv effekt enskild statormodul

Qk)=U(k)"2/abs(Z(k))/2*sin(fi(k)); % reaktiv effekt enskild statormodul

Ptot(k)=27*P(k); % aktiv effekt enskild statormodul
Qtot(k)=27*Q(k); % reaktiv effekt enskild statormodul
%
end
%

save fil_parkomp Ptot Qtot IR2_var Z_var_R rpm % lagra aktiv och reaktiv
effekt i filen "fil_parkomp"

%
figure(1)
plot(rpm,P), grid

%

% S0k medeleffekter

%
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Pmedel=mean(P); % medeleffekt for modul
Ptot_medel=mean(Ptot); % medeleffekt for generator
%
%

% STOP

A2 Software. Series Compensation

A matlab-routine called "medel_p_ks_Dlast” has been used to simulate the circuit for
series compensation. The routine controls the current amplitude to a specific value in
between the rotation speed region that is to be studied. The control is realized by
adapting the load (resistive) to an appropriate level. Some parameters are loaded in the
file "fil_parkomp" for later use.

%
% medel_p_ks_Dlast
%
% Reglerar utgaende stromamplitud fran en generatormodul till 6nskad
% niva inom valfritt varvtalsintervall. Reglering sker genom att anpassa
% lasten som forusitts resistiv. Kompensering map reaktiv effekt sker med
% seriekompensation. Lagring av vissa berdkningsparametrar gors i
% filen "fil_serkomp"
%
%
% Ingemar Mathiasson, Januari 2005
%
%
clear

%
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R1=1; % spolresistans

% R2=39.9611/2; % lastresistans anpassad for 75 rpm
R2=42.6251/2; % lastresistans anpassad for 80 rpm
L=0.106; % spolinduktans

% (C=2.6552e-004; % kompensationskapacitans anpassad for 75 rpm

C=2.3336e-004; % kompensationskapacitans anpassad for 80 rpm

% C=120.e-006; % kompensationskapacitans med motsv kompensations frekvens
som dagens design

A=1.615; % amplitud for avldnkat spolflode
% Imax=15.2360; % maximalt tillaten spolstrom
Imax=14.5530; % maximalt tillaten spolstrom
% Imax=9.; % maximalt tillaten spolstrom
DR2=0.01; % stegning av R2 vid anpassning av last
%
rpm=75; % rotationshastighet (nominell)
rpm=30; % rotationshastighet
%
N_sampel=200; % antal rotationssampel
%
rpm_min=60; % ligsta rotationsfrekvens
rpm_max=80; % hogsta rotationsfrekvens
%
rpm_steg=(rpm_max-rpm_min)/(N_sampel-1); % sampelsteg
%

for k=1:N_sampel
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rpm(k)=rpm_min+(k-1)*rpm_steg; % aktuell rotationsfrekvens

w(k)=rpm(k)/60%24*2%pi; % vinkelfrekvens for inducerad spinning
% R2=39.9611/2; % lastresistans anpassad for 75 rpm

R2=42.6251/2; % lastresistans anpassad for 80 rpm

% R2_var(k)=2*w(k)*L; % varierbar lastresistans anpassad till aktuell
rotationsfrekvens

C_var(k)=1/(w(k)*w(k)*L); % varierbar kompensationskapacitans anpassad till
aktuell rotationsfrekvens

%
Uk)=A*w(k); % inducerade spdnningens ampliud
%
for m1=1:5000
%
Z(k)=R1+j*w(k)*L+1/(G*w(k)*C)+R2; % Impedans
I(k)=U(k)/abs(Z(k));
if I(k) < Imax-0.1
R2=R2-DR2;
if R2 <0, R2=0.01;, end
else
break
end
end
%

for m1=1:5000
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Z(k)=R1+j*w(k)*L+1/(G*w(k)*C)+R2; % Impedans
I(k)=U(k)/abs(Z(k));
if I(k) > Imax+0.1

R2=R2+DR2;

if R2 > 85, R2=85;, end

else

break
end
end
%
I(k)=U(k)/abs(Z(k)); % amplitud for utgdende strém
R2_var(k)=R2; % resistiv last
Z_var(k)=7(k); % total impedans
Z_var_R(k)=real(Z(k)); % reell del av total impedans
fi(k)=atan(imag(Z(k))/real(Z(k))); % kretsens fasvinkel
P(k)=U(k)"2/abs(Z(k))/2*cos(fi(k)); % aktiv effekt enskild statormodul

Qk)=U(K)"2/abs(Z(k))/2*sin(fi(k)); % reaktiv effekt enskild statormodul

Ptot(k)=27*P(k); % aktiv effekt enskild statormodul
Qtot(k)=27*Q(k); % reaktiv effekt enskild statormodul
%
end
%

save fil_serkomp Ptot Qtot  R2_var Z_var_R rpm % lagra aktiv och reaktiv
effekt i filen "fil_serkomp"

%
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figure(1)
plot(rpm,P), grid
%
% Sok medeleffekter
%

Pmedel=mean(P); % medeleffekt for modul

Ptot_medel=mean(Ptot); % medeleffekt for generator
%
%

% STOP

A3 Software. Comparison Parallel / Series Compensation

A matlab-routine called ” komp_par_ser” has been used to compare the performance
between parallel compensation and seires compensation. The routine uses parameters
that are loaded in the files "fil_parkomp" (performance of parallel compensation) and
"fil_serkomp" (performance of series compensation). This routine is preceded by the
routines “medel_p_kp_Dlast” and “medel_p_ks_Dlast”.

%

% komp_par_ser

%

% Gor olika jimforelser rorande prestanda hos parallell- resp

% seriekompensering. Utnyttjar filerna "fil_parkomp" resp "fil_serkomp".

% Programmet foregas av korningar med programmen "medel_p_kp_Dlast" resp
% "medel_p_kp_Dlast"

%

% Ingemar Mathiasson, Januari 2005

%
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%
clear
%

load fil_parkomp % hiamta aktiv och reaktiv effekt avseende
parallellkompensering

Ptot_par=Ptot;

Qtot_par=Qtot;
[_par=I;
R2_var_par=R2_var;
Z_var_R_par=7_var_R;
%
clear Ptot Qtot I R2_var Z_var_R
%
load fil_serkomp % hiamta aktiv och reaktiv effekt avseende serieckompensering
Ptot_ser=Ptot;
Qtot_ser=Qtot;
I ser=I;
R2 var _ser=R2 var;
Z var R_ser=7_var R;
%
Prel=Ptot_par./Ptot_ser; = % relation mellan aktiv effekt for par-komp och ser-komp

Qrel=Qtot_par./Qtot_ser; % relation mellan reaktiv effekt for par-komp och ser-
komp

Irel=I_par./I_ser; % relation mellan strom for par-komp och ser-komp
%

Prel_medel=mean(Prel); % medelvirde over aktuellt rotationsintervall
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Qrel_medel=mean(Qrel); % medelvirde over aktuellt rotationsintervall

Irel_medel=mean(Irel); % medelvirde Over aktuellt rotationsintervall
%

figure(1)

plot(rpm,Prel), grid, title('Relation between active power parallel / series
compensation'), xlabel('Rotation speed (rpm)'), ylabel('Relation’)

% figure(2)

% plot(rpm,Qrel), grid, title('Relation between reactive power parallel / series
compensation'), xlabel('Rotation speed (rpm)'), ylabel('Relation’)

% figure(3)

% plot(rpm,Irel), grid, title('Relation between current parallel / series compensation'),
xlabel('Rotation speed (rpm)'), ylabel('Relation")

figure(4)

plot(rpm,I_par,"-',;rpm,I_ser,'--'"),grid, title('Current amplitude. Parallel (-), Series (--)"),
xlabel('Rotation speed (rpm)'), ylabel('Current (A)')

figure(5)

plot(rpm,R2_var_par,'-',rpm,R2_var_ser,'--'),grid, title('Resistive load. Parallel (-),
Series (--)"), xlabel('Rotation speed (rpm)'), ylabel('Load (ohm)")

figure(6)

plot(rpm,Z_var_R_par,'-',;rpm,Z_var_R_ser,'--"),grid, title('Real part of total
impedance. Parallel (-), Series (--)'), xlabel('Rotation speed (rpm)"), ylabel('Impedance
(ohm)")
%
%

% STOP
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DESIGN AND PERFORMANCE OF MODULAR PERMANENT-MAGNET
DIRECT-DRIVE, VARIABLE-SPEED WIND TURBINE GENERATOR

DAT 05-11-1996 ,
" Howo
40 kW 75.0 rpm =
TURBINE DIAMETER m 10.0 ,2 /-
DESIGN MAX SPEED rpm 75.0 "j“
o AR
POWER COEFFICIENT % 45.0 J OO/ [
POWER AT NOMINAL WIND SPEED kW 42.3 LED
SHAFT TORQUE KN.m 27
AIRGAP mm 3.3 7 p“z/ztéé:
MAGNET BLOCK LENGTH mm  101.6 / .7
MAGNET BLOCK WIDTH mm 152.4 7 /et
MAGNET BLOCK THICKNESS mm 50.8
" "NET BLOCKS PER MODULE 1
ROTOR MODULE OVERALL WIDTH m 80.0 : e
T, P
MAX LAM WIDTH AT BOTTOM OF MAGNET mm 4.0 40/'[ F/-Z 732%
POLE FACE TOTAL WIDTH mm 45.0 -
“ "E TIP GAP mm 35.0 7;7‘/““ 1elip 13/
PogLE TIP DEPTH (inc bridge if used) mm 6.0 .
AIR PATH LEAKAGE % 14.9 b0pF FL,e= 5/7.5/,
STATOR MMF TO DEMAGNETISE Amp.Turn %12198 |
ROTOR MODULE MASS kg 7.8 eyt ket /70
includes magnets, poles, plates, & tapping bar /
MODULE E-CORE WIDTH mm 150 SopF FL7 5187
MODULE radius at airgap surface mm 1 /i/,
MODULE E-CORE DEPTH (magnetic) m 84 T2 102 pﬂﬁé, 212
SLOT DEPTH mm  65.0 1
SLOT WIDTH S mm  37.5
TURNS PER COIL e B 526
WIRE DIAMETER i f%n ) mm 1.80
PARALLEL WIRES SR 1.00
MEAN TURN LENGTH - mm 541
RRSISTANCE AT RATED TEMPERATURE Ohm 2.730
~_iRMAL RESISTANCE K/W 0.478
RATED COPPER TEMPERATURE Deg C 130 )  F
COOLING AIR TEMPERATURE Deg C 40 } 614 A 70 f F
RATED RMS CURRENT Amp 8.134) 769 A 60 p
TRON LOSS AT RATED FREQUENCY W 9.3 1041 A S0 pF
_3S OF COPPER kg 6.440
MASS OF INSULATION kg 1.975
MASS OF LAMINATIONS kg 6.763 Llee AHO - 50 /,1/—’
APPROX TOTAL MASS OF MODULE kg 15.644% :
POLE NUMBER a8 " ACT(VE MASSW
ROTOR DIAMETER m 1.287 #%xA + 2/~ B =Tk
ROTOR MODULE GAP mm 4.2
STATOR MODULES PER RING 27 Ll b
STATOR MODULE GAP mm 0.5 — A“‘“P 2 ot
POLE PITCH REFERRED TO MEAN GAP mm 84 .44 boss el mshied
bears
MAGNETIC CIRCUIT CALCULATIONS
Displacement Magnet flux Coil Linkage Self induc Left mut Right mut





2,

mm mWeber mWeber mH
0.0 1.99 -2098 148.7
7.0 1.84 -2048 145.8
14.1 1.72 -1889 142.0
21.1 1.66 -1624 140.2
28.1 1.73 -1241 148 .4
35.2 1.77 -744 152.0
42 .2 1.73 -0 159.3
Displacement Rotor rad F Rotor tang F Rotor twist
mm N N N.m
0.0 1325 -87 7.7
7.0 1233 -103 13.0
14.1 1044 -390 1.1
21.1 700 -396 -35.3
28 .1 464 -210 -30.5
35.2 424 197 16.9
2.2 589 381 45 .0
Displacement Stat rad F Stat tang F Stat twist
mm N N N.m
0.0 2258 1 -2169.7
7.0 2176 371 -2112.3
24 .1 2012 413 -1998.9
21.1 1907 133 -1924 .4
28.1 2045 13 -2101.5
35.2 2239 143 -2304.5
42.2 2420 0 -2557.5
COIL FLUX, EMF AND SELF INDUCTANCE COMPONENTS
HARMONIC FLUX LINKAGE E (Vrms)
1.0 2.2 291.8 0.0
2.0 0.0 -4.5
3.0 -0.1 -51.4 0.0
4.0 0.0 5.0
5.0 0.0 23.6 0.0
6.0 0.0 0.3

MEAN SELF INDUCTANCE (excl leakage )

I _ N EFFECTIVE INDUCTANCE (INC MUT, EXC LEAKAGE)

MEAN MUTUAL INDUCTANCE TO ADJACENT COILS

SLOT LEAKAGE INDUCTANCE

mH 148.1

._sNETIC EQUIVALENT CIRCUIT FOR EXTERNAL EFFECTS:

STATOR CORE PEAK POTENTIAL
SERIES RELUCTANCE
MEAN RAD FORCE FOR NOMINAL GAP

MEAN RAD FORCE FOR NOMINAL GAP
MAGNETIC OVALISING STIFFNESS
module emf Vrms
module inductance mH
module resistance Ohm
module rated current Arms
module S/C current Arms
demagnetisation current Arms
resonant capacitance muF
optimum capacitance muF

maximum overspeed %

mH
mH -18.2
mH 53.31
() 552.1
(kA/Weber) 332.6
(N) 2339.104
(N) 0
(MN/m) 2759199
291.8016
173.4638
2.729624
8.133928
8.892436¢
16.39741
162.2515
80.02223

20

-14.
-15.
-15.
-15.
-17.
-18.
-22.

ONONOI—‘\D%

[eNeoNeoNeNoNeNo]

L (mH)

120.2

-14.
-16.
-17.
-20.
-23.
-23.
-22.

(Emf Vrms at rated F)

OUVINNWOAH WL
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overspeed resonant C muF 112.6747
CHOSEN CAPACITANCE muk 50.0
giving -----

terminal voltage vrms 395.4414
rated input power W 2365.265
rated output power W 2184.671
peak output power W 3102.587
no-load current Arms 9.675437
overspeed NL current Arms .3570376
MODULES PER BEAM 1

STRUCTURAL DESIGN

SIMPLE CYLINDRICAL BEAMS ----------=------
CANTILEVER SUPPORT ONE END --------------
MAMULES NOT LINKED TOGETHER -----~-------

STATOR RING EXTERNAL DIAMETER m 1.538

STATOR RING INTERNAL DIAMETER m 0.500

STM"TOR RING THICKNESS mm 25.0

S..TOR RING MASS (EACH) kg 325.9

STATOR INNER RING COMPRESSION mm 0.021

STATOR OUTER RING EXTENSION mm 0.015

STATOR RING OVALISING STIFFNESS MN/m $%8017.777

STATOR OVALISING STIFFNESS MN/m %542.388

ROTOR CYLINDER OUTER DIAMETER m 0.919

ROTOR CYLINDER THICKNESS ) mm 5.0

NUMBER OF ROTOR DISCS ' 1

ROTOR DISC INSIDE DIAMETER m 0.709

ROTOR CYLINDER MASS kg 13.0

ROTOR CYLINDER AND DISC MASS kg 22.9

ROTOR RADIAL EXPANSION ‘ mm 0.020

ROTOR OVALISING STIFFNESS MN/m 26.93

TOTAL OVALISING STIFFNESS MN/m 25 .66

SHAFT OUTER DIAMETER mm 120

SHAFT INNER DIAMETER mm 100

¢ FT LENGTH mm 955

SHAFT MASS kg 26

MASS OF LEADS BEARINGS ETC approx kg 108
screening rings

STRUCTURE LOSS FOR COMPLETE MACHINE

FREQUENCY Hz BEAMLOSS kW RINGLOSS kW pk BEAM FLUX mW

6.000 0.048 0.000 0.000

12.000 0.093 0.000 0.000
18.000 0.133 O/C 0.000 0.000
24.000 0.169 0.000 0.000
30.000 0.203 0.000 0.000
36.000 0.234 0.000 0.000

STEP BY STEP SIMULATION OF RECTIFIER CIRCUTT
INCLUDING STATOR SATURATION

steps per half cycle 180 gsimulated cyles 4
winding temperature 100
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1 Summary

This work has been carried out within the Joule project No JOU2 CT 93-0297.

The electrical system for a variable speed directly driven permanent magnet wind
generator has been designed, built up and tested out.

The laboratory tests of the generator show that it works acceptably. The results show a
lower peak power than expected.

The important and extensive work with redesigning and adapting the test wind turbine
for the direct driven generator is almost finished. Only tests of the control systems in
the laboratory remain before the turbine will be erected on the Hong site.

2 Introduction

This report has been carried out within the Joule project No JOU2 CT 93-0297.

The electrical system for a variable directly driven permanent magnet wind generator
has been designed, built up and tested out.

The generator design is carried out by Ed Spooner at Durham University and Alan
Willianson at UMIST. The generator is manufactured at Morley Electrical
Engineering. The converter design is carried out at Chalmers University of
Technology. Previous work within this project is described in [1,2]. Nordic
Windpower AB is the technical coordinator of the project.

This report describes the tests and measurements of the 40 kW PM generator. The
efforts of the technical staff of the department are hereby gratefully acknowledge.
Magnus Ellsén for his very well done design of the measurement system and electrical
connection boards. Bo Lagerkvist for his mechanical works with the adaptation of the
generator to the nacelle and the reconstruction of the nacelle. Conny Larsson, Per
Ekelund, Ulrik Johansson, Robert Karlsson have also been a part of the construction
group involved in the project.

3  Electrical system design

The generator stator consists of 27 modules. The outputs of each module are
separately connected to a phase compensating capacitor circuit and a full diode bridge
rectifier. The modules in the generator is divided in two groups and connected in
parallel within the group. These two groups are series connected to the DC-link. This
connection is done due to the demand of low current in the DC-link and converter.

The DC-bus interfaces a thyristor based DC/AC-converter via one smoothing
inductor. The DC/AC-converter is connected to the grid through a transformer, which
makes it possible to operate the converter on a 500 V level.

In case of a control system failure or loss of grid, two independent brake systems are
implemented to able braking of the turbine shaft, including the case of an internal
system signal failure. The brake function is obtained without access to the grid. The
brake systems are realised as one mechanical and one electrical system, [2]. The
electrical brake system is acting directly on the DC-bus output.





4 Measurement results

Laboratory tests of the permanent magnet generator with converter have been carried
out. The generator test set-up was realised as a DC-motor and the PM-generator, with
a gearbox connected in between. The tests are focused on the following parts:

1. power-speed performance of the direct-driven generator with converter or resistive
load

2. stability of the system
3. efficiency measurements

The following 9 functional parts build up the test system see Figure 4.1

DC motor supplied by an AC/DC rectifier, speed-regulated into chosen speed
shaft speed transducer

torque transducer for high speed revolution

gearbox with conversion ratio of 21:1

modular 40 KW PM generator

rectifier system

DC-current and voltages measurements.

thyristor DC/AC-converter

transformer for adaptation to grid voltage
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Figure 4.1: Generator test set-up.

211 E

e o

Gilis

e

,,,,,,,,,,,,,,,,,,,

795

AC





4.1 Gearbox losses

To achieve a low speed and a high torque performance for testing of the generator the
test set-up was realised with a gearbox and a DC-motor. The input torque of the
gearbox was measured at the high-speed shaft of the gearbox. The low speed torque of
the generator was calculated by extracting the gearbox losses from the high-speed
shaft torque measurements. The power loss of the gearbox was measured and was
estimated as stated in equation 1. The measurement result is shown in Figure 4.1.

P

Gearloss
Where:
Peearioss = Gearloss(kW)
N ., = Speed(rpm)

P., = InputPower(kW)

=0.0013*(Ng,,)*® +0.04*P,

(1)

Gearbox losses

Input power (kW)

2,5
2 =
2
= 15
W
@
n 1
)
- —=—n=50 rpm
0,5 MM"" ——n=25rpm[
n=75rpm
O T T T T
0 5 10 15 20

25

Figure 4.1: Gearbox losses

4.2  Stationary operation

Stationary operation has been performed with no load, resistive load and converter
load of the generator with rectifier.





4.2.1 No load operation

Measurements have been carried out on a single coil and on the complete generator.
During the measurements on the complete generator the two rectified parts of the
generator were connected in series.

The no-load voltage show a characteristic, which is special for this generator type, see
Figure 4.2. On synchronous generators the no-load voltage is linear with the speed.
Because compensating capacitors are used in this generator, and since the modules
have a high inductance, resonance phenomena's occur. The theoretical resonance
frequency is slightly higher than the rated frequency and it can be seen that the no-
load voltage increase more than linearly with the speed for speeds higher than 60 rpm.

However, also at speeds close to 30 rpm the no-load voltage is much higher than the
induced voltage. That resonance phenomenon depends on the rectifier and is excited
at one third of the capacitor-inductance resonance frequency. As soon as the generator
is loaded the resonance at low speed will disappear.

No load voltage
1000
=, 800 +
&
3 600 +
© 400 +
-
O 200 +
=)
0 } } } }
0,0 20,0 40,0 60,0 80,0 100,0
Speed (rpm)

Figure 4.2:  No load dc-voltage.

In every individual module of the generator the no load current and voltages have
been measured. As can be seen in Figure 4.3 there are some differences between the
modules. During the test, the speed of the generator was held constantly at 75 rpm.
The voltage, and thereby the current of a single module, depends mainly on the
distance to the rotor, the value of the capacitor connected to the module and the speed
of the rotor. The difference between the modules is likely to depend on a not perfectly
round stator.

The no load power losses of the generator with capacitors were calculated from
measurements of the torque and speed on the high-speed shaft of the gearbox. The
loss of the gearbox was calculated as described in part 4.1. The loss at rated speed is
2.0 KW as can be seen in Figure 4.4.
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Figure 4.3: No load voltage and current of the modules.
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4.2.2 Resistive load operation

The modules in the generator are divided into two groups and are connected in
parallel within the group. The current of each module can be seen in Figure 4.5. Since
the generator has an odd number of modules the two series connected groups of
modules are not equal. One of the groups consists of 13 modules and the other of 14.
This lead to an unequal division of the current between the modules. This reduces the
efficiency and the peak power of the generator.

To reduce this effect, the two groups of modules will be equipped with one smoothing
capacitor each. These capacitors will lead to the same effect as if the number of
modules were much higher.

Module current
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Figure 4.5: Load current of the modules of the generator.





The generator performance with resistive load at the dc-link was measured as shown
in Figure 4.6 and Figure 4.7. During these tests 18 modules were connected to the dc-
link. The power and torque in the figure are the test results multiplied by a factor of

1.5. The reason to limit the test power was that lack of power from the DC-motor
drive.
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45.0 load
40,0 +———R=8
—m—R=7 /

35,0 R=5,6
& 30,0 R=4,6 /-(/'/.
3 ' —%—R=4,1
= 25.0 —e—R=36 ¥
e —+—R=3,1 /
S 20,0 . M
3
g 150

10,0

5,0

0,0 — T T T T

0,0 20,0 40,0 60,0 80,0 100,0

Speed (rpm)

Figure 4.6: Generator power performance with resistive load.
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Figure 4.7: Generator torque performance with resistive load.

4.2.3 Converter load operation

The generator with rectifier is connected to a grid-commutated converter in this wind
turbine operation. Measurements have been carried out with converter operation.
Stationary operation gives the following operation points, see Figure 4.8 and Figure
4.9. The maximum DC-power at rated speed is 32 kW.
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Figure 4.8:  Generator torque with converter load.
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Figure 4.9: Generator dc-power with converter load.
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4.2.4 Wind turbine operation

During wind turbine operation it is important that the generator torque always has the
possibility to be larger than the aerodynamic torque. Figure 4.10 shows that the
maximum aerodynamic torque is always less then the generator torque. The
aerodynamic torque will increase with the speed and be larger than the generator
torque if a high over speed situation occurs. For a given turbine speed can the
maximum torque value just be reached at specific wind speed.

The margin between available turbine torque and generator torque is low at rated
speed, 75 rpm. The operation of the wind turbine at high wind speed and rated turbine
speed should be done with caution.
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Figure 4.10: Turbine and generator maximum power.
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4.25  Short circuit operation

The short circuit torque of the generator was measured. During the test the dc-link
was short circuit. The torque and current was measured at different speeds. The
stationary short circuit torque is 20 % of the rated torque, see Figure 4.11.
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Figure 4.11: Stationary short circuit torque.
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5 Time series measurement

A number of time series measurements have been performed to evaluate the
performance of the generator. Currents and voltages of individual modules were
stored, as well as dc-link voltage and speed of the generator. The sampling rate was
5 kHz and a low-pass filter with 2 kHz bandwidth was connected.

Description of the measurement system are as follow: PC-computer, sample and hold,
filter, current probes, voltages measurements with AD210J, speed sensor with 16834
pulses per revolution of the generator.

Both measurements with all modules in parallel and the modules divided in two
groups and series connected were performed. The load of the generator was resistive
during all time series measurements presented in part 5 of this report.

5.1 Load performance

The voltage and current of module 11 at the speed of 80 rpm and at the power of 20
kW are presented in Figure 5.1 and 5.2. As can be seen, the current in the coil is not
sinusoidal and the voltage is limited due to the diodes and the dc-link voltages. During
this measurements all modules were in parallel operation.

Voltage module 11

400 ' T T T
200
V)

0
-200 |
-400 i i i i

0 0.02 0.04 0.06 0.08 0.1
Time (s)

Figure 5.1: Voltage of module 11.
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Current coil 11
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Figure 5.2: Current of module 11.

The generator can be connected in two different ways, with all modules in parallel or
the modules divided in two groups and series connected. With all modules in parallel
the dc-link voltage and current will be more smoothed out, but for the operation of the
generator there is no problem with some ripple on the dc-link. The output voltage will
be twice as high in series connection compared with parallel connection. The opposite
will occur for the current. For comparison see Figure 5.3 for parallel connection with
the power of 12.4 kW and speed of 70 rpm and Figure 5.4 for series connection with
the power of 18.6 kW and speed of 71 rpm.
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Figure 5.3: DC-link voltage, all modules in parallel.
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Figure 5.4: DC-link voltage, modules in two groups in series.
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One interesting question about this generator is, how much will the modules influence
each other with respect to the voltage. To find this out, measurements were carried out
in the following way; Module #1was short circuited and the voltage of #2 and #13
were measured. In Figure 5.5 and in Figure 5.6 the voltages are shown.
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Voltage of coil #2
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Figure 5.5: Voltage of module #2.

Voltage of coil #13
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Figure 5.6: Voltage of module #13.

As can be seen, no significant difference occur between the two measured voltages, and it is
possible to conclude that the coils are operating independently of each other. During these tests

no capacitors or rectifiers were connected to the modules. Module #2 is placed next to module
#1 and module #13 is placed as far away as possible from module #1.
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1  Laboratory documentation

The redesign of the nacelle and the connection boards for both power connection and
measurements has been far more extensive than the original plans. On the other hand the
results are very good. The generator has a stable operation and the measurements signals have
few disturbances. In parallel to this project the computer system has also been redesigned.
Today a PC-based control computer is installed and the control program is written in the C++
language. The Figure 6.1 to 6.5 shows the generator, wind turbine simulator and electrical hard
ware such as rectifier, electrical brake and converter.

Figure 6.1: PM-generator and wind turbine nacelle.
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Figure 6.2: Laboratory set-up with PM-generator, gearbox and DC-motor.
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Figure 6.3: Close look in the wind turbine nacelle, on the left side, the mechanical brake and
on the right side, the connections box for the sensors in the nacelle.
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Figure 6.4: The generator with the main shaft. On the right side are the electrical brake, DC-
choke, transformer, DC/AC-converter and rectifier. The connection board is seen in the middle
of the picture.
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Figure 6.5: The connection board for the power with current and voltage transducers.
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2 Conclusions

The laboratory tests of the generator show that it works acceptably. The results show a lower
peak power than expected.

The important and extensive work with redesigning and adapting the test wind turbine for the
direct driven generator is almost finished. Only tests of the control systems in the laboratory
remain before the turbine will be erected on the HONG site.
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ABSTRACT: This paper presents the design and test evaluation of a 40 kW, directly driven, permanent-magnet generator
with a frequency converter. The electrical system is designed for a turbine with a diameter of 12 m and stall regulation. The
generator design is characterised by modular rotor and stator elements that may be produced in quantity without any large-
scale facilities. The magnets are of the ferrite type furnished with laminated iron flux concentrators. The stator elements
consist of an E-core lamination with a single coil. The main shaft and bearings are integrated into the generator design. The
converter system consists of diode rectifiers and a thyristor inverter. Although this paper is concerned with a 40 kW pilot
scale test unit, a detailed design study for a 500 kW machine has been carried out and the construction is such as to lend

itself to designs for much higher outputs.

Laboratory tests of the generator with a frequency converter are being carried out. These tests cover the whole speed and
power range. The tests focus on the power-speed performance, stability of the system and efficiency measurements.
Keywords: Converters, Electricity Generators, Variable-Speed Operation

1. INTRODUCTION

The development of permanent-magnetic material and
the reduction of costs of the power electronic components
have opened the possibility of designing cost-effective
wind turbines with a directly driven generator. However,
the directly driven generator needs damping, either with
mechanical springs and dampers or preferably with an
electrical damping, i.e. variable speed operation. With
directly driven generators, which are optimised for low
speed operation, the performance (efficiency, reliability) of
the systems can be improved whilst the cost can be
reduced. The design of the drive train is also greatly
simplified compared with a conventional drive train with
gears and a high-speed generator.

This paper presents the design and test evaluation of a
40 kW, directly driven, permanent-magnet generator with
a frequency converter. The electrical system is designed
for a turbine with a diameter of 12 m and stall regulation.
Although this paper is concerned with a 40 kW pilot scale
test unit, a detailed design study for a 500 kW machine
has been carried out and the principle is such as to lend
itself to designs for much higher outputs.

Laboratory tests of the generator with a frequency
converter are being carried out.

On the basis of several years of design experiences,
the design of the generator has been evaluated and its
performance has been compared with the theoretical
predictions. The evaluation has particularly been
concerned with parameter values, losses and peak power.

The work has been carried out within the Joule Project
No JOU2 CT 93-0297.

3. THE ELECTRICAL SYSTEM

The electrical system is characterised by the variable
speed operation of the low speed permanent-magnet
generator and the converter. The system also includes an
electrical brake and a DC-current breaker, see Figure 1.

3.1 The Generator

The generator design is characterised by a modular
arrangement whereby modules of a set size, for both the
permanent-magnet rotor and the stator, may be assembled
to produce a machine of any required rating within a wide
range. At the higher ratings, for example 1MW, the slow
speed of rotation associated with a direct-couple generator
requires that the diameter be very large - perhaps of the
order of 4m - yet the modules required to produce such an
assembly can be manufactured with quite modest
facilities. The modular philosophy and initial small (1kW)
proving tests are described in [1]. The modules for the
machine of this paper are of a more modern and
commercial design, yet still employ ferrite magnets in the
rotor modules and a simple concentric coil, in a basic ‘E-
core’ stamping for the stator.

The machine tested has 48 rotor modules, arranged to
give 24 pole-pairs with a rotor diameter of 1.287 m. The
stator is comprised of 27 modules placed in a ring to give
an air gap of 3.25 mm. This relatively small number of
modules results in a curvature which is about the
minimum possible for the module design. To set the rating
to about 40 kW, to match the existing turbine, the active
length of the modules was set to 0.1 m. The length is only
2/3 the pitch of the stator modules, and this has resulted in





end effects assuming much more significance than they
would in a machine using modules of greater length
(which is easily achieved) for higher powers and so, in
this respect, the machine is atypical.

Mechanically, the generator was designed to include
all bearings necessary to carry the turbine, mounted
upwind on the shaft. This resulted in an overall diameter
of 2.11m, and length (not including the front bearing) of
0.712m with a total mass of 4500 kg.

Each stator coil was designed to give an open-circuit
voltage of 211V rms at the nominal speed of 75 rev/min.
The relatively high inductance of each coil requires that it
be tuned with a capacitor, placed across the terminals of
individual rectifier bridges, connected in parallel, so as to
achieve full potential output into a DC-link, over the
working range of speed. Post-production problems with
respect to current capabilities of available equipment
forming the power conditioning and connection to the grid
required that the modules be arranged into two groups,
connected in parallel within each group, and then the two
groups connected in series to form the DC-link. This is not
the ideal mode of connection for the number of modules
existing, but it is believed that it will not have a serious
effect upon performance.

3.2 The Frequency Converter and Electrical Brake

The DC-bus interfaces a thyristor based DC/AC-
converter via one smoothing inductor. The DC/AC-
converter is connected to the grid through a transformer,
which makes it possible to operate the converter on a 500
V level.

In case of a control system failure or loss of grid, two
independent brake systems are implemented for braking
the turbine shaft, even in the case of an internal system
signal failure.

The brake function is obtained without access to the
grid. The braking systems are realised as one mechanical
and one electrical system [2]. The electrical brake system

In order to control the braking torque several methods
can be used. Three different methods of electrical braking
of a variable speed wind energy converter can be used.
The simplest solution is to connect a resistor to the
frequency converter DC-link. When activating the brake,
the resistor is connected to the DC-link resulting in a
braking current proportional to generator voltage and,
hence, the turbine speed. This implies an optimal braking
torque only within a small speed range. Using a higher
value of the resistance makes the brake more efficient at
higher speeds and vice versa.

To increase the speed range, in which the resistor
brake is efficient, two or more resistors can be used. The
switches connected to the resistors are then to be switched
in order to decrease the total resistance as the turbine
speed decreases.

The brake for this system is based on the third method,
where the brake current is held at a constant level
independent of the generator voltage. This is achieved by
switching the resistor on and off and will result in
maximum torque control.

In Figure 1, the main circuit of the DC-link is shown.
The transistors T1, T2 and T3 are insulated gate bipolar
transistors (IGBT). Directly after the diode rectifier,
electrolyte capacitors are connected in order to stabilise
the DC-voltage. Without capacitors the voltage will rise
uncontrolled when opening the breaker, due to the high
inductance in the armature windings of the generator.

Besides the components shown in Figure 1, the circuit
is equipped with protection devices against over-voltages,
which could damage the transistors.

A schematic drawing of the electrical brake is shown
in the middle part of Figure 1. The idea is to keep the
braking current from the generator at an almost constant
value by switching T2 on and off. When the brake is
activated, T1 is switched on and kept in the conducting
state throughout the braking procedure.

In the DC-link, between the brake and the smoothing

acts directly on the DC-bus output. inductance, a DC-breaker is placed.
DC
27 Parallel modules El. brake breaker Grid
——
T3 Ls
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Figure 1: Electrical system with generator, rectifier, brake, DC-breaker and inverter.





The breaker consists of a transistor, T3, which can break
DC currents up to 200 A. When the electrical brake is
activated this breaker will, at the same time, break the
current through the thyristor inverter. The transistor is
turned on again when the control computer of the wind
energy converter sends a reset signal to the control
system of the brake.

In some cases of grid failure, the grid will act as a
short-circuit to the inverter. This results in a large current
through the inverter and in a blown fuse. This fuse must
be replaced manually. The breaker will, however, open
the DC-link at a grid loss, thereby reducing the need for
service.

4. PERFORMANCE

Laboratory tests of the generator with a frequency
converter are being carried out. These tests cover the
whole speed and power range. The tests focus on the
following aspects:

1. system parameter identification

2. power-speed performance of the directly driven
generator with converter

3. efficiency measurements

4. stability of the system

The laboratory system and tests of the generator are
reported in more detail in [3].

4.1 Laboratory Set-up

During the laboratory tests a 40 kW DC-machine
drives the generator. The nominal speed of the DC-
machine is 1500 rpm and, therefore, a gearbox of the
ratio 21:1 is mounted between the generator and the DC-

machine. The generator shaft speed and torque are
measured, and, thereby the input power. In addition, the
generator armature voltage, current and active power are
measured with a DC power meter.

4.2 Results of Measurements

The resistance of each coil was measured and all
were very close to 0.97 Q at 19 deg. C. The inductance of
each coil was determined to be 119 mH. This is close to
the value of 112 mH estimated from 3-D field plots at the
design stage. The inductance value is important, as
indicated in Section 3.1, because it gives high internal
impedance which retricts the maximum power output,
unless it is tuned by capacitance. It is obviously desirable
to be able to estimate the inductance value with
reasonable accuracy at the design stage. The same is true
for the induced, open-circuit voltage of the coils, and the
value of 203 V rms measured at 75 rev/min is close to the
value of 211 V rms predicted at the design stage.

Figure 3 shows the DC -power as a function of the
DC-current at five rotational speeds. The power increases
almost linearly with increasing current as the DC-current
increases from 0 to about 60 A. At high currents the
voltage drop becomes so high, due to the armature
impedance that the power decreases. This drop limits the
power. At 75 rpm the power maximum is 32 kW at a DC-
current of 65 A, for the generator prototype.

Figure 2: The generator (right) mounted on the wind turbine nacelle for laboratory tests.
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Figure 3: DC-power as a function of DC-current at
different speeds.

The torque of the generator is shown in Figure 4. As
can be seen, the maximum torque at different speeds is
reached at the same current, approximately 70 A.
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Figure 4: Generator shaft torque as a function of DC-
current at different speeds.

The efficiency of the generator with diode rectifiers
is approximately 85% at maximum power, and, what is
more important, close to 90% at partial load. Moreover,
the efficiency is high at low power since the generator
then operates at a low speed see Figure 5.
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Figure 5: Efficiency of the generator operated with diode
rectifiers at selected rotational speeds.

The step response of the DC-current shows a fast and
stable operation of the generator and converter system.
Thereby, the torque control of the wind turbine will also
be good, see Figure 6.
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Figure 6: Step response of the DC-current.

7. CONCLUSIONS

The results of the measurements and the theoretical
evaluation reveal good system performance and efficiency.
The peak power performance at rated speed is within the
operational envelope of the wind turbine.

The project also demonstrates that a wind turbine
system with a directly driven permanent-magnet, low-
speed generator and a frequency converter is well suited
for up-scaling today’s commercial sized wind turbines.
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ABSTRACT: The development of permanent-magnet materials and the decrease in costs for power electronics have made it
possible to design a cost-effective wind turbine with a direct driven generator. Overall efficiency and reliability can be
improved and costs can be reduced compared with a standard generator and a gearbox. The absence of a gearbox also leads
to a less complex assembly.

The purpose of this work is to present the experience of the operation of a 40 kW direct driven permanent magnet wind
turbine generator with a frequency converter. The generator together with the electrical system is in operation at the
Chalmers test wind turbine. The maximum allowable speed of the turbine is regulated by a PID-controller, which makes it
possible to tune the stall speed. The objective has been to tune up the stall speed in order to reach maximum power without
loosing control over turbine speed. The rated stall speed is found when the torque peaks from the wind turbine are close to,
but not greater than the maximum generator torque. The conclusion from the operation of this new type of generator is that it
works properly, but there is a need to match the control very closely with the design to optimise the use of the generator.

Keywords: Control, Converters, Generators, Stall, VVariable speed operation

1. INTRODUCTION

The development of permanent magnet materials and
decreasing costs for power electronics have made it
possible to design a cost-effective wind turbine with a
direct driven generator. Overall efficiency and reliability
can be improved and cost can be reduced compared with a
standard generator and a gearbox. The lack of a gearbox
also leads to a less complex assembly.

This paper presents the design and test evaluation of a
40 kW, direct driven, permanent-magnet generator with a
frequency converter. The electrical system is designed for
a turbine with a diameter of 13.5 m and stall regulation.
Although this paper is concerned with a 40 kKW pilot scale
test unit, a detailed design study for a 500 kW machine has
been carried out and the principle is such as to lend itself
to designs for much higher outputs.

Laboratory tests and wind turbine operation of the
generator with a frequency converter are being carried out.
The turbine is stall regulated and operates with variable
speed.

Previous parts of this work has is being carried within
the Joule Project No JOU2 CT 93-0297.

2. THE ELECTRICAL SYSTEM

The electrical system is characterised by the variable
speed operation of a low speed permanent magnet
generator and converter. The system also includes an
electrical brake and a DC-current breaker, see Figure 1.
The components have been chosen to achieve good
operation characteristics with special emphasis on high
efficiency in the electrical system. The main parts, which
achieve low losses, are the permanent magnets, the diode
rectifier and the thyristor inverter.

2.1 The Generator

The generator design is characterised by a modular
arrangement whereby modules of a set size, for both the
permanent-magnet rotor and the stator, may be assembled

to produce a machine of any required rating within a wide
range. At higher ratings, for example 1 MW, the slow
speed of rotation associated with a direct-couple generator
requires a very large diameter - perhaps of the order of 4m
- yet the modules required to produce such an assembly
can be manufactured with quite modest facilities. The
modular philosophy and initial small (1 kW) proving tests
are described in [1]. The modules for the machine of this
paper are of a more modern and commercial design, yet
still employ ferrite magnets in the rotor modules and a
simple concentric coil, in a basic ‘E-core’ stamping, for
the stator.

The machine tested has 48 rotor modules, arranged to
give 24 pole-pairs with a rotor diameter of 1.287 m. The
stator is comprised of 27 modules placed in a ring to give
an air gap of 3.25 mm. This relatively small number of
modules results in a curvature, which is about the
minimum possible for the module design. To set the rating
to about 40 kW, to match the existing turbine, the active
length of the modules was set to 0.1 m.

Mechanically, the generator was designed to include
all bearings necessary to carry the turbine, mounted
upwind on the shaft. This resulted in an overall diameter
of 2.11 m, and length (not including the rear end bearing)
of 0.712 m with a total mass of 4500 kg.

Each stator coil was designed to give an open-circuit
voltage of 211V rms at a nominal speed of 75 rev/min.
The relatively high inductance of each coil requires that it
be tuned with a capacitor, placed across the terminals of
individual rectifier bridges, connected in parallel, so as to
achieve full potential output into a DC-link over the
working range of speed. Post-production problems with
respect to current capabilities of available equipment
forming the power conditioning and connection to the grid
required that the modules be arranged into two groups,
connected in parallel within each group, and then the two
groups connected in series to form a DC-link. This is not
the ideal mode of connection for the number of existing
modules, but it is believed that it will not have any serious
effect on performance.
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Figure 1: Electrical system with generator, rectifier, brake, DC-breaker and inverter.

2.2 The Frequency Converter and Electrical Brake

The DC-bus interfaces a thyristor based DC/AC
inverter via one smoothing inductor. The DC/AC inverter
is connected to the grid through a transformer, which
makes it possible to operate the converter on a 500 V AC
level or 600 V DC level.

In case of a control system failure or loss of grid, two
independent brake systems have been implemented for
braking the turbine shaft, even in the case of an internal
system signal failure. The brake function is obtained
without access to the grid. The braking systems are
realised as one mechanical and one electrical system [2].
The electrical brake system acts directly on the DC-bus
output. The brake current is held at a constant level
independent of the generator voltage. This is achieved by
switching the resistor on and off and will result in
maximum torque control.

Figure 1 shows the main circuit of the DC-link. The
transistors T1, T2 and T3 are insulated gate bipolar
transistors (IGBT). Electrolyte capacitors are connected
directly after the diode rectifier, in order to stabilise the
DC-voltage. Without capacitors the voltage will rise
uncontrolled when opening the breaker, due to the high
inductance in the armature windings of the generator.

In the DC-link, between the brake and the smoothing
inductance, a DC-breaker is placed. The breaker consists
of a transistor, T3, which can break DC currents up to
200 A. When the electrical brake is activated this breaker
will, at the same time, break the current through the
thyristor inverter and, thereby, avoid high currents in the
inverter.

3. PERFORMANCE

Laboratory tests and wind turbine operation of the
generator with a frequency converter are being carried out.
These tests cover the whole speed and power range. The
tests focus on the following aspects:

1. power-speed performance of the direct driven
generator with converter and wind turbine

2. control of the turbine by control of the current of the
generator

3. stability of the system

The laboratory system and tests of the generator are
reported in more detail in [2,3].

3.1 Operation of the wind turbine

The wind turbine is equipped with a stall regulated
turbine. As is well known, the maximum power of a stall
regulated turbine is proportional to the speed of the

turbine. To obtain good control of the wind turbine, it is
necessary that the available generator power is always
higher than the turbine power. As can be seen in Figure 2,
this is true for the wind turbine up to about 75 rpm. The
maximum turbine power, at every rotational speed, was
calculated at the most efficient wind speed. The shaft
power of the generator was measured in the laboratory.
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Figure 2: Maximum turbine and maximum generator
shaft power as a function of shaft speed.

3.2 Performance of the electrical system
The generator operation characteristics are as follows:

1. The voltage output increases with speed and decreases
with increasing current. This is due to the Faraday law
of induced voltages and the armature reactions in the
stator coils. The unexpected high values for no load
voltages at 42 and 52 rpm is due to resonances
between the capacitors and the coils in the stator
circuit. See Figure 3.

2. The generator torque is proportional to the current and
increases slightly with speed, and the maximum torque
at different speeds is reached at the same current,
approximately 70 A. See Figure 4.

Due to the operation characteristics of the thyristor
inverter, the DC-voltage has to be limited to 600 V. In
case of higher voltages, the over voltage protection system
will activate the electrical brake and stop the turbine.

As can be seen from the above described characteristics,
they are influencing each other. Higher turbine speed
gives higher turbine torque and, thereby, power, but the
higher speed also gives higher voltages. Too high voltages
will stop the generator. Higher aerodynamic torque from
the turbine requires higher electrodynamic torque and,
thereby higher current from the generator, which will
decrease the voltages. The conclusion is that there is a





narrow path to follow with increased speed, increased
torque, increased current and, consequently, a limited
increase in voltage.
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Figure 3: Generator DC-Voltage as a function of DC-
current at different speeds.
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Figure 4: Generator shaft torque as a function of DC-
current at different speeds.

3.3 Control of the wind turbine

The experimental experience has been taken from the
operation of the wind turbine at Chalmers test station.
See Photo 1.

Due to the PM-generator, diode bridges and stall
regulation, only the magnitude of DC-current can be
directly controlled. The control of the wind turbine is
carried out according to the control scheme in Figure 5.
The torque reference is translated to a current reference
by a model of the electrical system. The control can be
divided into different modes of operation.

e Standby: The wind turbine is waiting for the right
conditions to start up. The turbine cannot start to rotate
from aerodynamic forces. A hydraulic system will
start the rotation and spin the turbine up to 40 rpm, at
which point the wind forces take over. No load is
applied below 50 rpm.

e Ramp up:. Softly increases the load until it reaches
the optimal curve.

e Optimal: Within the optimal control there is a
standard optimal regulator, which sets the torque
reference value by a constant multiplied by the square
of the rotor speed. To prevent fast changes in the rotor
speed there is also a part influencing the torque
reference due to speed changes.

e Stall: In Stall mode the turbine stalls and the
maximum output power depends on the turbine speed.
The operator sets the reference speed. The stall speed
controller is a PID-controller with a low pass filter.

e Retardation: In the retardation mode, the speed of the
turbine is slowed down in a controlled way. At high
speed, the current is set to give a maximum generator
torque and as the speed slows down, the torque
reference is set down. A low pass filter is used to
smooth out current changes.
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Photo 1: The experimental wind turbine at Chalmers test
station.
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Figure 5: The layout of the different control modes in the
wind turbine controller.

The control criteria can be visualised as in Figure 6. The
control of the generator dc-current has to follow the black
line in the figure to obtain optimal operation between 55
and 71 rpm and to have no over voltage between 71 and 74





rpm and finally limit the speed to 74 rpm to avoid too high
power. The different limits are also shown in the figure;
Ramp up, Optimal current-speed curve, DC-Voltage
controller(current), Maximum torque current limit and
stall speed limit.

Generator current controller.
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Figure 6: Generator current as a function of the generator
speed in different control modes. Theoretical layout.
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Figure 7 shows the wind turbine operation results. As
can be seen, the electrical control, i.e., the DC-link current,
agrees with the theoretical outlines rather well. The
electrical brake current control can also be seen in the
figure as current varies between 70-80 A. The measured
data have been obtained from the operation of the wind
turbine for a couple of minutes, including a start and a
braking with the electrical brake, at wind speeds around
10-14 m/s.

BO0 . . 4
7004 Elbrake P
60.0- :
Stall —_—
- 50.0- . Voltage~_ -
DC-link .
current Optlmal
[Al 40.0- Ramp-up
30,0+
200 :
s nghets™
100- =
BU '-'I- | 1 I 1 1 ‘i]
4 50 55 B0 E5 0 75 &

Generator speed [rpm]

Figure 7: Generator DC-current as a function of the
generator speed in different control modes. Results from
operation of the wind turbine.

Temperature measurements have been carried out and

they show a stable temperature of 48 OC in the winding of
one stator coil. During the single day of operation, the
average output power was about 28 kW, the ambient

temperature was 12 °C and the wind speed was between
11 and 14 m/s.

4. CONCLUSIONS

The results of the measurements and the theoretical
evaluation reveal good system performance, but there is
a need to match the control very closely with the design
to optimise the use of the generator.

Due to the diode rectifier and thyristor inverter a
DC-current breaker is introduced and due to the absence
of aerodynamic brakes it is necessary to have an electric
brake. Furthermore, this system with a PM-generator,
diode rectifier and stall regulation makes a rather
complex control system.

The project also demonstrates that a wind turbine
system with a direct driven permanent magnet, low-
speed generator and a frequency converter is well suited
for up-scaling today’s commercial sized wind turbines.

5. FUTURE WORK

The work with the control algorithms will be
continued to achieve safe operation and high energy
production.

The heating of the generator will be investigated at
high power operation.

The voltage change due to speed and power changes
is significant in this configuration with parallel
capacitors. It will be further investigated if there can be
an improvement made by connecting the capacitors in
series with the stator coils. Another interesting solution
of the problem is to introduce active transistor rectifiers
at each stator coil.
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RESEBERATTELSE IMTS 2003 PA GOTLAND.

Avrets Informal Meeting of Test Stations, det 21: a i ordningen, hélls den 24: e till 25:
e september i Vattenfalls byggnad pa Nasudden, Gotland. Métet arrangerades pa ett
foredomligt satt av Goran Ronsten, FOL.

Motet samlade 24 deltagare fran 8 lander.

Motet inleddes med att Helena Andersson pa Gotlands kommun berattade om det
omfattande miljoarbetet pa Gotland. Man har som langsiktig malsattning att infora
kretsloppstdnkande och anvanda sig av enbart fornyelsebar energi. Eko-strategin visar
sig till exempel i miljéundervisning redan fran daghemsstadiet och uppat. Hogskolan
pa Gotland har kurser i t.ex. vindkraftteknik. Andra exempel ar miljoanpassade hus,
biobranslen och biogas i fjarrvarmenétet samt tankstationer med rapsolja (RME) for
fordon.

Problemet med tillréckligt noggranna vindmétare belystes av bland annat Jan-Ake
Dahlberg, FOI. Han har gjort noggranna undersokningar pa skalkorsanemometrar i
vindtunnel. Det visade sig att den fran anemometern avlasta vindhastigheten varierade
sa mycket att det kravdes medelvardesbildning 6ver atminstone 100 s for att fa ett
korrekt varde. Som referens anvandes en specialtillverkad propelleranemometer.
Méatningar visade att det inte var hdg turbulensintensitet i vindtunneln som gav den
instabila avlasningen. Snarare berodde det pa den komplexa stromningen runt
skalkorset. Standarden for anemometerkalibrering kommer troligen att justeras med
hansyn till de nya ronen.

Jenny Trumars fran Chalmers presenterade sitt paborjade arbete med studier av
vaglaster pa vindkraftverk till havs. Matningar av vaghojden och mekaniska laster
gors pa ett av Bockstigen-verken utanfor Nasudden.

M.P. Ramesh fran The Centre for Wind Energy Technology, C-WET, Indien
berattade om deras verksamhet. Provstationen &r beldgen i staden Chennai i sddra
Indien. Man har 40 anstallda och jobbar med kartldggning av vindresurser, forskning
& utveckling, certifiering, testning och informationsspridning.





Fran England rapporterades att NEG-Micon har tagit i bruk en stor bladtestanlaggning
pa Isle of Wight. Har testar man sina egna vingar av upp till 40 meters langd. Statiska
och dynamiska test utfors.

Forberedelser for batfard till B'c')é\kstlgen vindkraftpark.
Ett nytt center kallat NaREC, New and Renewable Energy Centre, ar under
uppbyggnad pa ett hamnomrade i Blyth i norddstra England. Det &r ett stort projekt
med bl.a. bladtesthall for blad upp till 70 m langd. Av speciellt intresse ar att de haller
pa att bygga upp ett helt nytt elkraftlaboratorium. Laboratoriet skall inrymma ett
”Low Power Network™ Det ar nu under uppbyggnad. Pa langre sikt planerar man dven
ett "High Power Network” Exempel pa komponenter i LPN &r olika typer av
generatorer med drivmaskin, svanghjulsenergilager med omriktare, dieselgenerator,
vindkraftverk, solcellanlaggning och vagkraftverk. Dessa kan kopplas ihop i olika
konfigurationer via natmodeller och transformatorer med lindningskopplare till olika
laster. De bilder jag sag pa presentationen visade elektriska maskiner pa gissningsvis
ca 25 kW.

De bygger ocksa upp en testrigg med dubbelmatad asynkronmaskin pa ca 25 kW.
Syftet ar att utveckla reglersystemet. Man &r ocksa intresserad av felfall och
transientbeteende.

Troels Friis Pedersen fran Riso berattade om deras nyetablerade provstation pa
Jyllandska vastkusten.

Erwin Werkhoven fran ECN beréattade om ett nyutvecklat moduluppbyggt distribuerat
matsystem, Dante, som ar speciellt lampat for utvardering av vindkraftverk. Maximala
samplingshastigheten &r dock begransad till 128 Hz vilket gor att det inte ar tankt for
elkvalitématningar.

Hans Ganander, Teknikgruppen AB, berattade om matsystemet pa Bockstigen
havsbaserade vindkraftpark.





Petteri Antikainen fran VTT, Finland, tog upp fragan om behovet av en provstation i
kallt klimat.

Magnus Ellsén, Chalmers presenterade institutionen for eltekniks arbete pa
vindkraftverks natinverkan, samt berdttade om institutionens provstation.

I samband med motet gjordes studiebesok i vindkraftverket Nasudden I1. Verket har
varldsrekord i antal producerade kwWh. Vi fick dven se HVDC light-stationen pa
Nasudden. Den utgor ena anden av en likstromsforbindelse med Visbytrakten pa 80
MW.

Flertalet deltagare f6ljde aven med pa en battur ut till de havsbaserade
vindkraftverken vid Bockstigen. En ny lejdare med gummirep, konstruerad av Sten
Dahlman, Teknikgruppen AB, demonstrerades i de relativt hoga vagorna. Idén &r att
lejdarens nedre ande fastgors i baten, sa att faromomentet att komma i och ur baten
minskas.

Motet avslutades med en diskussion om reglerna for IMTS. Det beslots att behalla
motets informella karaktar. En lagom storlek ar runt 20 — 30 personer. Proceedings
kommer endast att goras tillgangliga for deltagare.

C-WET, Indien och Ris6, Danmark har erbjudit sig att arrangera nasta mote. En
omrostning resulterade i att ndsta mote kommer att arrangeras av Ris6. Aven NaREC
erbjod sig att arrangera ett mote i framtiden.

Kvall p& Nasudden.
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Abstract

The objective of the project is to carry out research, maintain and run the Wind
Turbine at the Hono test station. The station is used in research projects as well as a
demonstration and a lab facility. The turbine is equipped with a permanent magnet
direct driven generator and an electrical system with a DC link suited for variable
speed operation. Research is focused mainly on the generator and its electrical system.
An investigation of series compensation of the PM generator has been made.
Theoretical studies have shown that the use of capacitors in series with the generator
windings in comparison to the present parallel capacitors could increase the power
output from the generator. Both theoretical calculations and practical tests show that
an increase of the power by 60 % is possible. Several study visits and an Open House
are arranged annually. The test station is financed by the Swedish Energy Board and
Goteborg Energi. The report is made within the project ”Drift av Hond provstation —
HONO”. The report describes research and other activities at the test station from the
project start 1 July, 2002 until the project end in 30 July, 2005.

1 Introduktion

Chalmers provstation for vindkraft startades 1984 och drivs av Institutionen for energi
och miljo, avd. for elteknik. Den ligger pa Hon6 i Goteborgs norra skirgard. Det
ursprungliga provaggregatet, en trebladig bladvinkel-reglerad turbin med vixellada
och en asynkrongenerator pa 40 kW direkt kopplad till elnitet, har byggts om vid ett
antal tillfdllen for olika prov. Forst modifierades aggregatet for variabelt varvtal med
hjédlp av ett elsystem med frekvensomriktare mellan generator och elnétet. Ett antal
prov gjordes med reglerstrategier vid variabelt varvtal och med olika konfigurationer
av elsystemet. 1991 gjordes en storre ombyggnad dir turbinen byttes ut till en
tvabladig overstegrings-reglerad turbin utrustad med gungledsnav. Vingprofilerna och
navkonstruktionen var en forstudie till vad som, med modifikationer, senare kom att
anvdndas 1 Nordic Windpowers 450 kW forsoksvindkraftverk i Lyse, och senare i
NWP1000-kraftverken.

Den senaste storre ombyggnaden planerades och genomfordes under aren 1996 till
1999. Vixelladan och den gamla generatorn togs bort och ersattes av en direktdriven
lagvarvig generator med tillhrande nytt elsystem. Vid ombyggnaden gjordes dven det
mesta av elinstallationerna om. Vindkraftverket utrustades med en ny reglerdator och
nytt reglerprogram. Mitsystemet moderniserades ocksa.

Utveckling och konstruktion av den direktdrivna generatorn har skett inom EU-
projektet "Directly Driven Wind Turbine Generator" didr Nordic Wind Power har varit
teknisk koordinator. Konstruktion och tillverkning av generatorn har skett i England.
Konstruktionen ér gjord vid University of Durham och UMIST. Tillverkningen har
skett vid The Morley Electrical Engineering Company Ltd i Leeds. Elsystemet &r
framtaget vid Chalmers.

Provstationen har genom aren ocksd anvénts vid prov av mindre aggregat for
batteriladdning, bl.a. SWIAB. Vidare har en komplett vind-dieselanliggning med





markeffekt pa ca 20 kW utvecklats och provats pa Hono innan den installerades pa
Svenska hogarna ldngst ut i Stockholms skérgard.

Provstationen fungerar ocksa som en demonstrationsanliggning och har arligen ett
flertal studiebesok. Oppet hus anordnas i samband med Vetenskapsfestivalen i
Goteborg.

Storsta delen av arbetet med huvudrapporten har utforts av Magnus Ellsén som ocksa
har tagit de flesta fotografierna.

Forfattarna tackar Energimyndigheten och Stiftelsen for forskning och utveckling vid
Goteborg energi for att genom finansiering ha mojliggjort projektet.

Slutrapporten #r gjord inom projektet “Drift av Hono provstation — HONO”.
(Energimyndighetens Dnr: 5210P-2002-02580, Projektnr: 11609-3) (Goteborg energis
Dnr: 02-141, Projektnr: 02-04) Rapporten beskriver forskning och 6vrig verksamhet
vid provstationen fran projektstarten 2002-07-01 till projektslutet 2005-07-30.

Fig. 1.1: Provstationen med omgivningar sedd fran det intilliggande Vestas-
vindkraftverket. Bilden &r tagen mot sydvést. Strax under bildens mitt star Chalmers
vita elbil parkerad med kaffebyssjan till vinster och kontrollbyssjan till hoger. Strax
vister om forsoksvindkraftverket star meteorologi-masten. Provstationen ligger i ett
omrade med mycket nyetableringar nira havet i véster.





2 Studier pa vindkraftverkets generator.

2.1 Syfte med studierna.

Huvudmalet med studierna av generatorn har varit att bade teoretiskt och med
métningar undersoka hur man sa effektivt som mojligt kan utnyttja generatorns fulla
kapacitet vad giller energiproduktion och tillgingligt vridmoment for
varvtalsreglering. De olika begrinsande faktorerna har undersokts.

En tanke med att anvéinda direktdrivna generatorer &r att slippa vixelladan, som har
visat sig vara en av de vanligaste felkéllorna i ett modernt vindkraftverk. Allt eftersom
kraftelektronikkomponenter utvecklas mot hogre prestanda och ldagre pris sa blir ocksa
den direktdrivna generatorn mer intressant genom att den forutsitter kraftelektronik
som anpassar spanning och frekvens till det allmidnna elnitet. En nackdel med
direktdrivna generatorer dr att de hittills har varit tyngre, och didrmed dyrare, dn
motsvarande konventionella kombination av vixellada och hogvarvig generator.
Intressanta nya mekaniska 16sningar for att drastiskt minska vikten med bibehallen
prestanda har pa senare tid tagits fram av bl.a. Staffan Engstrom, Agir Konsult AB.
Med tanke pa att direktdrivna generatorer sannolikt kommer att bli vanligare i
framtida vindkraftverk, sa kan forhoppningsvis resultat framtagna i den hir rapporten
vara av virde vid konstruktion av nya generatorer och elsystem. Hono-generatorns
konstruktion dr visserligen speciell i manga avseenden, men de flesta resultaten &r
anda allméngiltiga for direktdrivna permanentmagnetiserade vindkraftgeneratorer.

2.2 Kort beskrivning av generator och elsystem.

Generatorn som sitter i Chalmers vindkraftverk pa Hono dr en direktdriven
permanentmagnetiserad synkrongenerator. Generatorn konstruerades 1996 och
byggdes som en experimentmaskin i effektklassen 40 kW vid 75 varv/min. Den &r en
forstudie till en storre generator (500 kW) av samma slag. Arbetet utférdes i form av
ett EU-projekt. Konstruktionen dr gjord av Prof. Alan Williamson, Manchester och
Prof. Ed Spooner, University of Durham. Generatorn &r tillverkad av The Morley
Electric Engineering Company Ltd. i Leeds, England. Malet var att ta fram en
direktdriven generator speciellt anpassad till vindkraft. Turbinen dr alltsa kopplad
direkt pa generatoraxeln utan mellanliggande vixellada. Generatorn #r mycket
speciell da dess stator bestar av 27 enfasiga lindningar. Lindningarna dr monterade pa
var sin E-kérna av laminerat jiarn. E-kdirnans rygg omsluter ett ror som fungerar som
upphidngning av E-kdrnan och som kylkanal for omgivningsluften. Se Fig. 2.2.1.
Tanken med konstruktionen var att kunna variera antalet statormoduler samt deras
langd for att pa sa sitt kunna bygga generatorer av betydande storlek, och dnda halla
en mattlig storlek pa och kostnad for stansverktygen for statorplatarna. Faltflodet
skapas i rotorn med hjidlp av permanentmagneter. Da generatorn byggdes var
fortfarande moderna kraftiga neodymmagneter sa pass dyra att konventionella
ferritmagneter valdes. For att astadkomma tillrickligt kraftigt flode har
flodeskoncentratorer av  jarn anvédnts. Dessa samlar upp flodet fran
permanentmagnetens pol och koncentrerar det pa rotorpolen. Statormodulerna &r
egentligen anpassade for den storre generatorn pa ungefar 500 kW. Hondgeneratorn
ligger pa grinsen for hur liten maskin som kan byggas med dessa moduler. Det gor





generatorn forhallandevis stor och tung i forhallande till sin uteffekt pa ca 40 kW.
Avsikten var att kunna prova ut modulerna innan den storre maskinen byggdes. Data
pa generatorn finns samlat i kapitel 2.17.

Fig. 2.2.1: Mekanisk uppbyggnad av Hono-generatorn.

Vixelspanningen fran de 27 statorlindningarna likriktas i lika manga enfasiga
likriktare som i sin tur hopkopplas pa DC-sidan och bildar ett gemensamt
likspéanningsled. Se Fig. 2.2.2. Parallellt med varje statorlindning sitter en kondensator
for kompensering av det induktiva spinningsfallet i lindningen. Vidare véxelriktas
DC-mellanledsspanningen ut till det allmidnna nétet via en tyristorvixelriktare.
Styrningen av generatorns moment sker genom styrning av strémmen genom
vixelriktaren. P4 DC-mellanledet sitter en elektrisk broms som kan stanna
vindkraftverket genom att kortvarigt brinna energin 1 en resistans. Den anvinds om
man far ett nitbortfall eller om det blir nagot fel pa tyristoromriktaren, sa att man inte
kan mata ut energin pa elnitet. Generatorn, elsystemet och styrningen beskrivs mer
detaljerat i (App. F och G).
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Fig. 2.2.2: Hono-generatorns elsystem med parallellkompensering. Varje statorspole
ar representerad av sitt ekvivalenta schema (Upm, R, L). Den 6vre grenen bestar av 14,
och den nedre 13 moduler. Modulerna i bada grenarna ar inbordes kopplade parallellt
med varandra efter diodlikriktaren. Grenarna i sin tur dr kopplade i serie med
varandra.  Glittningskondensatorerna Cpc  dr pa 3300 pF  vardera.
Parallellkompenseringskondensatorerna C,, dr pa 60 uF vardera.

2.3 Kompensering, allmiint.

I en generator omvandlas som bekant mekanisk energi till elektrisk genom utnyttjande
av elektromagnetisk induktion. De inducerade spinningarnas och strommarnas storlek
ar bl.a. proportionella till hur hastigt magnetfiltet varierar. Ju snabbare
rotationshastighet desto snabbare varierar magnetfiltet. Pa en direktdriven
vindkraftsgenerator #r varvtalet lagt, eftersom det maste stimma med ldamplig
rotationshastighet for den stora turbinen. For att halla uppe spédnningen trots den
relativt langsamma rotationshastigheten har man tagit till ett antal olika atgirder som
okad diameter pa rotorn, vilket leder till hogre periferihastighet, 6kat antal poler i
statorn och rotorn, samt Okat antal lindningsvarv i statorn. Det relativt stora antalet
lindningsvarv i denna typ av lagvarviga maskiner leder till att de har en stor induktans
jamfort med mer konventionella synkronmaskiner. Det innebir att spianningsfallet
som uppstar over induktansen ndr man belastar maskinen blir oacceptabelt stort om
inte nagon motatgird sitts in. Eftersom generatorn har permanentmagneter for att
skapa filtet, sa kan man inte heller reglera utspinningen genom att variera filtet.
Sammantaget leder det till att man inte far ut mer 4n en liten del av maskinens
markeffekt. Nagon form av kompensering av det induktiva spianningsfallet maste
alltsa ordnas.





2.3.1 Diodlikriktare kontra styrd likriktare.

Kompensering av det induktiva spanningsfallet dr samma sak som att tillfora
maskinen reaktiv effekt. Det kan ske pa olika sitt. Eftersom man vill att
vindkraftverket skall kunna ga med variabelt varvtal sa har generatorn konstruerats
med tanke pa att anvindas tillsammans med en likriktare och efterféljande
vixelriktare. Bland annat sa dr frekvensen pa spédnningen fran generatorn endast 30
Hz vid mérkvarvtalet 75 varv/min.

Ett elegant sitt att astadkomma reaktiv effektkompensering dr att anvidnda en styrd
likriktare. I en sddan kan man styra den reaktiva effekten. En nackdel i detta
sammanhang ir att den aktuella Hono-generatorn dr uppbyggd av 27 individuella
statorlindningar vilka alla behdver var sin egen enfasiga likriktare. Det skall jamforas
med en trefasmaskin som skulle behova endast en, men storre trefaslikriktare.
Eftersom en styrd likriktare &ar avsevidrt mer komplex och dyr &n alternativet
diodlikriktaren, sd har den senare anvints i Hono-vindkraftverket. En diodlikriktare
kan inte producera reaktiv effekt eftersom strommen och spidnningen pa
vixelstromssidan alltid ligger i fas med varandra. Darfor maste nagon annan
kompenseringsmetod anvéndas.

2.3.2 Parallellkompensering kontra seriekompensering av
generatorn.

Kondensatorer anvidnds ofta for att kompensera for reaktiv effektforbrukning. Oftast
kopplas de parallellt med den maskin eller utrustning de skall kompensera. Ett
exempel dr kondensatorn som sitter i lysrorsarmaturer for att kompensera for
induktansen 1 den strombegrinsande drosseln. Ett annat exempel &r
kondensatorbatterier som kopplas in parallellt med asynkrongeneratorn i
konventionella vindkraftverk for att forse den med reaktiv effekt, sa att
vindkraftverkets effektfaktor hamnar néra 1 vid full effekt fran vindkraftverket. I bada
dessa fall bestams spidnningen Over utrustningen i huvudsak av elnitet. Hade inte
kondensatorerna funnits dir sa hade den erforderliga reaktiva effekten tagits fran
elndtet med Okad nétstrom och Okade resistiva forluster i nitet som f6ljd. Den aktiva
effekten hade inte paverkats naimnvirt.

I fallet med en direktdriven permanentmagnetiserad generator kopplad till en
diodlikriktare sa kan det reaktiva effektbehovet inte tillgodoses av elnitet. Det yttrar
sig 1 att generatorns spanning istédllet sjunker vid uttag av aktiv effekt om den reaktiva
effekten inte tillférs pa nagot annat sitt.

Honogeneratorn ar i sitt nuvarande ursprungliga utférande forsedd med kondensatorer
parallellt med statorlindningarna. Den reaktiva effekten som produceras av
parallellkondensatorerna &r varvtalsberoende, men foljer inte generatorns behov av
reaktiv effekt som okar med okad generatorstrom. Det ger bra prestanda vid dellast
genom att generatorns spanning halls uppe med ldgre generatorstrom som foljd fér en
viss last. I gengidld rasar generatorspinningen Over en viss uttagen strom, da
parallellkondensatorernas reaktiva effektproduktion inte blir tillrdcklig. En
begrinsande faktor for hur mycket parallellkompensering som kan anvindas, och
ddrmed maximalt uttagbar generatoreffekt dr generatorns tomgangsspianning med
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kondensatorerna anslutna. Kondensatorn maste dimensioneras sa att den ar avsevért
mindre dn den storlek som ger maximal uteffekt. Annars blir tomgangsspanningen
och strommen mellan generatorlindningen och kondensatorn allt for hog. Det
avgorande for hur ndra optimal kondensatorstorlek man gar blir da dels
spanningstaligheten for lindningsisolationen, kondensatorerna och diodlikriktaren,
samt tillaten likledsspinning och dels hur mycket forluster man kan tala i generatorn
pa grund av den reaktiva strommen mellan kondensator och lindning.

Generatorns behov av reaktiv effekt och en kondensators produktion av reaktiv effekt
ar proportionell till strommen som flyter i1 generatorlindningen respektive
kondensatorn. Ett sétt att utnyttja detta faktum &r att koppla kondensatorn i serie med
generatorlindningen i stillet. Metoden som redan fére 1933 angivits av Dr. Dreyfus ",
ref. [4], har fordelen att man vid ett visst varvtal, t.ex. markvarvtal kan tillata full
kompensering av generatorn utan problem med Overspinning. Full kompensering
kommer da att rada for alla belopp pa generatorstrommen upp till mérkstrom. Det
leder till att maximalt uttagbar effekt fran generatorn med seriekompensering okar
jamfort med parallellkompensering. Tomgangsspanningen kan aldrig bli hogre dn
generatorns tomgangsspanning utan kompensering, eftersom vid tomgang r
strommen i seriekompenseringskondensatorn noll och den kan da inte bidra till att
hoja tomgangsspanningen. Vid seriekompensering behovs storre kondensatorer. Man
far ocksa lagre effekt vid lagt varvtal jamfort med parallellkompensering. Det dr dock
mindre betydelsefullt i vindkrafttillimpningar eftersom vindturbinens effekt ocksa &r
lag vid lagt varvtal.

Teori och dimensionering av parallellkompensering beskrivs 1 ref. [3].
Seriekompensering av en trefas PM-generator med diodlikriktare behandlas i ref. [2].
En anledning till att parallellkondensatorer @nda valdes da elsystemet forst
konstruerades kan vara att det dr det traditionella sittet att 16sa problemet, generatorn
kan ge mer effekt och vridmoment vid laga varvtal samt farhagor om att skadligt hoga
spanningar 6ver lindningarna och 6ver seriekondensatorerna skulle kunna uppsta.

" Dreyfus, Arthur L u d w i g, elektrotekniker (f. 22/10 1885). Han blev doktoringenjor i Miinchen
1909, var sedan anstilld hos A.E.G., Berlin, och ér sedan 1919 ingenjor hos ASEA, Visteras. D. har
utféort och publicerat ett stort antal mycket virdefulla undersokningar, frimst inom
elektromaskinomradet, ddribland sadana, avseende genomslag hos fasta isolermaterial,
kommuteringsteorien med sérskild hénsyn till svagstromsstorningar, kaskadkopplade maskinaggregat
samt konstruktion av tagbelysnings- och bagsvetsningsaggregat. D. erholl 1934 Cedergrensmedaljen.
(Killa: Nordisk familjebok 1952 ars upplaga.)

2.4 Examensarbeten

I ett examensarbete utfort pa Chalmers av Martin Bartholet och Christof Zwyssig,
App. A, jamfors serie- och parallellkompensering av Honogeneratorn. Ett flertal
miétserier har utforts pa Hono. Rapporten visar att de teoretiska fordelarna med
seriekompensering av generatorn &r stora. Man kan fa ut hogre effekt och man slipper
problem med dverspianning vid lag last nir vindturbinen gar pa eller ndra mirkvarvtal.
Praktiska forsok har gjorts som stimmer vil overens med modellen av generator och
elsystem. For att kunna méta pa seriekompenseringsalternativet sa har en av de 27
generatorspolarna kopplats bort fran det ursprungliga elsystemet. Denna spole har i
stdllet kopplats till en experimentuppkoppling med seriekondensator, diodlikriktare,
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likledskondensator och en resistiv last. Att bygga om hela elsystemet har @nnu inte
varit mojligt inom de ekonomiska ramarna. Resultaten visar att serieckompensering &r
ett béttre alternativ dn parallellkompensering. I simuleringsmodellen begrinsas mojlig
uttagbar effekt endast av statorlindningens inre resistans. Mitningarna i rapporten
begrinsar sig dock till den max-strom som anvints i parallellkompenseringsfallet.
Anledningen ir att vid tiden for examensarbetet sa radde osikerhet om det forelag risk
for avmagnetisering av rotorns permanentmagneter vid hoga strommar.

a) : : b)
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Fig. 4.8: DC power as a function of DC current for different speeds with parallel
compensation. a) Simulation results, b) measurements.
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Fig. 4.9: DC power as a function of DC current for different speeds with full series
compensation at 75 rpm. a) Simulation results, b) measurements.

Fig. 2.4.1: Grafer ur examensarbetet av Martin Bartholet och Christof Zwyssig.
Simuleringarna  visar att seriekompensering kan ge hogre effekt &n
parallellkompensering. Matningarna visar pa ungefar samma maxeffekt vid parallell-
som seriekompensering pa grund av restriktioner i maximalt tillaten strom.

Ett annat examensarbete som ocksa har inriktats pa studier av seriekompensering har
utforts vid Chalmers av Musie Gher. Rapportskrivningen ir i sin slutfas.
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2.5 FEM-modellering av generatorn, en doktorandstudie.

Honogeneratorn har anvints som studieobjekt av doktorand Ingemar Mathiasson pa
Chalmers. Generatorns magnetiska krets har analyserats och modellerats med finita
elementmetoden (FEM). Berdkningar har gjorts som resulterat i en
avmagnetiseringsstrom pa ca 12 A RMS, en generatorinduktans pa ca 106 mH, och ett
uppskattat antal lindningsvarv i statorn pa 323 varv. Vidare har inverkan av luftgapets
storlek pa tomgangsspanning och induktans undersokts. I arbetets andra del jamfors
parallellkompensering med serieckompensering. Denna jimforelse ger som resultat att
stora fordelar avseende tillgdnglig effekt kan uppnds genom att anvinda
serieckompensering. Rapporten pekar dessutom pa de situationer (varvtalsintervall) da
fordelar med parallellkompensering kan konstateras. Arbetet har mynnat ut i tva
rapporter som bifogas i Appendix B och C.

2.6 Teoretisk studie av spanningar, strommar och
magnetiskt flode i generatorn.

Som tidigare ndmnts i 2.4 begrinsades mitningarna pa generatorn och elsystemet
kopplat i serieckompensering i examensarbetet, (App. A) till en relativt lag stromstyrka
som inte kunde skada generatorns permanentmagneter. Det forenklade ekvivalenta
schemat som anvints vid simuleringarna tillater ddremot uttag av en orealistiskt hog
effekt ur generatorn. Det enda som begrinsar effekten &r spinningsfallet i
statorspolens inre resistans. Max effekt erhalls i det fallet om belastningen har en
resistans som &r lika stor som lindningens inre resistans. Vi far da vid ett varvtal av 75
varv per minut, om full kompensering anses rada, 8200 W fran varje generatorspole.
For alla 27 spolarna blir det 222 kW. Med tanke pa att generatorn &r konstruerad for
en effekt pa ungefir 40 kW sa finns det anledning att misstinka att den verkliga
maximala uteffekten dr betydligt lagre dn 222 kW. Till exempel har fenomen som
magnetisk méttning och temperaturhojning inte beaktats i ovanstaende resonemang.
For att ta reda pa vilka faktorer som kan verka begrinsande pa generatorns
mirkeffekt, maxmoment och tillaten strom vid anvindande av seriekompensering sa
krdavs en analys av hur strommar, spanningar och magnetfélt ser ut 1 maskinen vid
olika belastningsfall.

Generatorn kan beskrivas med ett ekvivalent schema enligt Fig. 2.6.2. Dir
symboliseras den inducerade tomgangsspinningen i ankarlindningen av
spanningskillan Ef. I serie med E¢ finns spolens induktiva reaktans, jX. Den éar
uppdelad pa tva delar. Den ena delen ér relaterad till det flode som kopplas till rotorn
(féltet), jXo. Den andra delen, jX|, dr relaterad till maskinens lickflode. Det dr det
flode som sluter sig runt statorlindningen men inte passerar rotorn. Vidare finns i serie
med E; statorlindningens likstromsresistans R,. E; kallas luftgapsspanning och V, ar
generatorns kldmspédnning.

2.6.1 Tomgang

Fig. 2.6.1 forestiller visardiagrammet for generatorn i tomgang. Vi ser att inducerade
spanningen, E¢, och kldmspédnningen, V, dr lika stora och ligger 1 fas eftersom det inte
blir nagot spinningsfall Over de induktiva reaktanserna eller resistansen nér
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strommen, I, dr noll. Ndr rotorn dr i rorelse sa passerar omvixlande nord- och
sydpoler pa permanentmagneterna forbi en statorpol. Eftersom ingen strom flyter i
statorlindningen sa bildas inget magnetfilt av statorspolen. Flodet i statorjdrnet
kommer darfor att védxla i fas med magnetpassagerna. Det representeras av de lika
stora flodesvektorerna for filtflodet, ®f, och ®r som idr det resulterande
luftgapsflodet.

Fig. 2.6.1: Visardiagram vid tomgang.

En generator av den hir typen konstrueras ofta sa att flodet i statortanden vid tomgang
ligger ndra méttning av jarnet nidr en rotormagnetpol star rakt for en statortand. Det
gor man bland annat for att det ger bra materialutnyttjande i generatorn.

Den inducerade spédnningens oOgonblicksvdrde 4r proportionell till antalet
lindningsvarv, N, och tidsderivatan av luftgapsflodesdndringen:

dd
e, =—N*"— 1
f 7 (1)

Ju storre flodesdndring desto hogre blir den inducerade spanningen. Flodesandringen
gar genom noll (byter tecken) ndr en rotorpol star rakt for statorspolens pol. Det
betyder att spinningen da dr noll. Pa motsvarande sitt erhalls maximal spianning varje
gang en rotorpol befinner sig mitt emellan tva statorpoler.

Vinklarna mellan vektorerna i visardiagrammet anges i elektriska grader. Med 360
elektriska grader menas vinkeln mellan tva efterféljande nordpoler pa rotorn. Nér
rotorn vridit sig 360 elektriska grader sa har den inducerade spidnningen gjort en
period och forloppet upprepas darefter.

Om 0 = 360 elektriska grader definieras med att en rotornordpol star rakt for en
statorspoletand (Rotorféltet nar sin positiva topp) sa ligger alltsa den inducerade
spanningens positiva toppviarde pa 90° enligt ovanstaende resonemang. Man kan
ocksa sédga att den inducerade spianningen ligger 90° efter rotorfiltet, vilket kan ses i
visardiagrammet.
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Fig. 2.6.2: Generatorns ekvivalenta schema.
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2.6.2 Resistiv last

Om vi tinker oss att vi kopplar in en belastning till statorspolen i form av en resistans,
Riast, s@ kommer visardiagrammet att se ut som i Fig. 2.6.3. Vi far nu en ankarstrom,
I,, genom kretsen som ger upphov till spinningsfall Gver reaktanserna och
spolresistansen. Spédnningsfallet Over reaktansen ligger 90° fore strommen genom
reaktansen. Spanningsfallet 6ver reaktansen leder till en fasvridning mellan E¢ och V..
Vidare ger ankarstrommen upphov till ett ankarreaktionsflode, @,, som
vektorsummerad med filtflodeskomponenten resulterar i luftgapsflodet, ®,. Notera att
ankarreaktionsflodet alltid har samma riktning som strommen. Vidare ligger
luftgapsflodet alltid 90° fore luftgapsspianningen E,.

I V=R

-a

I R 1

last =a a=a

Fig. 2.6.3: Visardiagram for resistiv last.

Om man tidnker sig att vi gar fran tomgang till kortslutning genom att successivt
minska resistansen i en resistiv last, Ry, som vi anslutit till generatorn, sa kan vi
observera foljande:

Samtidigt som statorstrommen I, okar fran noll till kortslutningsstrom sa minskar V,
fran tomgangsspédnning till noll, samtidigt som vinkeln mellan Ef och Vt okar.
Effekten i den resistiva lasten, Ppg, gar saledes fran noll upp till ett maximum
nagonstans pa halva vigen och minskar direfter igen till noll vid kortslutning,
eftersom,

Plusi = Vi 1, (2)

Vridmomentet, T, dr proportionellt till den aktiva effekten i lasten:

T = L 3)
wr
déar
P axeleffekt
w, axelns vinkelhastighet
Vridmomentet kan ocksa uttryckas som:
T=®,PD, sin O 4)
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dir
() vinkeln mellan @, och ®,,

Fig. 2.6.4 illustrerar hur visardiagrammet forindras nir lastresistansen minskas sa att
ankarstrommen Okar. Notera hur klamspidnningen minskar nér strommen Okar.

, E

D

L Ra la

last =a

_’ }'
7 > R

Fig. 2.6.4: Visardiagram for generatorn vid tva olika
vérden pé den resistiva lasten.

2.6.3 Kortslutning

Statorspolen ér kortsluten; V. = 0. Enligt Lenz lag sa driver en kortsluten spole en
strom med sadan riktning att flodesidndringen motverkas. Statorjirnet utsétts nu for
filtet fran rotormagneterna, @, och det (ndstan) lika stora motriktade filtet fran
strommen i statorspolen, ankarreaktionen, ®,. Det resulterande flodet i statorjdrnet
(luftgapsflodet) blir darfor néra noll.

Anledningen till att ankarreaktionsflodet inte blir precis lika stort som féltflodet ar att
en del av flodet blir ldckflode. Pa grund av spinningsfallet Gver resistansen i
statorspolen blir vinkeln mellan ankarreaktionsflodet och filtflodet nagot mindre dn
180°. Vridmomentet blir 1lagt, och motsvarar forlusteffekten i maskinen.
Kortslutningsstrommen (och ankarreaktionen) ligger alltsa ndra 180 elektriska grader
efter rotorféltet. Den stationdra kortslutningsstrommen blir normalt i storleksordning
med mérkstrom.
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L2 R I

Fig. 2.6.5: Visardiagram for generatorn vid
kortslutning.

2.6.4 Seriekompensering

L -+
_I_
L
Ef@ =r I_/;ZO

Fig. 2.6.6: Ekvivalent schema for kortsluten
statorspole.

I Fig. 2.6.4 sa kan man se att spanningen 6ver lasten sjunker kraftigt vid 6kande strom
beroende pa spianningsfallet 6ver induktansen. Det gor att den uttagbara effekten blir

starkt begrinsad. Om man kunde fa

statorstrommen att ligga 1 fas med

tomgangssemkn, E¢ sa skulle man endast fa ett mindre spinningsfall 6ver den inre

resistansen.

Detta kan ordnas med en kondensator, C, inkopplad i serie med lasten 1 enlighet med

Fig. 2.6.7.
]X¢ ])(l Ra C Rlast
M —
n e
+ —
Ef@ =r - Vt Qlast

Fig. 2.6.7: Ekvivalent schema for
serieckompensering och resistiv last.
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@ For att erhalla maximal uteffekt sa skall
— S ————— 2 seriekompenseringskondensatorn
/ dimensioneras sa att kapacitiva reaktansen
/ ar lika stor som generatorns induktiva
/ reaktans. Hirvid kompenserar man helt
for spanningsfallet Over induktansen i
; maskinen och statorstrommen kommer i
, fas med spinningskomponenten alstrad av
,/ faltflodet (tomgangsspinningen). Man
/ sdger att full kompensering rader. Detta
/ illustreras av de heldragna vektorerna i
/ Fig. 2.6.8.  Observera att  full
U E kompensering endast uppnas vid en viss
———————————— > frekvens (Motsvarar ett visst
generatorvarvtal.) Om frekvensen minskar
X I sa kommer spanningen 6ver kondensatorn
97a att 6ka och spidnningen Over induktansen
att minska.

IS
N
N

a=a  kompensering giller att om man hdojer

|
|
|
|
|
I
|
| .
AN | Ip T Vid den frekvens som ger full
N
! : :
+ strommen i kretsen genom att minska
|

|
AN
| ‘L resistansen Ry, s& kommer fortfarande
| : full kompensering att rada eftersom
\AY spanningsfallet Over kondensatorn och

induktanserna bada kommer att oka lika

o mycket. Spanningen dver lasten sjunker en

Fig. 2.6.8: Visardiagram for aning, pa grund av att spanningsfallet Gver
seriekompensering och resistiv last. R, okar. En oOkning av strommen till

dubbla virdet illustreras av streckade vektorer i Fig. 2.6.8.

Om vi studerar flodesvektorerna sa ser vi att filtflodet har oforindrad lingd eftersom
flodet kommer fran permanentmagneter och saledes #r konstant, samt oférindrad
riktning eftersom full kompensering fortfarande rader. Ankarreaktionsflodet har okat
proportionerligt till strommen. Det leder till att det resulterande luftgapsflodet ocksa
Ookar. Om man berdknar Okningen i vridmoment med ekv. (4) sa ser man att
vridmomentet 6kar proportionerligt mot 6kningen av strémmen.

2.6.5 Magnetisk méattning

Det faktiska flodet i maskinen, luftgapsflodet, dr som tidigare visats vektorsumman av
faltflodet fran permanentmagneterna och flodet fran strommen i ankarlindningen.
Luftgapsflodet kan inte bli hur stort som helst eftersom statorjdrnet i generatorn
mittas om ankarstrommen Okas ytterligare. Mittning medfoér att induktansen i
ankarlindningen minskar. Det medfor i sin tur att spanningsfallet 6ver induktansen
minskar. Vi far da 6verkompensering, eftersom spanningsfallet ver kondensatorn nu
ar storre dn spanningsfallet 6ver induktansen. Uteffekten sjunker eftersom spianningen
over lasten sjunker pa grund av att vi har 6verkompensering.
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De streckade vektorerna i Fig. 2.6.9 ar lika
dem 1 Fig. 2.6.8. De heldragna vektorerna
visar situationen didr strommen dr 1.5
ganger sa stor som de streckade vektorerna
indikerar. Vid denna stromstyrka tdnks
statorjdrnet ha kommit in i
méttningsomradet och den maximala
langden pa luftgapsflodesvektorn &r i stort
sett uppnadd. Man kan se att spdnningen
over kondensatorn har blivit 1.5 géanger
storre, men spanningen 6ver induktansen
har bara blivit 1.2 ganger sa stor som i den
streckade figuren.

Eftersom vridmomentet dr beroende pa
langden av luftgapstlodesvektorn,
ankarreaktionsflodesvektorn och vinkeln
mellan dem enligt ekv. (4) sd begrinsas
dven momentet nir maskinen mittas.

‘;i_?
i

A

AN

precis  uppnatt mittning och  full
kompensering rader. Om man hdojer
X I strommen sa far man Overkompensering

¢=a och moment och spidnning Over lasten
\ minskar. Om man ddremot  Okar

|
|
|
|
N
N
N
N
N
v
| Ak Max vridmoment erhalls nir luftgapsflodet
LA
Fl
v

U = 1 A kapacitansen sa att vi fortfarande har full
= _jT—“ JX 1, kompensering, si blir maxmomentet
‘v ungefir bibehdllet. Det #r inte tillatet att

; ;a vektorsummera faltflodet och

ankarreaktionsflodet nér jdrnet dr mdttat,
eftersom vektorsumman da inte kan bli

Fig. 2.6.9: Visardiagram for lingre

serieckompensering och resistiv last
vid méttning av statorjirnet.

2.7 Generatordata fran konstruktorerna och tillverkaren.

Under konstruktionsskedet av generatorn sa férekom utbyte av information om
generatorns elektriska konstruktion mellan Chalmers och konstruktorerna. Pa grund
av en dndring av generatorns mérkspanning i sista stund innan tillverkning, sa erholls
aldrig den slutliga versionen av konstruktionsparametrarna och beridknade storheter
som till exempel antal lindningsvarv och berdknad maxstrom. Detta har inte
uppmirksammats forrdn langt efterat da det blev aktuellt att prova seriekompensering.
Forfragningar om de aktuella parametrarna till konstruktorerna och tillverkaren har
gjorts utan resultat.

Det har dock visat sig att dndringarna fran det ursprungliga berikningsunderlaget
troligen inskrianker sig till ett dndrat antal lindningsvarv, dndrad traddiameter och
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eventuellt nagot dndrade matt pa statorkdrnan. Det finns ocksa uppgifter i (App. F) om
beriknad tomgéangsspinning och induktans efter den sista dndringen. Genom att
jamfora berdkningsunderlaget med métningar sa har i kapitel 2.17 ett forsok gjorts att
sammanstilla generatorns viktigaste data.

2.8 Tillvagagangssitt vid métningar pa generatorn pa Hono.

Eftersom generatorns stator bestar av 27 st. identiska moduler som endast har en
marginell magnetisk koppling till varandra, sa har métningarna pa generatorn utforts
genom att en av de 27 generatorspolarna, betecknad SCI1, kopplats bort fran det
ursprungliga elsystemet. Denna spole har 1 stillet kopplats till den
experimentuppkoppling som man vill mita pa. Till exempel en krets for
seriekompensering med seriekondensator, diodlikriktare, likledskondensator och en
resistiv last. De Ovriga 26 spolarna dr kopplade till det ursprungliga elsystemet.
Vindkraftverket kan pa detta sitt hallas pa olika operatorsvalda nagorlunda stabila
varvtal med hjdlp av det ursprungliga elsystemet ihop med vindkraftverkets
reglerdator. Samtidigt kan man belasta spolen som &r kopplad till experimentkretsen
efter behag utan att det paverkar varvtalet. Reglerdatorn kompenserar genom att
reglera effektuttaget i resten av generatorn. En forutsidttning dr att vinden dr lagom
stark och inte for turbulent. Vind med lag turbulens ger en stabilare varvtalshallning.
Noggrannheten i varvtalsregleringen ar ungefir +/- 0,5 varv/min i mitningarna.

Experimentkopplingen och métsystemet var under métningarna placerat i en byssja ca
30 m fran vindkraftverket. I byssjan finns dven delar av vindkraftverkets elsystem
samt vindkraftverkets regler- och mitutrustning. Generatorn #r ansluten via en
tornkabel till likriktarskapet placerat pa tornfundamentet. I likriktarskapet har
ledningarna fran en generatorspole temporirt bortkopplats fran sin likriktare. I stillet
kan en forldngningskabel anslutas. Forlingningskabeln rullas ut pa marken mellan
likriktarskapet och byssjan vid varje prov. Mitsystemet beskrivs i kapitel 3.

Bilden i Fig. 2.8.1 visar experimentutrustningen for seriekompensering. Den undre
ladan med dorr innehaller kondensatorer for kompensering av generatorspolen och for
glittning av likledsspanningen. Vidare innehéller ladan en diodbrygga for likriktning
av generatorstrommen. Den Gvre ladan innehaller mitdon for strom och spidnning.
Ladan till vinster pa golvet dr en variabel belastningsresistans. Pa bilden syns ocksa
examensarbetare Musie Gher.
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Fig. 2.8.1 Utrustning for prov med seriekompensering av en statorspole.

2.9 Mitning av generatorns resistans. Inverkan av
temperaturindringar.

En resistansmitning av statorspole SC1 och anslutningsledningar har gjorts. Ett
likspinningsaggregat placerat 1 byssjan anslots till statorspolen via forldngningskabel
och tornkabel. Strommen genom spolen och spidnningen Gver spole och kablage
registrerades. Generatortemperaturen var 19 grader C. Aven kablaget holl ungefir 19
grader C. Utetemperaturen var 16 grader C och det var soligt. Den totala resistansen
erholls som

R =ﬁ=7—'0=1.759 (5)
3.99

tot
Idc

Anslutningskablarnas resistans vid 19° C beriknades till ca 0.64 ohm. Statorspolens
resistans blir da

R,ec=R, —R,,, =175-0.64=1.11 Qvid 19° C. (6)
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Resistiviteten i koppar okar med stigande temperatur. Statorlindningens isolation tal
en temperatur av max 130° C. Lindningens resistans vid denna temperatur kan
berdknas som

R2=RI(I+a-At)=1.11(1+3.9-107 - (130 - 19)) = 1.6 Q vid 130° C @)

dir o dr temperaturkoefficienten for koppar och At dr temperaturskillnaden mellan R1
och R2. Den verkliga resistansen kan eventuellt bli nagot hogre pa grund av
stromfortrangning 1 lindningen. Eftersom stromfortringningen okar med Okande
frekvens, och generatorn jobbar pa en relativt lag frekvens sa bedoms
stromfortrangningen bara ha en mattlig paverkan pa resistansen. Pa stora
nitinkopplade synkronmaskiner brukar man rdkna med en effektiv resistans i drift
som &r 1.6 ganger sa stor som likstromsresistansen vid rumstemperatur.

2.10 Tomgangs- och kortslutningsprov.

For att fa fram virden pa parametrarna i generatorns ekvivalenta schema sa har bl. a.
ett tomgangs- och kortslutningsprov utforts.

2.10.1 Tomgangsprov

Provet utférdes som en del 1 examensarbetet 1 App. A, 2.2.2. For att kontrollera hur
stora de individuella variationerna dr mellan de olika statorspolarna sa utfordes denna
métning pa tre olika spolar. Spanningen Over den olastade statorspolen registrerades
vid olika varvtal. Inga betydande skillnader mellan de olika spolarna kunde
konstateras. Den inducerade tomgangsspanningen visade sig som vintat vara
proportionell mot varvtalet. Tomgangsspanningens grundton filtrerades fram och dess
effektivvirde bestdmdes till 2.56 V/varv/min, eller 192 V vid 75 varv/min. Fig. 2.10.1
visar tomgangsspanningens kurvform. Denna métning &r fran ett senare tillfille dn
examensarbetarnas ovan. Notera att tomgangsspanningens kurvform avviker fran
sinusform beroende pa polernas fysiska utférande. Grundtonens effektivvirde har
visat sig vara ndra identiskt med den ofiltrerade signalens effektivvirde.
Permanentmagneter av ferritmaterial ar kénda for att minska i styrka vid okad
temperatur. Denna mitning gjordes nér generatorn holl en temperatur runt 21°C. Man
kan forvinta sig en sinkning av den inducerade tomgangsspdnningen vid oOkad
temperatur i rotorn.

Vid en tidigare métning innan generatorn monterades i vindkraftverket, (App. E), sa
undersoktes spanningen fran samtliga 27 spolar med parallellkondensatorer
inkopplade. Mitningen gjordes vid 75 varv/min. Pa grund av kondensatorerna var
spanningsnivan da hogre, och den hogsta modulspianningen var ca 7 % storre dn den
lagsta. Variationerna tros frimst bero pa att luftgapet inte dr helt lika for alla
modulerna. En del av variationen i mitningen kan ocksa bero pa att
parallellkondensatorerna har en viss spridning i kapacitansvérdet.
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Fig. 2.10.1: Tomgangsspianningssprov pa generatorspole SC1. Generatorvarvtal 74.9
varv/min, Uime = Er = 192.6 V RMS. Generatortemperatur 21°C.

2.10.2 Kortslutningsprov

Statorspolen kopplas till en kortslutning via ett strommaétdon. Vindkraftverket startas
och kors pa ett fast varvtal. Strommen registreras for ett antal olika fasta varvtal. Det
visar sig att kortslutningsstrommen vid varvtalsokning snabbt Okar till ett viarde som
sedan dr relativt konstant 6ver ca: 30 varv/min. Det beror pa att stromokningen som
kunde forvintas av den Okande inducerade emkn motverkas av det allt storre
spanningsfallet over den inre induktansen i spolen, eftersom frekvensen pa
spanningen ocksa oOkar med Okande varvtal. Vid 75 varv/min sa ér
kortslutningsstrommen 8,15A RMS. Strdbmmen ir i stort sett sinusformad, trots att den
inducerade spinningen inte dr det. Det beror pa att spolens induktans motverkar
hastiga stroméndringar och saledes jamnar till kurvformen.
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Fig. 2.10.2: Kortslutningsprov pa en generatorspole. Generatorvarvtal 75 varv/min, Ix
=8.15 ARMS.

2.11 Berikning av generatorns induktans.

2.11.1 Faktorer som paverkar induktansvirdet.

Induktansen i det ekvivalenta schemat for generatorn dr en forenkling. Induktansen
varierar i verkligheten nagot beroende pa driftsituationen. Om jdrnet i generatorn
borjar bli mittat sa 6kar reluktansen (motstandet mot magnetiskt flode) i jarnet. Det
leder till minskad induktans.

En annan faktor dr att pa en generator med utpriaglade poler sa giller generellt att
luftgapets storlek varierar med vridningsvinkeln, vilket gor att induktansen ocksa
varierar. Fenomenet studeras ndrmare i kapitel 2.11.3.

2.11.2 Induktansberikning ur tomgangs- och kortslutningsprov.

En vanlig metod att berdkna induktansen eller reaktansen i en mittad
synkrongenerator &r att anvianda spinningen fran tomgangsprovet och strommen fran
kortslutningsprovet. Eftersom generatorn normalt dr en bit in i mittningsomradet i
tomgang sa kallas det beriknade virdet maskinens mittade synkrona reaktans. Virdet
pa den mittade reaktansen giller for ett rotorlige da en pol befinner mitt for en
statorpol, eftersom vid kortslutning sa sammanfaller i stort sett ankarreaktionens
riktning med filtets magnetiska axel. Se Fig. 2.6.5. Detta rotorldge kallas maskinens
ldngs-axel och betecknas ofta med indexet d (direct axis). En elektrisk vinkel 90° fore
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eller efter ldingsaxeln, vilket motsvarar en rotorpol mitt emellan tva statorpoler, kallas
maskinens tvéraxel, betecknad med indexet q (quadrature axis).

Forst beridknas kortslutningsimpedansen for generator och anslutningskablar som

U
7, = 192653630 (8)
I, 815

Berikning av induktansen L gors sedan fran

Z,, =R, +(@l) 9)
dar Rtot =1.75 Q, och @ =27f =188,5 rad/s

Statorfrekvensen f fas ur

1
= fp=np—=30 Hz 10
fa frp rp 60 ( )
dar s statorfrekvens [Hz];
f, rotorfrekvens [Hz];
n.=75 rotorvarvtal [varv/min];
p=24 polpar i rotorn;
72 _R?
[ =Nt T e 95,00 (11)
()

Den mittade induktansen i maskinens ldngs-led blir alltsa Ly = 125 mH.

2.11.3 Mitning av generatorns induktans som funktion av
rotorvinkel.

Pa en generator med utpriglade poler sa giller generellt att luftgapets storlek varierar
med vridningsvinkeln, vilket gor att induktansen ocksa varierar. Normalt &r luftgapet
minst da en rotorpol star mitt for en statorpol, generatorns ldngs-led, och storst da en
rotorpol star mitt emellan tva statorpoler, generatorns tvir-led. Da luftgapet dr minst
sa dr ocksa reluktansen som minst. Det leder i sin tur till att induktansen i ldngs-led
blir som storst.

Man kan ocksa uttrycka det sa att den induktans eller reaktans, som ankarlindningen
uppvisar gentemot ankarstrommen, &ar beroende av strommens faslige relativt
rotorvinkeln.

Hono-generatorn har utpriglade poler i savil statorn som rotorn. Forsok har gjorts att
maita induktansen som funktion av rotorvinkeln. I litteraturen, bl.a. [1], beskrivs olika
metoder; t.ex. efterslapningsprov och prov med starkt undermagnetiserad maskin. De
forutsitter dock en trefasmaskin kopplad mot ett nit. Maskinen har dessutom en
faltlindning som mojliggor att féltet kan varieras. Eftersom Hono-generatorn saknar
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dessa mojligheter har en annan metod provats. Metoden bygger pa att en yttre
vixelspanningskilla kopplas till en statorspole. Strom, spdnning och rotorvinkel
registreras samtidigt som generatorn vrids runt sa sakta som mojligt. Strom och
spianning hogpassfiltreras sa att generatorns inducerade spinning pa grund av den
langsamma rotationen inte skall paverka berdkningen. For varje period av den
patryckta spinningen beriknas sa spanningens och strommens effektivvirde. Ur dessa
beridknas sedan statorspolens impedans och induktans for varje rotorldge. Varje polpar
som passerar statorspolen representerar 360 elektriska grader. Pa ett generatorvarv
erhalls alltsa 24 ganger 360 elektriska grader. Induktansvirdena fran de olika
polpassagerna uppvisar individuella variationer. Darfor har medelvirden riknats fram
fran 21 polparspassager. Anledningen till att inte 24 polparspassager har anvints &r
problem med att hantera spranget som vinkelgivarsignalen gor fran 360 till 0 grader
en gang per generatorvarv. Avvikelser i resultatet pa grund av detta bedoms som
marginella. Resultatet presenteras i Fig. 2.11.1

112

110

108

106

104

Induktans [mH]

102

100

98

Elektrisk vinkel [grader]

Fig. 2.11.1: Statorinduktans som funktion av elektrisk vinkel. Medelvirde av 21
polparspassager.

Vi kan i Fig. 2.11.1 se att induktansen i generatorn dr som storst i ldngs-led det vill
sdga for en elektrisk vinkel lika med noll eller 180 grader. I tvir-led, 90 och 270
grader, skulle man for en normal synkronmaskin forvinta sig det lidgsta
induktansvirdet. Hér finns istidllet en mindre topp. Forklaringen till det kan vara att
Hono-generatorns speciella geometri leder till att luftgapet som ovan ndmnts inte ir
som storst ndr en rotorpol befinner sig mitt emellan tva statorpoler. Det beror pa att
rotorpolen till viss del dverbryggar gapet mellan de tva statorpolerna. Se Fig. 2.2.1.
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2.11.4 Sammanfattning av induktansmétningar.

Enligt [1] sa erhalls ett tillforlitligare virde pa induktansen i tvirled genom att utga
fran induktansen i langsled bestimd fran kortslutnings- och tomgangsprov, och sedan
utgaende fran kvoten Ld/Lq bestimd med eftersldpningsprovet, berdkna induktansen i
tvéarled. Vi har visserligen inte kunnat gora nagot efterslapningsprov, men anvénder
forsoket med yttre patryckt spanning istéllet. Darfor blir alltsa lingsinduktansen (fran
tomgangs- och kortslutningsprovet) Lqx = 125 mH och tvirinduktansen blir:

L
L =—%_= 125 =116.5 mH (12)

(L, (111)
L, ) (1035

For vilket driftfall dr det da mest intressant att faststélla induktansen? Ett av malen
med studien av generatorn &dr att maximera generatorns uteffekt och vridmoment vid
anviandande av seriekompenseringskondensatorer och diodlikriktare. Vid full
kompensering sa ligger féltflodet 90° fore ankarflodet (Fig. 2.6.8.). Rotorvinkeln &r i
fas med filtflodet och ankarstrommen ligger i fas med ankarflodet. Det betyder att
det dr tvirledsinduktansen som ankarstrommen ser. Vidare har jarnet borjat na upp till
méttning nér generatorn ger full effekt. Det har en sédnkande inverkan pa induktansen.
Nir seriekompenseringskondensatorns storlek skall berdknas bor hdnsyn tas till dessa
forhallanden.

Induktansen som statorstrommen ser 1 drift med seriekompensering vid full effekt kan
forvintas vara nagot ldgre dn den ovan bestimda tvirledsinduktansen Lq pa grund av
lite hardare méttning av jarnet dn vid tomgangsprovet. Om kompenseringen inte blir
helt perfekt kommer man dessutom att hamna bredvid induktanstoppen vid 90
elektriska grader. En effektiv induktans pa ca 112 mH har darfor antagits.

2.12 Prov med seriekompensering pa generatorn.

I examensarbetet 1 App. A gjordes prov med seriekompensering och diodlikriktare.
Proven var begrinsade till en maxstrom i statorspolen pa 7.7 A rms, vilket ungefér
motsvarar den maximala effektivvirdesstrommen 1 statorspolen vid korning med
parallellkompensering. Anledningen till denna begrinsning var att osikerhet radde om
en storre statorstrom kunde leda till att permanentmagneterna i rotorn kunde skadas.
Permanentmagneter tal inte ett allt for starkt motriktat magnetfilt. De forlorar da en
del eller hela sin styrka, de blir avmagnetiserade. De teoretiska studierna i kapitel 2.6
visar att den sdmsta driftsituationen ur rotormagneternas synvinkel dr vid kortslutning
av statorspolen. Da ir féltet fran strommen i statorspolen i stort sett motriktat och
néstan lika stort som féltflodet fran permanentmagneterna. Det kan liknas vid att man
haller tva permanentmagneters nord- (eller syd) poler mot varandra.

Vi vet fran tidigare prov med generatorn att magneterna tal kortslutningskorning vid

markvarvtal i stationértillstand. Tillslag av en Kkortslutning da generatorn roterar kan
dock ge skadliga transienter.
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De teoretiska studierna visar att vid korning med seriekompenseringskondensator sa
ar ddaremot magnetfiltet fran statorstrommen forskjutet 90 elektriska grader efter
faltflodet. Det betyder att man i detta ldge kan tillata strommar i statorn som &r hogre
dn den stationdra kortslutningsstrommen utan att riskera att skada magneterna. Ett
antal mitserier pa olika varvtal och med hogre maxstrom har utforts for att undersoka
generatorns mojliga maxeffekt. Olika virden pa serickompenseringskondensatorn har
ocksa provats.

For att undvika allt for stora och 1 praktiken irreparabla skador pa
permanentmagneterna i rotorn om teorierna skulle visa sig felaktiga, sa har
maxstrommen hojts i sma steg. Mellan varje ny hdjning har generatorn korts med ett
fast varvtal och tomgangsspanningen har uppmiitts pa den losskopplade statorspolen,
SC1. Ingen kvarstaende spanningssdnkning har kunnat noteras. Ddremot har tillfilliga
spanningssdnkningar konstaterats. Dessa verkar hinga samman med uppviarmning av
permanentmagneterna.

En experimentuppkoppling for serieckompensering av en statorspole har byggts upp
enligt Fig. 2.12.1.

Statorspole Anslutnings- Ckomp Diodlik- Coc R
kabel riktare
Ipc
—
Yicpce

(\)

Fig. 2.12.1: Uppkoppling for prov med serieckompensering och diodlikriktare.

Statorspolen representeras i1 Fig. 2.12.1 av sin ekvivalenta modell. Vidare har
resistansen 1 torn- och anslutningskablar ritats in. Seriekompenseringskapacitansen,
Cromp, bestar av ett kondensatorbatteri uppbyggt av ett antal parallellkopplade 50 pF
kondensatorer med méarkspanning 500 V RMS. Glittningskapacitansen, Cpc, utgors
av ett antal parallellkopplade elektrolytkondensatorer pa tillsammans 6990 pF. Det dr
mycket storre kapacitans dn vad som anvinds pa likledet da generatorns alla spolar
med likriktare &dr parallellkopplade dit. Kondensatorns uppgift dr att minska
fluktuationerna i likspinningen for att efterlikna forhallandena da hela generatorn med
elsystem dr kopplad for serieckompensering. Da dr manga generatormoduler med
likriktare parallellkopplade pa likledssidan och jamnar ut spianningen eftersom de
olika spolarna inte alla har samma faslige. En lastresistans, Rlast, anvdnds for att
astadkomma likledsstrommen i stéllet for tyristorvixelriktaren. Lastresistansen utgors
av ett antal variabla effektmotstand.
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Kapacitansen som ger full kompensering vid mérkvarvtal, 75 varv/min, berdknas som

1 1
®’L 188.5%-112-107

=251.3 pF (13)

ful =

Experimentkopplingen tillater variation av seriekompenseringskapacitansen i steg om
50 pF. Darfor valdes Cyomp = 250 pF. I Fig. 2.12.2 visas generatorns uteffekt pa
likledssidan som resultatet av mitning pa en spole, men omréknat f6r hela generatorn.
Serie-parallellkopplingen av de 27 modulerna till ett gemensamt likled tinker man sig
goras pa samma sitt som det nuvarande elsystemet med parallellkompensering. Se
Fig. 2.2.2. Da kan strommen berdknas som

IDC = 135 ' IDC,enfas (14)
Och effekten for hela generatorn beriknas som
PDC = 27 ’ IDC,ergfas ’ UDC,ergfas (15)

Mitningarna visar pa att maxeffekten vid 75 varv/min blir ungefiar 53 kW och vid 60
varv/min ungefar 26 kW. Se Fig. 2.12.2. Vid varvtal ldgre dn 75 varv/min &r
generatorn 6verkompenserad eftersom spanningen over kondensatorn da blir storre dn
spanningsfallet 6ver induktansen. Likledsspanningen sjunker da snabbt nér strommen
okar. Vid 75 varv/min diremot rader ungefirlig balans mellan spianningsfallet Gver
kapacitansen och induktansen. Teoretiskt skulle man da erhalla en véxelspanning, Up
vid diodbryggan som &r lika med E; minskat med spidnningsfallet i lindnings och
kabelresistanserna. Det skulle som tidigare namnts leda till en toppeffekt pa omkring
222 kW. Det som begriansar den verkliga uteffekten till omkring 53 kW ér att
generatorn blir magnetiskt méttad. Det yttrar sig som att de magnetiska krafterna som
bildar generatorns vridmoment begridnsas, och till att induktansen minskar vilket gor
att generatorn blir 6verkompenserad, och spinningsfallet 6kar, vilket leder till att
uteffekten begrinsas.
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Fig. 2.12.2: Mitning av effekt pa elsystemets likled, omriknat for hela generatorn,
som funktion av likledsstrémmen.

For att verifiera att ritt storlek pa seriekompenseringskondensatorn valts sa har
matningar ocksa gjorts med nagot storre och nagot mindre kondensatorstorlek, Fig.
2.12.3. Dessa méitningar har inskrankt sig till markvarvtal.
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Fig. 2.12.3: Mitning av effekt pa elsystemets likled omriknat for hela generatorn, vid
mérkvarvtal, 75 varv/min, som funktion av likledsstrommen. Ciomp = 200, 250 och
300 pF.

Med Ciomp = 250 pF erhdlls som vintat hogst effekt. Med Cyomp = 200 pF idr
generatorn overkompenserad vid 75 varv/min. Det betyder att spdnningsfallet over
kondensatorn &r storre 4n spédnningsfallet over induktansen. Resultatet blir att
likledsspanningen snabbt sjunker da strommen 6kar. Med Ckomp = 300 pF har vi
underkompensering, det vill siga att spanningsfallet 6ver kondensatorn dr mindre dn
spanningsfallet 6ver induktansen. Det leder ocksa till att likledsspanningen sjunker
mer dn vid full kompensering. Se ocksa Fig. 2.12.4.

Man kan ocksa se att vid hoga strommar sa borjar uteffekten att sjunka for Cyomp =
250 pF. Uteffekten for Cyomp = 300 pF planar ddremot ut. Det beror pa att generatorn
kommer in i magnetisk mittning, varvid induktansen minskar. Med Cyomp = 250 uF
kommer kretsen da att vara 6verkompenserad, medan for Cyomp = 300 uF sa ndrmar
sig kretsen full kompensering.

I Fig. 2.12.4 har likledsspidnningen plottats som funktion av likledsstrommen med en
graf for varje storlek pa kompenseringskondensatorn. Samma métserie som i Fig.
2.12.3 har anvints. Strommen for hela generatorn har riknats ut enligt ekv. (14), och
likledsspianningen i figuren &4r dubbla den uppmitta likledsspanningen fran
méatuppkopplingen, eftersom hela generatorns elsystem tinks besta av tva
seriekopplade halvor.
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Ihe [A]

Fig. 2.12.4: Mitning av elsystemets likledspdnning omréknat for hela generatorn, vid
mirkvarvtal, 75 varv/min, som funktion av likledsstrommen. Cyomp = 200, 250 och
300 pF.

Om man studerar Fig. 2.12.4 sa ser man att spanningen vid nollast dr drygt 600 V for
att vid okad belastning snabbt minska till ca 400 V. Detta fenomen beror pa att da
likledet inte belastas, sa laddas glittningskondensatorn, Cpc, upp till i stort sett
toppvirdet av generatorns tomgangsspanning. I Fig. 2.10.1 kan man se att
toppspénningen fran en generatorspole &r ca 310 V. Eftersom vi har seriekoppling av
tva likspinningar sa blir alltsa tomgangsspanningen pa likledet omkring 620 V.

Vid oOkad belastning sjunker spdnningen snabbt 1 bdrjan eftersom
tomgangspanningens kurvform jamfort med en sinuskurva dr relativt spetsig, och
toppen pa tomgangsspanningskurvan leder till en relativt kort spanningshéjande
strompuls in i glittningskondensatorn vilket gor att likledsspanningen sjunker markant
redan vid ett mattligt kontinuerligt stromuttag ur glittningskondensatorn.

Likledsspanningen faller sedan med okad belastning ner till omkring 280 V vid en
likstrom av 190 A som &r den stromstyrka som ger maximal effekt med Ciomp = 250
pE.

Spénningsfallet beror bland annat pa resistansen i generatorlindningen och
anslutningskablarna. Vidare finns ett kvarvarande spinningsfall som beror pa
ofullstdndig kompensering som ger fasvridning mellan Er och Up.

En ytterligare orsak till spanningsfallet pa likledet ar gléttningskondensatorns, Cpc,

inverkan. Ju storre belastningen blir pa likledet, desto mindre spinningshdjande
inverkan formar gléttningskondensatorn bidra med.
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I Fig. 2.12.5 har effektivvirdet av vixelspdnningen over diodlikriktaren, Up, plottats
som funktion av vixelstrommen, Ip, for de olika seriekondensatorstorlekarna. Vidare
har ocksa det resistiva spanningsfallet over den totala resistansen i generatorspolen
och anslutningskablarna plottats som funktion av vixelstrommen.

250

200

150

UAC [V rms]

100

50

IAC [A rms]

Fig. 2.12.5: Mitning pa en generatorspole med serieckompensering enligt Fig. 2.12.1.
Vixelspidnning Over diodlikriktaren, Up, som funktion av véxelstrommen, Ip.
Mirkvarvtal, 75 varv/min. Ciomp = 200, 250 och 300 pF.

Spanningsfall, Ug, 1 generatorspolens och anslutningskablagets totala resistans, Rtot
= 1,75 Q, som funktion av vixelstrommen, Ip.

Max effekt med Cyomp = 250 uF erhalls vid Ip = ca 14 A. Det resistiva spanningsfallet
ar da ca 25 V och det totala spanningsfallet fran Ey till Up dr ca 192 -

153 V = 39 V. Det resterande spénningsfallet pa 39 — 25 V = 14 V beror pa
ofullstdndig kompensering som ger fasvridning mellan Ef och Up. Jamfor Fig. 2.6.9.
Vid Cyomp = 200 och 300 pF erhalls som vintat storre spanningsfall vid Ip = 14 A
eftersom det i dessa fall #r storre skillnad mellan seriekondensator- och
induktansspéanning.

En ny métning med fler seriekapacitansvirden i tita steg runt 250 puF skulle kunna ge
svar pa om det gar att uppna ett spanningsfall mellan Ef och Up som ir helt resistivt
atminstone vid en bestimd strom Ip. Om det inte 4r mojligt sa kan det bero pa
ofullkomligheter 1 det ekvivalenta schemat for generatorn och inverkan av dvertoner
pa strom- och spanningskurvformer.

I figurerna 2.12.6, 2.12.7, 2.12.8 och 2.12.9 nedan visas kurvformerna pa
vixelspanningarna och strommen fore diodlikriktaren for nagra olika belastningar.
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Notera att I, for tydlighets skull har forstorats 10 ganger i Fig. 2.12.6 jamfort med de
Ovriga figurerna.
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Fig. 2.12.6: V, Uc, Up och Ip x100 som funktion av tiden. Méarkvarvtal, 75 varv/min.
Ciomp =250 pF. Ip = 0,66 A rms, Ipc = 0,4 A rms.

I Fig. 2.12.6 4r generatorspolen néstan olastad. Glattningskondensatorn dr uppladdad
till ca 220 V, vilket ger toppvirdet for Up i figuren. Eftersom strommen #r lag sa blir
spanningen Over serickondensatorn ocksa lag. Dérfor f6ljs Up och V, ndstan at.

I Fig. 2.12.7 dr lasten okad till Ipc = 6,4 A rms. Det motsvarar en likledsstrom pa 86 A
1 Fig. 2.12.3 och Fig. 2.12.4.

I Fig. 2.12.8 dr likstrommen, Ipc = 14,1 A rms. Det motsvarar en likledsstrom pa 190
A iFig. 2.12.3 och Fig. 2.12.4. Vid denna strém uppnas generatorns maxeffekt.

I Fig. 2.12.9 dr likstrommen, Ipc = 17,5 A rms. Det motsvarar en likledsstrom pa 236
A i Fig. 2.12.3 och Fig. 2.12.4. Effekten har nu sjunkit pa grund av att Upc minskat.
Toppvirdet for strommen 1 generatorspolen dr ungefir 34,5 A. Trots den hoga
strommen sa har inga skador pa rotormagneterna kunnat upptickas. Det beror som
tidigare ndmnts pa att magnetfiltet fran statorstrommen dr forskjutet 90 elektriska
grader efter filtflodet i denna krets med seriekondensator.
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Fig. 2.12.7: V,, U¢, Up och Ip x10 som funktion av tiden. Markvarvtal, 75 varv/min.

Cromp = 250 puF. Ip =7,4 A rms, Ipc = 6,4 A rms.

Fig. 2.12.8: V,, Uc, Up och Ip x10 som funktion av tiden. Markvarvtal, 75 varv/min.

Ckomp





800
600
< 400
o
= 200
_O
ST
a
5 -200
DL;
400 ‘ -
> | |
-600 ! !
800 : : : : :
0 0.01 0.02 0.03 0.04 0.05 0.06
tid (s)

Fig. 2.12.9: V,, Uc, Up och Ip x10 som funktion av tiden. Markvarvtal, 75 varv/min.
Ciomp =250 pF. In =20,4 A rms, Ipc = 17,5 A rms.

2.13 Generatorns termiska begrinsningar, kylning.

En Overslagsberidkning av generatorns termiska resistans har gjorts utgaende fran tva
mitningar. Den forsta métningen gjordes med generatorn i laboratoriet med konstant
DC-strom. Den kylande vinden runt generatorn och genom statortuberna saknades.
Den andra métningen gjordes med generatorn i drift i vindkraftverket pa Hono. Vid
den andra mitningen hade eleffekten stora variationer, men med sa kort tidsskala att
generatortemperaturen holls relativt konstant.

Den termiska resistansen, Rgen, fOr generatorn beridknades for de tva driftfallen ur

Q= - (16)

dir Q = Virmeflodet [W]
Rigen = Generatorns termiska resistans [°C/W]
T} = Lindningstemperaturen [°C]
T, = Omgivningstemperaturen [°C]
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Virmeflodet utgors av generatorns forluster och har berdknats ur

P
Q:Pforl:Pmek_Pel: el_Pez (17)
n
dir P, = Uttagen eleffekt [W]

n = Generatorns verkningsgrad
En verkningsgrad pa 0,85 har anvints i berdkningarna. Jamfor App. F, Figur 5.

Laboratoriemétningen visar pa en temperaturhdjning i lindningen pa omkring 66° C
vid en uttagen eleffekt pa 24 kW. Termiska resistansen for hela generatorn blir da
Rigen = 0.0155 © C/W.

Vid mitningen pa Hono erholls en temperaturhdjning pa 33° C vid en ungefirlig
eleffekt pa 20 kW. Termiska resistansen for hela generatorn blir dd Rigen = 0.00935 °
C/W. Vid mitningen var utomhustemperaturen omkring 12° C och vindhastigheten
omkring 11 m/s.

Vidare har beridknats vid vilken eleffekt som generatorn uppnar sin hogsta tillatna
lindningstemperatur vid drift i vindkraftverket: Om man ridknar med en
generatorverkningsgrad, n = 0.85, en omgivningstemperatur, T, = 35° C, en maximal
lindningstemperatur T; = 130° C, och Rgen = 0.00935 ° C/W, sd blir generatorns
eleffekt for denna temperaturhdjning, (AT = 130 — 35 = 95° C) Pelamax = 57 kW
vilket 4r en nagot hogre eleffekt dn de 53 kKW som generatorn kan producera vid
seriekompensering och 75 varv/min. Jimfor Fig. 2.12.2.

Slutsatsen blir att generatorns kontinuerligt uttagbara maxeffekt normalt inte kommer
att begrinsas pa grund av skadligt hog uppvéirmning.

2.14 Maximalt uttagbar effekt ur generatorn och
vindkraftverket.

Forutom den termiska begransningen och den elektriska begransningen pa grund av
magnetisk mittning, sa paverkar dven turbinens egenskaper och tornets hallfasthet
vilken effekt man kan fa ut fran vindkraftverket. Det maximalt tillatna varvtalet for
generator och turbin paverkar ocksa maximal effekt.

Den nuvarande turbinen pa H6no utnyttjar maximal effektkoefficient genom korning
med variabelt varvtal 1 vindar upp till omkring 6,5 m/s. Diérdver forsdmras
effektkoefficienten pa grund av att varvtalet ar begriansat till 75 varv/min.
Sammanviégningen av den Okande inkommande effekten 1 vinden nér vindstyrkan
okar och den minskande effektkoefficienten eftersom varvtalet begrinsas leder till att
turbinen inte ger mer @n en begrinsad axeleffekt oavsett hur mycket vindstyrkan okar.
Denna princip, Overstegringsreglering, (stall-reglering) utnyttjas medvetet for att
begrinsa axeleffekten vid hoga vindar.
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Vid 75 varv/min #dr den maximala axeleffekten fran turbinen ungefir 36 kW. Det
intrdffar vid en vindhastighet pa ungefir 13 m/s. Med en verkningsgrad pa 85% fran
axeleffekt till eleffekt sa blir vindkraftverkets elektriska maxeffekt med
overstegringsreglering ungefir 30 kW for 75 varv/min.

Villkoret for bibehallen kontroll med en stall-reglerad vindturbin &r att generatorns
maxeffekt alltid maste vara hogre dn vindturbinens maxeffekt vid olika varvtal. For
stall-reglerade turbiner &dr det Onskvdrt med en effektreserv for regleringen av
varvtalet, 1 vindar omkring och Over mirkvind, i storleksordningen 120 % av
mirkeffekt. Det gor att generatorns maxeffekt vid mirkvarvtal maste vara omkring 20
% hogre dn mirkeffekten. Det leder till att generatorns axeleffekt behdover vara minst
36 x 1,2 =43 kW vid 75 varv/min. Det motsvarar en eleffekt pa ca. 36 kW.

Med den nuvarande parallellkompenseringen dr maximal eleffekt omkring 32 kW vid
75 varv/min. Turbinen kan ge maximalt 30 kW (omrdknat till -eleffekt).
Reglermarginalen dr alltsa mycket liten. Det har medfort att maximalt varvtal i hard
vind har behovt begrinsas till omkring 72 varv/min for att sdkerstilla kontrollerad
drift.

Generatorn utrustad med serickompensering far en elektrisk maxeffekt pa 53 kW vid
75 varv/min. Det skulle medge drift vid 75 varv/min med god reglermarginal. Med
bibehallet mérkvarvtal pa 75 varv/min sa kan dock inte generatorns 6kade prestanda
vid seriekompensering utnyttjas fullt ut. Om en sikerhetsanalys medger att varvtalet
hojs sa kan ddremot generatorns hojda prestanda utnyttjas béttre.

Ett annat alternativ dr att vindkraftverket istdllet utrustas med en ny turbin med
variabel bladvinkel. Da kan turbinen dimensioneras sa att den serickompenserade
generatorns maxeffekt kan utnyttjas battre vid 75 varv/min.

En annan konstruktionsparameter dr vid vilket varvtal som seriekompenseringen
optimeras vid. Det paverkar hur vdl man kan kontrollera turbinen i savil lagre som
hogre varvtalsomraden. Graden av kompensering #r beroende av frekvensen och
saledes varvtalet. Nir varvtalet sjunker sa Okar kompenseringen. Om full
kompensering viljs vid mirkvarvtal sa blir generatorn kraftigt 6verkompenserad pa
lagre varvtal. Det leder till ldgre maxeffekt vid ett lagre varvtal dn om det hade varit
full kompensering vid detta ldagre varvtal.

Om istillet halv kompensering viljs vid mirkvarvtal, innebér det att maxeffekten vid
mérkvarvtal blir nagot ldgre. I gengild sa erhalls full kompensering nér varvtalet
sjunkit en bit. Man uppnar da generatorns maxeffekt for detta ligre varvtal. Nir
varvtalet sjunker ytterligare sjunker ocksa uttagbar maxeffekt ur generatorn snabbt. I
examensarbetet i App. A har simuleringar gjorts som visar maximal generatoreffekt
och turbineffekt som funktion av varvtalet for olika grad av kompensering. Se Fig.
2.14.1.
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Fig. 4.2: Analytical calculation of the maximum mechanical power as a function
of the rotor speed with a limited current of 10 A. a) Series compensation,
b) parallel compensation and no compensation.

Fig. 2.14.1: Graf fran examensarbetet i App. A som visar hur graden av kompensering
paverkar generatorns maxeffekt vid olika varvtal.

Att vilja halv kompensering vid mérkvarvtal kan vara fordelaktigt for att ha bittre
marginal till turbinens maxeffekt-kurva vid ldgre varvtal.

I fig. 2.14.1 visar simuleringar att det dr osdkert om generatorns effekt vid full
seriekompensering overstiger turbinens maxeffekt for varvtal under ca 50 varv/min.
Vid korning med variabelt varvtal i l1dga vindar sa har praktisk erfarenhet visat att vid
varvtal ldgre dn 50 varv/min sa ar tillgdnglig vindeffekt sa lag att den i stort sett bara
racker att halla turbinen igang. Darfor dr det nuvarande reglerprogrammet instéllt att
borja ta ut effekt ur turbinen forst nédr varvtalet overstiger 50 varv/min. Nagot behov
av att kontrollera varvtalet under 50 varv/min foreligger inte forutom for att bromsa
ned turbinen vid parkering. Det verkar dérfor inte finnas nagot motiv att vilja
underkompensering vid miérkvarvtal, eftersom det dessutom kriver storre
kondensatorer. Om det skulle visa sig omdjligt att bromsa vindkraftverket till nira
stopp med hjédlp av generatorn efter byte till serieckompensering kan de mekaniska
bromsarna klara av parkeringsstoppet.

Antag att generatorns och turbinens maxvarvtal tillats stiga till 85 varv/min for att
utnyttja generatorns hodjda effekt vid seriekompensering. Vad blir da generatorns
maximala effekt? Det idr inte helt klarlagt, eftersom inga mitningar hittills har kunnat
goras vid sa hoga varvtal. Med full kompensering for 75 varv/min sa kommer
generatorn att bli underkompenserad vid hogre varvtal. Detta verkar siankande pa
maximal uteffekt. En hojning av generatorvarvtalet medfor a andra sidan en hdjning
av tomgangsspinningen, vilket verkar hojande pa uteffekten. En konservativ
bedomning &ar att generatorn kommer att prestera minst samma uteffekt vid 85
varv/min som vid 75 varv/min. Jimfor Fig. 2.14.1.

Den hogsta axeleffekten fran turbinen vid 85 varv/min blir ca. 53 kW. Det motsvarar
en eleffekt pa 45 kW med 85 % verkningsgrad. Eftersom generatorn har en maximal
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eleffekt pa 53 kW vid 75 varv/min sa bor man, om ovanstaende bedomning visar sig
riktig, bibehalla kontrollen med tillrdcklig marginal dven vid 85 varv/min.

2.15 Prov med Kkortslutning under drift.

I kapitel 2.6 har olika stationirtillstand i generatorn analyserats. Bland annat
studerades strommar och floden i generatorn vid kortslutning. Hir konstaterades att
den stationdra kortslutningsstrommen 4r av samma storleksordning som mérkstrom.

Mitningar pa Hono-generatorn och litteraturstudier, [1] och [5], visar att vid tillslag
av en kortslutning pa en statorspole da generatorn roterar, s.k. stotkortslutning, kan
strommen momentant bli avsevért storre. Hur stor stotstrommen blir beror férutom
generatorvarvtalet pa vid vilket rotorlige som Kkortslutningen slas till. Om
kortslutningen slas till i ett lige da Er passerar noll erhélls den hogsta stotstrommen.
Efter nagra perioder har strommen minskat och stationértillstand uppnatts.

Eftersom Kortslutning av generatorn ger ett flode fran statorn som &r i stort sett
motriktat flodet fran permanentmagneterna i rotorn sa #r risken storre att skada
magneterna dn med normal drift med samma stromstyrka. Vid prov med tillslag av
kortslutning under drift har déarfor laga varvtal anvints for att inte riskera att skada
rotormagneterna. I Fig. 2.15.1 slas en kortslutning till nira tomgangsspanningens
nollgenomgang. Varvtalet dr ca 23 varv/min. Strommens toppvirde i statorlindningen
blir ca 15A. Hogre varvtal har undvikits for att inte riskera att skada
permanentmagneterna i rotorn. Vid prov med 12 varv/min blev toppstrémmen ca 12.2
A.

Fig. 2.15.1: Uppmiitt statorstrom, heldragen linje, vid tillslag av kortslutning pa
generatorspole SC1 néra tomgangsspanningens nollgenomgang. Generatorvarvtal 23
varv/min. Streckad linje visar tomgangsspanningen, V,/20.
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Om kortslutningen ddremot slas till i ett ldge da tomgangsspanningen E; har sitt
maximum (Fig. 2.15.2) sd uppstar ingen stromtransient, utan strommen erhaller direkt
stationdrtillstand. Det kan forklaras med att vid kortslutning i stationirtillstand sa
ligger strommen 90° efter Eq dvs. ndr Ef nar sitt hogsta 6gonblicksvirde sa ér
strommen samtidigt noll, och det dr samma tillstind som nir Kortslutningen i Fig.
2.15.2 slas till. Jamfor Fig. 2.6.5.
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Fig. 2.15.2: Uppmiitt statorstrom, heldragen linje, vid tillslag av kortslutning pa
generatorspole SC1 nidra tomgangsspanningens negativa toppviarde. Generatorvarvtal
23 varv/min. Streckad linje visar tomgangsspéanningen, V/20.

2.16 Forslag till ombyggnad av generatorns elsystem.

Seriekompensering ger en hogre maximal generatoreffekt dn parallellkompensering.
For att kunna utnyttja den hogre effekten pa generatorn vid seriekompensering sa
maste turbinens (och dirmed generatorns) varvtal hojas for att turbinen skall kunna
leverera hogre effekt.

Rekommendationen blir att for den aktuella generatorn och turbinen vilja
seriekompensering med full kompensering vid mérkvarvtal, 75 varv/min, men att om
en sikerhetsanalys tillater det, hoja det maximala varvtalet for vindkraftverket till 85
varv/min.

Vid full kompensering for 75 varv/min erhalls tillracklig effekt fran generatorn for att

kunna kontrollera turbinens varvtal i intervallet ned till omkring 50 varv/min, vilket &r
tillrackligt vid normal drift.
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Enligt resonemanget i kapitel 2.14 kommer vindkraftverket att prestera en maximal
eleffekt pa 45 kW vid 85 varv/min. En uteffekt pa maximalt 45 kW verkar realistisk
dven ur mekanisk hallfasthetssynpunkt. Vindkraftverket &r i sin helhet dimensionerat
for en markeffekt pa 40 kW.

Man kan forvidnta sig att vindkraftverket ombyggt enligt ovan ndmnda
rekommendation kommer att ge ifran sig en eleffekt pa minst 40 kW i ett
vindhastighetsintervall mellan ungefér 12 - 16 m/s.

2.17 Sammanstéillning av generatordata

Nedan har ett forsok att sammanstilla de viktigaste generatordata gjorts.
Utgangspunkten har varit ett berikningsblad daterat 05-11-1996 fran konstruktorerna
(App. D). Berdkningsbladet har med sma modifieringar legat till grund for bygget av
generatorn. Andringarna som gjordes i det sista innan produktionen av generatorn
paborjades avsag bl.a. att sdnka tomgangsspanningen pa generatorn med
parallellkondensatorer. Andringar fran berikningsbladet har sedan inforts pa basis av
uppgifter i rapporten "Design and Test of a 40 kW Directly Driven Permanent-Magnet
Generator with a Frequency Converter", (App. F). Da generatorn anldnde till
Chalmers sa skruvades framre tdckplaten av och en del dimensioner méttes upp med
mattband och skjutmatt. For att sdnka spinningen sa har troligen antalet lindningsvarv
och traddiameter modifierats. Vidare verkar statorlingden ha o©kat nagot. I
sammanstéllningen har ocksa medtagits uppgifter som &r berdknade fran métvirden.
For vissa data finns flera virden angivna. Indexet efter virdet forklarar var vardet &r
hamtat. Det virde som é&r tryckt i fet stil dr det som anses stimma bdst med den
verkliga generatorn.

1) Enligt berdkningsblad fran konstruktorerna daterat 05-11-1996. (App. D)

2) Beridknade virden enligt "Design and Test of a 40 kW Directly Driven
Permanent-Magnet Generator with a Frequency Converter" (App. F)

3) Uppmiitt pa generatorn

4) Beriknat nedan i denna rapport.

5) Beriknat fran métvirden

6) Avlist

7) Uppmiitt i lab. enl. rapport i App. E
8) Uppmiitt i lab. Enligt rapport i App. F

9) Beridknati App. B.
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Markvarvtal 75 varv/min 1)

Mirkeftekt 40 kW 1) (6vergripande mal)
Antal poler i rotorn 48 1) och 3)

Antal statormoduler 27 1) och 3)

Luftgap 3.25 mm 2)

Rotordiameter 1287 mm 1) och 2)
Ytterdiameter 2110 mm 2)

Totalvikt 4500 kg 2)

Beriknad magnetomotorisk kraft, stator, som avmagnetiserar rotormagneter:

12198 Amperevarv 1)

Statormodulbredd 150 mm 1) och 3)
Statormodullingd (axiellt) 84 mm 1), 100 mm 2), 117 mm 3)
Statormodul, spardjup 65 mm 1), 68 mm 3)

Statormodul, sparbredd 37.5mm 1), 37 mm 3)
Lindningsvarv per spole 526 1),3239),422 4)
Spolresistans vid mérktemp. 273Q1),1.6 Q5)

Termisk resistans, en modul, med stillastaende luft runt generatorn
0.478 °C/W 1), 0.42 °C/W 5)

Termisk resistans, en modul, med vindhastigheten 11 m/s

ca 0.25 °C/W 5)
Mirktemperatur, lindning 130 °C 1)
Kyllufttemperatur 40°C1)

Tomgangsspanning vid mérkvarvtal, modul, emf, RMS
291.8V1),211V2),192V5)
Induktans, modul
173.5mH 1), 112 mH 2), 125 mH d-led, 116.5 mH q-led 5)
Effektiv induktans vid serieckomp. och full effekt  ca. 112 mH (se 2.11.4)
Kortslutningsstrom, modul, RMS 8.89A1),815A5)
Avmagnetiseringsstrom, modul, RMS i d-led

16.397 A 1),12A9),20.4 A 4)

Vald parallellkapacitans 50 uF 1), 60 pF 6)





Mirkstrom (strom som ger max effekt vid mérkvarvtal), modul, vid parallellkomp.
8.13 ARMS 1), ca7.5 A RMS 3)

Max uteffekt, DC, med parallellkomp. 31 kW 1), 32 kW 8)

Max vridmoment vid parallellkomp ca 4.8 kNm 5) ur P, och verkn.grad 85 %.

Max verkningsgrad vid parallellkomp. ca 89 % vid 71 varv/min och 18 kW §)

Verkn.grad vid max effekt, parallellk. ca 85 % 8)

Vald seriekapacitans 250 pF 6)

Mirkstrom, modul, vid serieckomp. RMS 14 A 3)

Max uteffekt DC, med seriekomp. 53 kW )5)

Max vridmoment vid seriekomp. ca 7.9 kNm 5) ur P, och antagen verkn.grad
=85 %

Med hjélp av det beriknade induktansvirdet pa generatorn fore och efter den sista
modifieringen av generatorn sa kan det verkliga antalet lindningsvarv uppskattas. Ett
antagande som maste goras dr att den magnetiska kretsen dr oftrdndrad, vilket
formodligen inte dr helt riktigt, eftersom statorns langd axiellt verkar ha okats.

Lindningens induktans &r proportionell till antalet lindningsvarv i kvadrat.
L=N?A, (18)

Induktansfaktorn, Ay dr beroende av jidrnkretsen. Ap berdknas for den ursprungliga
konstruktionen enligt App. D.

L 17346
A= T 5
1

=626.94-107° (19)

Generatorn som verkligen byggdes beridknades fa en induktans pa 112 mH enligt App.
F. Om A antas vara konstant sa kan verkliga lindningsvarvtalet, N, berdknas:

N, = L = W}L_G) =422 varv (20)
A, 626.94-10

Om vi antar att méngden jarn i kretsen har Okat nagot sa innebdr det att
induktansfaktorn i ekv. 18 skulle ha varit nagot hogre. Det betyder att antalet
lindningsvarv i den verkliga generatorn formodligen &r nagot férre dn 422 varv.

Den beridknade avmagnetiseringsstrommen enligt det ursprungliga berdkningsbladet,

App. D, kan sedan korrigeras genom att det finns en uppgift pa antal amperevarv som
beriknas avmagnetisera rotorn i App. D. mmfyemae = 12198 amperevarv.
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. mmfdemag 12198 ..
i = = = 28.9 A toppvirde 21
demag?2 N2 422 pp ( )

Avmagnetiseringsstrommens effektivvirde blir

_ idemagZ _ 289

1 demag2RMS — T - f

Det har inte lyckats att fa alla berdknade vérden att stimma med varandra och med
uppmitta viarden. Om till exempel det verkliga antalet lindningsvarv beridknas med
hjdlp av den berdknade tomgangsspéinningen fore och efter den sista dndringen av
konstruktionen, sa blir resultatet 380 varv. Pa grund av de relativt stora osikerheterna
pa generatorns antal lindningsvarv och avmagnetiseringsstrom sa bor forsiktighet
iakttas speciellt vid transient kortslutningsprov med generatorn, da stora strommar i d-
led kan forvintas.

=20.4 A RMS (22)

3 Maitsystem

Meteorologimasten, vindkraftverket och elsystemet &r utrustat med en méngd sensorer
for métning av meteorologiska, mekaniska och elektriska storheter. Alla métsignaler
4r framdragna till mitskdpet som finns i kontrollbyssjan. Aven vindkraftverkets
reglerdator dr placerad i mitskapet. Har finns RF- och Overspianningsskydd,
lagpassfiltrering och signalkonditionering av in- och utsignaler. Vidare dr signalerna
korskopplade och forgrenade till reglerdatorn och till mitsystemet. Mitsystemet som
anvints vid métningarna 1 denna rapport (utom métningarna for berdkning av de
termiska begrinsningarna) bestar av en 16-kanalig enhet innehallande
antivikningsfilter och simultan samplingsutrustning. Denna enhet ir 1 sin tur kopplad
till ett mitkort med analog multiplexer och A/D-omvandlare, monterat i en PC-dator.
Mitprogrammet dr utvecklat i LabView-milj6. Héir kan valfri signalbearbetning och
presentation goras. Bade mdtutrustning och utvecklingsmiljéo kommer fran National
Instruments. Applikationer for att samla in métdata och spara till harddisken, samt for
att bearbeta och visa vidrden pa skdrmen i realtid har utvecklats pa Chalmers.
Mitprogrammet dr moduluppbyggt. Det innebér att runt sjdlva kirnan i programmet
som hiamtar data fran métkortet sa kan olika underprogram med egen frontpanel Iitt
infogas.

Vid mitning av elektriska storheter pa generatorn och elsystemet sa har métdon av
fabrikat LEM anvints for strommaétningarna. For spanningsmétningarna har anvénts
mitkort med resistiv spanningsdelare och AD210 isolerforstirkarkrets. Bade strom-
och spanningsmitdon kan mita DC-storheter savil som frekvenser upp till minst 10
kHz. Samplingshastigheten som anvints vid generatormétningarna (utom métningarna
for berdkning av de termiska begriansningarna) var 4000 sampel/s. Brytfrekvensen for
antivikningsfiltren var instélld pa 1333 Hz.
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4 Drift och underhall.

Det nya regler- och Overvakningsprogrammet som togs i bruk da vindkraftverket
sattes upp efter ombyggnaden 1999 utvecklades efter hand med &vervakning och
automatik for obemannad drift. Under hosten 2001 gjordes de forsta forsoken med
obemannad drift. I borjan pa 2002 var de flesta driftstorningarna avhjilpta och
vindkraftverket gick i kontinuerlig drift. Under 2002 hade vindkraftverket roterat
under ungefir 44 % av tiden. Tillgdngligheten var hogre eftersom vindkraftverket var
parkerat i medelvindar under 3,7 m/s. Vindkraftverket fungerade efter intrimmningen
av reglerprogrammet i stort sett klanderfritt 1 obevakad drift. Inga mekaniska eller
elektriska haverier av vikt intrdaffade. Ett viktigt delmal var ddrmed uppnatt; att ha en
stabilt fungerande plattform for experiment och demonstration. Den kontinuerliga
driften pagick fram till maj 2003 da prov med serieckompensering av generatorn
inleddes. Beslut togs da att tillsvidare upphora med kontinuerlig drift. Anledningen
var att proven kridvde vissa modifieringar av elsystemet och av reglerprogrammet.
Forandringarna paverkade eventuellt vindkraftverkets egenskaper sa att en sidker
obemannad drift inte kunde garanteras utan nya ingdende tester och
intrimmningsarbete. Med tanke pa knappa personella och ekonomiska resurser
bedomdes det ocksa som klokt att prioritera métningarna pa generatorn och
elsystemet. Kontinuerlig drift 6kar ocksa risken for ett storre haveri, vilket kunde ha
inneburit att métningarna inte skulle ha kunnat genomféras. Elproduktionen var ar
2002 ca: 27 MWh och for 2003 var den 6.6 MWh.

Tillsyn och I6pande underhall av anldggningen utférs normalt med 2 — 3 veckors
intervall. Visuell kontroll av byggnader, kablage, torn, vingar och meteorologimast
utfors. Saker som gir sonder eller vandaliseras repareras Kkontinuerligt. Aven
maskinhuset inspekteras och turbinnavets gungled smorjs. Gungleden dr konstruerad
som ett glidlager till skillnad fran de senare konstruktionerna med fjadrande
gummibussningar som till exempel Nordic Windpower har anvint. Utférandet med
glidlager kriver tita smorjintervaller eftersom leden ror sig fram och ater endast nagra
fa grader. Dirvid pressas smorjfettet snabbt ut sa att smorjfilmen riskerar att kollapsa
med skador som foljd. Aven nir turbinen #r parkerad forekommer rorelser i
gungleden orsakade av vinden.

Exempel pa mindre reparationer och underhallsarbeten under projekttiden #r byte av
trasigt spanningsaggregat i maskinhuset, byte av trasigt aggregat for avbrottsfri kraft
till métsystemet, reparation av stulna askledarlinor, upprensning av skrip i den
nirmaste omgivningen, byte av fuktskadad kabel till meteorologimasten, utvindig
spackling och malning av fuktskadad dorr till kaffebyssjan.

I september 2004 paborjades en renovering av vingarna. Dessa dr av trd med
forstirkningar av plast och glasfiber. De tillverkades ursprungligen for att testa nya
bladprofiler infor uppskalning i Nordic Windpower 450 kW-maskinen som provades i
Lyse. Vingarna togs i drift forsta gangen 1991 och togs ned 1997 i samband med
ombyggnad av kraftverket. Innan atermontaget 1999 reparerades skador pa vingarna.
Vingarna har inte samma hallbarhet mot védder och vind som konventionella vingar av
t.ex. glasfiberplast, sa efter att ha varit installerade pa kraftverket i ungefar fem ar sa
var det dags for en rejil oversyn. Skador slipades upp, fukt vdadrades ut och bart tréd
spacklades och behandlades med epoxi. Aterstir gor en del slipningsarbete samt
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malning av reparerade ytor. Arbetet utfordes pa plats med hjdlp av en mobilkran med
korg. Aven anvindande av byggnadsstillningar dvervigdes, men det visade sig vara
ett dyrare alternativ.

Fig. 4.1: En bladspets fore renovering. Under platluckan finns spidnnanordningen som
héller den utbytbara bladspetsen.
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Fig. 4.2: Magnus Ellsén utfor inspektion i maskinhuset.
Foto: Arkadiusz Kulka

I Fig. 4.2 syns fran vénster till hoger: bromsskivan till den mekaniska nodbromsen,
kuggremsdriften for den hydrauliska startmotorn, tva roterande boxar med forstéirkare
for axelvridmoment, varvtalsgivare (gul), sldpringsdon (svart). Lingst bak:
hydrauloljetank med ventilpaket. Niarmast Magnus: kopplingslada for signaler och
hjédlpkraft.

4.1 Energiproduktion, elavtal

En utredning av avtalspartner och villkor for elleverans har genomforts. Det visade sig
att for de sma energiméngder vi kan leverera ens vid kontinuerlig drift, sa &r det inget
elbolag som &r intresserat av att ge oss ersittning for miljobonus och grona certifikat.
Som skl anger de en omfattande byrakrati och administrativa kostnader. Vi har dock
kommit 6verens med Fortum om retroaktiv utbetalning for levererad elenergi de
senaste aren da giltigt avtal saknats. Vi fick dven ett avtal for 2004. Fran och med
2005 sa har Fortum meddelat att de ej langre dr villiga att kopa levererad energi fran
vindkraftverket eftersom de som nitleverantor inte har rétt att hantera el-certifikat,
och de hénvisar till nagot elhandelsbolag som har de mojligheterna. Vidare forsok att
ordna ett avtal har tills vidare inte gjorts med tanke pa den ringa produktionen for
nirvarande.
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S Laborationer, studiebesok och oppet hus.

Ett betydelsefullt anvindningsomrade for provstationen #r som intressevickare och
informationsspridare i vindkraftfragor. Studiebesok ordnas for allmédnheten savél som
for grundskolan, gymnasiet och for Chalmersteknologer. Varje ar besoks
anldggningen av ungefdr 100 personer. I samarbete med Vetenskapsfestivalen i
Goteborg anordnas 6ppet hus pa provstationen en helgdag pa varen. Studiebesok och
oppet hus samordnas ofta med foreningen Ockerd vind, som har ett andelsigt Vestas-
vindkraftverk i anslutning till provstationen.

Mitdata fran vindkraftverket anvinds ofta i teknologlaborationer pa Chalmers. En ny
laboration har framtagits som anvénds 1 kurserna Power Engineering Seminar, som
ges for E4-teknologer samt Masters-studenter och kursen i miljovénliga energikéllor
for E1-teknologer, som ingar i E-programmets satsning pa kurser med miljoinriktning.
Laborationen gar ut pa att studera teoretiska samband for ett vindkraftverk. Mitdata
fran Hono medelvirdesbildas, sorteras och bearbetas. Dessa data jamfors sedan med
de teoretiskt framtagna virdena, for att se om vindkraftverkets varvtalsreglering
jobbar pa ett optimalt sdtt. Utvecklingen av laborationen har bekostats av
undervisningsbudgeten vid institutionen.

Fig. 5.1: Ola Carlson t.v. med besokare pa Oppet hus.

49





6 Resor, moten.

I oktober 2003 deltog Magnus Ellsén i International Meeting of Test Stations som
holls pa Nisudden pa Gotland. IMTS dr ett informellt forum som aterkommer ungefér
vart annat ar. Virdskapet skiftar mellan olika linders organisationer som sysslar med
forskning och provning av vindkraftverk. Det hir métet organiserades av FOI, och
nidsta mote kommer att arrangeras av Risg National Laboratory, Danmark.
Reseberittelsen aterfinns i Appendix H.

7 Framtida arbeten

En naturlig fortsittning pa arbetet med generatorn och elsystemet &r att gora en
noggrannare analys av olika felfall i elsystemet och vad de kan fa for konsekvenser.
Ett exempel dr om en diodlikriktare kortsluts. Hoga strommar kan da uppsta som i sin
tur kan leda till for hoga spidnningar dver kondensatorn och statorspolen.

Idéer finns till en enkel skyddskrets som skulle kunna skydda mot foljdskador pa
kondensatorn och pa generatorn. Om det visar sig lampligt med en skyddskrets sa blir
ett kommande arbete att utveckla skyddskretsen och prova den i lab och senare pa
generatorn.

Hittills sa har proven med seriekompensering inskrinkt sig till endast en statorspole.
Det ir av stort intresse att prova utbyggnad till seriekompensering av generatorn i full
skala. Da kan ocksa eventuella skyddskretsar inga. Uteffekten fran vindkraftverket
skulle hojas, och man far mojlighet att utforma och testa nya regleralgoritmer som &r
anpassade till elsystemets nya karaktiristik. Vidare bor det vara mojligt att méta upp
generatorns och elsystemets verkningsgrad vid serieckompenseringskoppling. Det har
inte varit mojligt tidigare, da endast en statorspole varit kopplad for
seriekompensering. Det dr naturligtvis av virde att undersoka om den forutsedda
effekthojningen verkligen erhélls och att problem inte uppstar, till exempel med
overhettning pa grund av ovintat lag verkningsgrad, eller med varvtalsregleringen.

Det finns mgjligheter att relativt enkelt minska hydraulsystemets energiforbrukning. 1
det nuvarande hydraulsystemet sa maste pumpmotorn vara igang hela tiden
vindkraftverket dr i drift. Storre delen av tiden pumpas ingen olja, utan pumpen
bibehaller endast hydraultrycket sa att den mekaniska bromsen inte skall sla till. Om
en tryckackumulator monteras sa kan pumpmotorn stingas av och energi sparas da
inget oljeflode behovs. Oljeflode behovs endast under startférloppet och nér
maskinhusriktningen justeras for att folja vindens riktning. Prov som gjorts tidigare
visar att under vissa vindforhallanden sa dr maskinhuset i viss man sjélvjusterande i
vindriktningen. Om styrprogrammet modifieras till att utnyttja detta fenomen med
hjdlp av de sa kallade ddmpventilerna som redan finns monterade sa skulle
hydraulpumpens drifttid ytterligare nedbringas.

Ett viktigt anvindningsomrade for provstationen ér informationsverksamheten. Nytt
informationsmaterial skulle behova tas fram. Det kan vara till exempel en ny broschyr
och en egen webbsida om provstationen. Vidare kan programvaran pa mitdatorn
utvecklas med illustrativa datorgranssnitt diar besokaren far méitdata presenterade pa
ett informativt sitt. Man kan ténka sig att dven ldgga ut information fran mitsystemet
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pa provstationens webbsida. Ddr kan visas aktuell temperatur, vindhastighet,
elproduktion etc. Kanske kan man dven ha en webbkamera.

Det finns en potential att utnyttja provstationen mer till teknologlaborationer. Nya
laborationer kan utvecklas dar teknologerna sjdlva utfér métningar antingen pa plats
eller via Internet.

Idéer finns om en mojlig utbyggnad av anldggningen med solceller, briansleceller for
vitgas eller liknande i samarbete med t.ex. Chalmers energicentrum och Goteborg
Energi. Kontakter finns ocksa med tillverkare och aterforsiljare av mindre
vindkraftverk i storleksordningen 1 till 50 kW om eventuellt samarbete och prov med
mindre autonoma elsystem.
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