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Abstract

This report deals with an electrical system for variable-speed wind power
plants. It consists of a synchronous generator, a diode rectifier and a
thyristor inverter. The aim is to discuss the system design and control, to
model the losses and to compare the average efficiency of this variable-speed
system with the average efficiency of a constant-speed and a two-speed
system. Only the steady state operation of the system is discussed. Losses in
the system are modelled, and the loss model is verified for a 50 kVA
generator. The proposed simple loss model is found to be accurate enough to
be used for the torque control of a wind turbine generator system. The most
efficient generator rating is discussed, and it is shown how the voltage control
of the generator can be used to maximize the generator and converter
efficiency. The average efficiency of the system is calculated. It depends on
the median wind speed of the turbine site. It is found that a variable-speed
system, consisting of a generator and a converter, can have an average
efficiency almost as high as a constant-speed or a two-speed system. Three
different control strategies and their effect on the system efficiency are
investigated.
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1 Introduction

In the design of a modern wind turbine generator system, variable speed is
often considered. It can increase the power production of the turbine by about
5 %, the noise is reduced and forces on the wind turbine generator system can
be reduced. Its major drawbacks are the high price and complexity of the
converter equipment.

This report deals with a variable-speed system consisting of synchronous
generator, diode rectifier and thyristor inverter. The advantages of the
synchronous generator and a diode rectifier are the high efficiency of the
rectifier and the low price. There are two disadvantages that can be
important in wind turbine generator systems. Motor start of the turbine is
not possible without auxiliary equipment and the torque control is normally
not faster than about 8 Hz [1]. The aim of this report is to describe an
efficient variable-speed system and to model the generator and converter
losses. The loss model is intendend to be used for steady state torque control
and to maximize the system efficiency.

The synchronous generator system has been investigated earlier. Ernst [1],
for example, describes the system possibilities by presenting various system
configurations, methods for modelling and control strategies. Hoeijmakers
derives an electric model for the generator and converter [2] and a simplified
model intended for control use [3], not including the effects of ripple and
harmonics. Carlson presents a detailed model for the simulation of the
generator and converter system by numerical solution of the equations [4].

This report focuses on system design, modelling of the system losses,
maximizing the efficiency and calculation of average efficiency. To be able to
find reasonable parameters for the loss model, the generator rating as well as
the converter design are discussed in Chapter 2. In Chapter 3, the loss model
is derived and compared with measurments. In Chapter 4, the generator
voltage control is optimized and the influence of the generator rating on the
system efficiency is discussed. A comparison is made between the losses and
average efficiency of a variable-speed, a constant-speed and a two-speed
system in Chapter 5. The report deals only with the steady-state behaviour
of the system.



1.1 Description of variable-speed generator systems

1.1.1 Synchronous generator and diode-thyristor converter.

The generator system discussed in this report is a system consisting of a
synchronous generator, a diode rectifier, a dc filter and a thyristor inverter.
The inverter may have a harmonic filter on the network side if it is necessary
to comply with utility demands. The harmonic filter is, however, not included
in the efficiency calculations in this report. Figure 1.6 shows the total power-
generating system.

The advantage of a synchronous generator is that it can be connected to a
diode or thyristor rectifier. The low losses and the low price of the rectifier
make the total cost much lower than that of the induction generator with a
self-commutated rectifier [5]. When using a diode rectifier the fundamental of
the armature current has almost unity power factor. The induction generator
needs higher current rating because of the magnetization current.

The disadvantage is that it is not possible to use the main frequency
converter for motor start of the turbine. If the turbine cannot start by itself it
IS necessary to use auxiliary start equipment. If a very fast torque control is
important, then a generator with a self-commutated rectifier allows faster
torque response. A normal synchronous generator with a diode rectifier will
possibly be able to control the shaft torque up to about 10 Hz, which should
be fast enough for most wind turbine generator systems.

Wind turbine
Synchronous Dc-filter Harmonic
generator filter
Gear Diode Thyristor Network

rectifier inverter transformer
| T | K

T \

Figure 1.6 The proposed generator and converter system for a wind turbine
generator system.



The armature current of a synchronous generator with a diode rectifier can
be instable. This instability can, according to Hoeijmakers, be avoided by
using a current-controlled thyristor rectifier [3]. However, using a thyristor
rectifier is much more expensive than using a diode rectifier and it also makes
it neccesary to use a larger generator. Therefore, a diode rectifier should be
used if the rectifier current can be controlled by other means. That is possible
by means of the inverter current control. The control may, however, be
slightly slower than that of a thyristor rectifier.

Enclosed generators (IP54) are preferred in wind turbine generator systems.
But standard synchronous generators are usually open (IP23) and cooled by
ambient air ventilated through the generator. Enclosed synchronous
generators are manufactured, but they can be rather expensive. Open
generators can maybe be used if the windings are vacuum-impregnated.
Standard induction generators, with a rated power up to at least 400 kW, are
enclosed.

A thyristor inverter is used in the system investigated in this report, mainly
because it is available as a standard product at a low price and also for high
power. In the future, when the size of the transistor inverters is increased and
the price reduced, they will be an interesting alternative to the thyristor
inverter.

1.1.2 Generators and rectifiers

In this section different generators for variable-speed systems are compared.

A cage induction generator is normally used together with a self-commutated
rectifier because it must be magnetized by a reactive stator current. The
self-commutated rectifier allows a fast torque control but it is much more
expensive than the diode rectifier and it is less efficient. An alternative to the
expensive self-commutated rectifier would be an induction generator
magnetized by capacitors and feeding a diode rectifier. The disadvantages of
that system are that the generator iron core must be saturated to stabilize
the voltage, which leads to a poor efficiency, and the capacitance value must
be changed with the generator speed. The two different cage induction
generator and rectifier combinations are shown in Figure 1.1.



An induction generator and a rotor cascade has the stator connected directly
to the network and the rotor windings are connected to the network via a
frequency converter, see Figure 1.2. This system is interesting mainly if a
small speed range is used because then the frequency converter can be
smaller than in the other systems. A speed range of +20 % from the
synchronous speed can be used with a frequency converter rated only about
20 % of the total generator power. The main part of the power is transferred
by the stator windings directly to the network. The rest is transferred by the
frequency converter from the rotor windings. The disadvantage of this system
is that the generator must have slip rings and therefore needs more
maintenance than generators without slip rings.

Self-commutated Diode
rectifier rectifier
il Magnetization
capacitance
B |/
_ L\
T [ 1]
HH4-"3- Cage induction AN Cage induction
generator =~ generator
(a) (b)

Figure 1.1 Cage induction generator 1G with (a) a self-commutated rectifier
or (b) self excited with a diode rectifier.

Wound rotor
induction generator

Three-phase | [
network [ \

50 Hz Il__

Rotor currents
- 10 Hz < f< +10 Hz

<4
ol

Figure 1.2 Wound rotor induction generator IG and a rotor cascade frequency
converter.

The conventional synchronous generator can be used with a very cheap and
efficient diode rectifier. The synchronous generator is more complicated than



the induction generator and should therefore be somewhat more expensive.
However, standard synchronous generators are generally cheaper than
standard induction generators. A fair comparison can not be made since the
standard induction generator is enclosed while the synchronous generator is
open-circuit ventilated. The low cost of the rectifier as well as the low rectifier
losses make the synchronous generator system probably the most economic
one today. The drawback of this generator and rectifier combination is that
motor start of the turbine is not possible by means of the main frequency
converter.

Permanent magnet machines are today manufactured only up to a rated
power of about 5 kW. They are more efficient than the conventional
synchronous machine and simpler because no exciter is needed. Like other
synchronous generators the permanent magnet generators can be used with
diode rectifiers. High energy permanent magnet material is expensive today
and therefore this generator type will not yet be competitive in relation to
standard synchronous generators. For low-speed gearless wind turbine
generators the permanent magnet generator is more competitive because it
can have higher pole number than a conventional synchronous generator. In
Figure 1.3 the two types of synchronous generators are shown.

Diode  conventional Diode Permanent
rectifier  synchronous rectifier magnet
generator synchronous
generator

m Integrated
exciter

(@) (b)

Figure 1.3 (a) Conventional synchronous generator SG and (b) permanent
magnet synchronous generator PG connected to diode rectifiers.

1.1.3 Inverters

Many types of inverters can be used in variable-speed wind turbine generator
systems today. They can be characterized as either network-commutated or

10



self-commutated. Self-commutated inverters are either current source or
voltage source inverters. Below the various types are presented. The rated
power considered is in the range of 200 kW to 1 MW.

Self-commutated inverters: These are interesting because their network
disturbance can be reduced to low levels. By using high switching frequencies,
up to several kHz, the harmonics can be filtered easier than for a network-
commutated thyristor inverter. Control of the reactive power flow is possible
for this type of inverter making it easier to connect them to weak networks.
Self-commutated inverters use pulse width modulation technique to reduce
the harmonics. To make the harmonics low the switching frequency is often 3
kHz or higher.

Self commutated inverters are usually made either with Gate Turn Off
thyristors, GTOs, or transistors. The GTO inverters are not capable of higher
switching frequencies than about 1 kHz. That is not enough for reducing the
harmonics substantially below those of a thyristor inverter with filter.
Therefore, the GTO inverter is not considered as a choice for the future. It has
been made obsolete by the transistor inverters in the range up to 100-200
kW. Today the most common transistor for this type of application is the
insulated gate bipolar transistor, IGBT. It is capable of handling large phase
currents, about 400 A, and it is today used in converters with an rated ac
voltage up to 400 V. IGBT converters for 690 V networks are supposed to be
available soon. The drawback of the IGBT inverter today is that the largest
inverters that can be made without parallelling the IGBTs are only about 200
KW. A new technology, like the IGBT inverter, is expensive until large series
are manufactured. These reasons make the IGBT inverters expensive to use
for large wind turbine generator systems. When the price of self-commutated
inverters decreases they are likely to be used for wind turbine generator
systems because of their lower harmonics.

A self commutated inverter can be either a voltage source inverter or a
current source inverter, see Figures 1.4 and 1.5. Today the voltage source
inverter is the most usual type. If it is used to feed power to the network it
must have a constant voltage of the dc capacitor that is higher than the peak
voltage of the network. The generator is not capable of generating a constant
high voltage at low speed and a dc-dc step-up converter must therefore be
used to raise the voltage of the diode rectifier. In a system where the

11



generator is connected to a self-commutated rectifier this is not a problem
since that rectifier directly can produce a high voltage.

Voltage source  Step-up Diode

inverter converter rectifier
K nm *
e W i I
I L s W 4 E:l
400 V network 570V 0-570 V 0-420 V

Figure 1.4 A variable speed generator system. The frequency converter
consists of a diode rectifier, a step up converter and a voltage
source inverter. The transitors are shown as idealized switches.

Current source Diode
inverter rectifier
N
F W W N

A

400 V network 0-490 V 0-360 V

Figure 1.5 A variable speed generator system. The inverter is a current source
inverter with the transistors shown as idealized switches.

For a generator connected to a diode rectifier the self commutated current
source inverter is interesting. It is, like the thyristor inverter, capable of
feeding power to the network from very low voltages. Since the network is a
voltage-stiff system it is from a control point of view good to use a current
source inverter. The drawback of the current source inverter is a lower
efficiency than that of the voltage source inverter with step-up converter.

12



Network-commutated inverters: The usual type of network-commutated
inverter is the thyristor inverter. It is a very efficient, cheap and reliable
inverter. It consumes reactive power and produces a lot of current
harmonics.

Cycloconverters with thyristors are common for large low-speed machines.
They are only used with low frequencies, up to about 20 Hz and therefore
they do not fit the standard four-pole generators used in wind turbine
generator systems. For rotor-cascade connected induction generators the low
frequency range is no disadvantage. The harmonics from the cycloconverter
are large and difficult to filter.

1.2 Wind turbine characteristics

A wind turbine as power source leads to special conditions. The shaft speed-
power function is pre-determined because aerodynamic efficiency of the
turbine depends on the ratio between the blade tip speed and the wind speed,
called tip speed ratio. Maximum aerodynamic efficiency is obtained at a fixed
tip speed ratio. To keep the turbine efficiency at its maximum, the speed of
the turbine should be changed linearly with the wind speed.

The wind power is proportional to the cube of the wind speed. If a turbine
control program that is designed to optimize the energy production is used the
wind speed turbine power function is also a cubic function. The turbine power
curve is shown in Figure 1.7 together with the turbine speed curve. In this
report the turbine speed is assumed to be controllable above the rated wind
speed by blade pitch control. The generator speed can then be considered
nearly constant at wind speeds above the rated wind speed.

An ordinary wind turbine has a rated wind speed of about 13 to 14 m/s but
the median wind speed is much lower, about 5 to 7 m/s. Therefore, the power
of the turbine is most of the time considerably less than the rated power. The
probability density of different wind speeds at the harbour in Falkenberg,
Sweden, is shown in Figure 1.8.
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Speed, Power

—— Turbine speed

—— Turbine power

| Wind speed
Rated wind speed

Figure 1.7 The turbine power and turbine speed versus wind speed.

0.12¢ Weighting function (s/m)

0.1}
0.08¢
0.06
0.04¢
0.02¢

. . . Wind speed
5 10 15 20 (m/s)

Figure 1.8 The weighting function of wind speeds at the harbour in
Falkenberg, Sweden.

It can be seen that the wind speed usually is about half of the rated wind
speed. Only during a small fraction of the time, less than 10 % of the year, the
turbine produces rated power. Therefore, a generator system for a wind
turbine benefits more of low losses at low power than it does of low losses at
rated power. At high power a variable-speed generator and converter have
higher losses than what a similar generator connected directly to the network
has. However, at low power the variable-speed system can have lower losses
than the network-connected generator. Therefore, the annual average
efficiency can be almost the same for both the systems.

14



1.3 Variable-speed wind turbines

Today most wind turbines run at constant generator speed and thus constant
turbine speed. The reason for this is mainly that grid-connected ac generators
demand a fixed or almost fixed speed. Other reasons may be that resonance
problems are more easily avoided if the speed is constant and that a passive
stall control can be used to limit the power at wind speeds higher than the
rated wind speed.

Reasons for using variable speed instead of fixed speed is that the turbine
efficiency can be increased, which raises the energy production a few percent.
The noise emission at low wind speeds can be reduced. Variable-speed
systems also allow torque control of the generator and therefore the
mechanical stresses in the drive train can be reduced. Resonances in the
turbine and drive train can also be damped and the power output can be kept
smoother. By lowering the mechanical stress the variable-speed system
allows a lighter design of the wind turbine. The economical benefits of this are
very difficult to estimate but they may be rather large.

1.4 A design example system

As an example a system for a 26 meter wind turbine generator system will be
presented in this report. The chosen turbine is a two-blade turbine with a
passive pitch control. Its speed is limited by the pitch control which is
activated by aerodynamical forces. The turbine blade tips will be unpitched
until the turbine speed reaches a pre-set speed, at which the blade tips start
to pitch. The speed will then be kept almost constant with variations of about
+ 5 %. This pitch system is completely passive and has no connection with
the power control in the electrical system. The power above rated wind speed
can be kept constant by the generator control. Below rated wind speed the
generator torque will be controlled to keep the optimum tip speed ratio. The
passive pitch system will be inactive and the blades unpitched. At the
optimum tip speed ratio, the turbine can produce 300 kW. The rated wind
speed is then 13 m/s and the turbine speed 72 rpm. 72 rpm is a high speed for
this size of turbine. The speed can be reduced by designing the turbine blades
for a lower optimum tip speed ratio.

15



2 The synchronous generator system

This chapter describes the generator and converter system as well as some
aspects of its design. The component values for the 300 kW design example
system are calculated. Problems are discussed more from an engineers point
of view than from a theoretical point of view.

The complete generator system and its main components are shown in
Figure 2.1. The turbine is described by its power Pt and speed nt. The speed is
raised to the generator speed ng via a gear. Py is the input power to the
generator shaft. The generator can be magnetized either directly by the field
current I fed from slip rings or by the exciter current Ig. The exciter is an
integrated brushless exciter with rotating rectifier. The output electrical
power from the generator armature is denoted by P5. The generator
armature current Iz and voltage Uy are rectified by a three-phase diode
rectifier.

The rectifier creates a dc voltage Ugr and a dc current Igy. On the other side
of the dc filter the inverter controls the inverter dc voltage Ugj and dc current
I4i- Uqg is the mean dc voltage and lg is the mean dc current. The power of the
dc link Pqg is the mean value of the dc power, equal to Ig Uq. The inverter ac
current is denoted Ij and the inverter ac voltage Uj. The ac power from the
inverter is denoted P;.

Idi Ii |net

Fm-=---

_> :__>
Ps Pg Pa Py P

\
\

5

Figure 2.1 The total system and the quantities used.The generator can be
magnetized either by slip rings or by an integrated exciter.
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The filter is used to take care of the current harmonics by short circuiting the
major part. The output of the generator system is the network current Ipet.
The network voltage is denoted Upet.

2.1 The control system

The control system of the generator and converter is used to control the
generator torque by current control. In addition to this it can also, by voltage
control with Ug ref, either control the reactive power consumed by the
inverter or optimize the generator-converter efficiency. The two control
functions are described below.

A voltage control diagram is shown in Figure 2.2. The control of the generator
voltage is achieved by controlling the exciter current by Ig ref. The control
must be designed to keep the voltage of the generator below about 90 % of
the inverter ac voltage Uj |im.- Otherwise the inverter will not be able to
control the dc-current which will then increase uncontrollably. On the other
hand, the voltage of the generator should not be lower than necessary at
rated power because that leads to a poor power factor of the inverter ac
current. Since the network voltage is not constant these two objectives can
only be reached if the generator voltage is controlled by the measured

Efficiency
>R
UI aref [| control™
Voltage | Yalim Unet
regulator - C <
IE ref < Ua
controllable
rectifier
IEY | ‘ i
AR e
T \
I
*) Efficiency control E
or reactive power control T

Figure 2.2 The steady state voltage control of the generator.
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network voltage. The voltage control must also limit the generator flux. If this
is not done the generator will be saturated which will lead to unacceptable
core losses.

The second item to be controlled is the generator current. It is controlled by
the current reference value to the inverter lgj ref. At rated power and rated
speed it is kept constant. Below rated power the current is controlled to
obtain a generator shaft torque Ty ref according to the optimal speed-torque
curve of the turbine. The current demand is calculated from the torque
demand. In Figure 2.3 a diagram for a torque control system is shown.
Because the field current in the rotor and the flux linkage ¥ of the stator can
not be directly measured they are estimated from the armature voltage,
armature current and shaft speed.

A fast voltage control is important to keep a high power factor without
commutation problems during voltage dips on the network. If a fast torque
control is required due to, for instance, resonance problems in the drive train,
the two control systems must be designed together. Otherwise they will
disturb each other. Because the current control is obtained by voltage control
of the inverter it is easily disturbed by the voltage control of the generator.
The generator voltage depends on the generator current due to armature

ng| Torque Tg ref
| reference
curve n
g >
Ng »| Field _';Torque
I current| ™ |control
and
flux link| ¥ ldi ref
| | FJ: estim. [P
J_ |

[T

—~

2

T

Figure 2.3 The steady state current control and torque control of the
generator.
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reaction and thus the voltage control is easily disturbed by the current
control. One simple solution is to design a fast controller for the generator
voltage and a slower one for the generator current.

2.2 The generator

The generator is assumed to be a standard synchronous generator. Usually it
is a four-pole, 1500 rpm, generator equipped with an integrated exciter and a
rotating rectifier. All the measurements in this report were made on a 50
kVA synchronous generator. It is a Van Kaick generator that is modified by
Myrén & Co AB. The generator, which has an integrated exciter, has also
been equipped with slip rings. This allows magnetization either by the exciter
or by the slip rings. In Figure 2.4 the rating plate of the generator is shown.

2.2.1 Speed rating

In a variable speed system the speed of the generator is not restricted to the
synchronous speed at the network frequency, i.e. 1500 rpm for a 50 Hz
network. Most small generators are designed to operate up to 1800 rpm,
60 Hz, and the only upper limit is their survival speed, 2250 rpm for
Mecc Alte and Leroy Somer generators. Such high speed can, however, not be
used as rated speed. The rated speed must be low enough to allow over-speed
under fault conditions, before the wind turbine emergency brakes are
activated.

MYREN & CO AB - GOTEBORG

GEN SYNKRON
FABR AVAN KAICK | ~ 50 - 60
TYP DIB 42/50-4 NR | 424118

EFFEKT [ 50 - 60 kVA VARV | 1500 - 1800

VOLT 360-416 V AMP | 83,5

MAGN 50V 27 A

ELLER 40V 1,1A

Figure 24 The rating plate of the 50 kVA generator used in the
measurements.
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The efficiency of a generator is usually increased slightly with increasing
speed. Using high speed also means that a smaller generator can be used to
produce the same power. A generator for 50 Hz operation is 20 % heavier
than a generator for 60 Hz and the same rated power.

A second limitation of the rated speed is the possible gear ratio. Speed ratio
larger than 1:25 between the generator speed and the turbine speed is not
possible for a normal two-stage gear. If higher ratios must be used a three-
stage gear will be necessary. Each extra stage in the gear means 0.5 to 1 %
extra losses. Since the efficiency of the generator only increases some tenths
of a percent there is no reason to use a three-stage gear to reach high
generator speeds. For a two-stage planetary gear the limit of speed ratio is
higher, about 1:50.

2.2.2 Current rating

Harmonics in the armature current make it necessary to reduce the
fundamental current from the rated current to avoid overheating of the
armature windings. The diode rectifier leads to generator currents that are
non-sinusoidal, instead they are more like square-shaped current pulses, see
Figure 2.5. In a standard generator only the fundamental component of the
currents can produce useful torque on the generator shaft. The generator
windings must be rated for the total r.m.s. value of the generator current
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Figure 2.5 Armature current wave shape in a generator connected to a
diode rectifier.
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even if the active power is produced only by the fundamental component. The
armature current of a generator loaded by a diode rectifier has an r.m.s. value
that is about 5 to 7 % higher than the r.m.s. value of its fundamental
component. This means that the generator must have a current rating at
least 5 % higher than what would be necessary if sinusoidal currents were
used.

2.2.3 Voltage rating

An other cause for derating when a diode rectifier is used is the voltage drop in
the commutation inductance. The diode commutation is a short-circuit of two
armature phase windings during the time of the commutation. This short-
circuit leads to a lower rectified voltage compared to the possible voltage if
the commutation was instantaneous. The relative voltage drop due to
commutation can at rated load be approximately determined [6] by the per
unit commutation reactance of the armature windings Xy com as

>

UN
UNo

1
= 5 Xrcom (2.1)

where AUy is the commutation voltage drop at rated load and Up g is the
voltage at no load and rated flux.

Due to the commutations the voltage of the diode-loaded generator has
commutation notches. They can be seen in Figure 2.6 where the measured
line-to-line voltage of the generator is plotted. An undisturbed wave shape is
also shown for the first half-period. Each half-period has three commutation
notches.

The per unit commutation reactance can be approximately calculated from
the subtransient reactances of the generator [7] as

X"d axis + X"q axis
Xrcom = 2 d (2.2)
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Figure 2.6 Line-to-line armature voltage with commutation notches at
almost rated current. The no load voltage is shown for the first
half-period.

The per unit commutation reactance of standard synchronous generators,
between 200 kVA and 1000 kVA and from two different manufacturers, have
been investigated. The commutation reactance is in the range of 10 % to
26 % with a mean value of about 15 %. The voltage drop of the commutation
is then about 5 to 13 %. If the same generators are used with resistive load
the reduction of armature voltage, when the generator is loaded, is lower. The
voltage drop is then due to the leakage reactance and the armature
resistance. The resistive voltage drop is almost equal for both these cases. It
remains to compare the commutation voltage drop of a diode-loaded
generator with the leakage reactance voltage drop of a resistively loaded
generator. The leakage reactance voltage drop is only a few percent, and
being 90 degree phase-shifted to the armature voltage it does not reduce the
armature voltage significantly. Hence, the equivalent armature voltage for a
diode-loaded generator is about 5 to 13 % lower than for the same generator
resistively loaded.

2.2.4 Other aspects of the rating

With a diode rectifier the harmonics of the armature current induce current
in the damper windings under steady state operation. How large these
currents are and how much losses the damper winding thermally can
withstand has not been included in this study. However, simulations in [4]
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indicate that they are about 0.2 % at rated current for the 50 kVA generator.
They are not likely to overheat the damper windings and thus these losses
give no reason to derate the generator.

Other additional losses of diode loaded synchronous generators must be
included when the rating is decided. These losses can for example be eddy
current losses in the end region due to the harmonic flux from the end
windings. They make overrating necessary only if they cause overheating of
some part of the generator. The measurements made on the 50 kVA
generator show only about 0.67 % additional losses due to the diode rectifier.
These are such small losses that they probably can be neglected.

2.2.5 Generator rating

The harmonics of the armature current at diode load decrease the
permissible fundamental current about 5 to 7 % compared with a resistively
loaded generator. Due to reactive voltage drop of the commutation
inductance the possible rectified generator voltage is reduced about 5 to 13 %.
Additional losses due to the diode load are small, and they are generally no
reason for derating, if they do not occur in a critical hot spot of the generator.

The generator should have an apparent power rating, for sinusoidal currents,
that is about 10 to 20 % larger than the active power that will be used with
diode load. If the generator is operated at a higher speed than the rated one
the permissible voltage will be raised proportionally to the speed. So, using a
50 Hz machine at 60 Hz increases the voltage rating by 20 %. The limit for
the voltage is set by the isolation of the armature winding. Standard isolation
for 230/400V machines can be used for line-to-line voltages up to 700 V.

The conclusion is that a diode-loaded generator does not need to be bigger
than a generator, for the same active power, connected to a 50 Hz network.
The fundamental component of the armature current has to be lower than
the rated armature current. Also, the possible output voltage is decreased by
the commutations. However, the generator can instead be used with 20 %
higher speed which compensates both for the current and voltage derating at
50 Hz operation.

2.2.6 Generator efficiency
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When the generator is connected to a diode rectifier the efficiency is lower
than when it is connected to a resistive three-phase load. The reduction does
not only depend on the increase in additional losses, but it is to a large extent
depending on reduced output power at rated current and rated flux. Except for
the additional losses the losses are the same at rated load for the resistive
load as well as for the diode load. The output power is, however, reduced due to
the voltage drop of the commutation and lower fundamental current when a
diode rectifier is used.

At rated current the fundamental of the armature current is about 5 to 7 %
lower with a diode load than with a resistive load. As mentioned earlier the
voltage at rated generator flux is about 5 to 13 % lower with a diode load.
Totally the output power of the generator is 10 to 20 % lower with a diode load
than with a resistive load. Constant losses and lower power reduce the
efficiency. The maximum power of the generator loaded by a diode rectifier Py
diode can be expressed as a fraction Cgjode Of the maximum power for the
same generator loaded by a three phase resistive load Py res

PN diode = Cdiode PN res (2.3)

Cdiode 1S about 80 to 90 % for the considered generators. The decrease in
rated efficiency due to the derating at diode load, Any , is calculated. PjossN 1S
the total generator losses at rated current and rated flux and Py is the rated
load. The rated efficiency of generators from 200 kVA to 1000 kVA is about
94 to 96 % at cos(¢) = 1.0, here the efficiency with resistive load is assumed
to be 95 %. The reduction of efficiency when the generator is loaded by a diode
rectifier instead of a resistive three phase load is

_ Ploss N I:’Ioss N
AN = NNres — NNdiode = " PN dIOde% " PN res%

" 5% _ 150 Cdiode = 80 %
Eso% 100 9% - 1.25% for  Cdiode =80 %

(2.4)

5% 5 %
% 90% ~ 1009% - 0-96%  for  Cdiode =90 %

The increase in additional losses for the 50 kVA generator when it is
connected to a diode rectifier is
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AP
Pi,id = 0.67 %  (from measurements in Section 3.4.2) (2.5)

The relative increase in additional losses for generators from 200 to
1000 kVA has not been found. Therefore, the value for the 50 kVA generator
IS used instead. The relative increase is probably smaller for the larger
generators because their per unit losses are generally smaller than for the
50 kVA generator.

The total efficiency reduction when a synchronous generator is loaded by a
diode rectifier compared with resistive load is approximately 1.2 to 2.0 %.
About half or more of the decrease in efficiency is because of decreased
output power and not because of increased losses. If the speed of the
generator is higher for the diode-loaded generator compared to the resistively
loaded generator, the difference in efficiency will be a little less.

2.2.7 Design example

The maximum continuous power of the generator system should be 300 kW
at a rated dc voltage of Ugn = 600 V. This voltage is used because it is the
maximum dc voltage of a standard thyristor inverter and using the maximum
voltage maximizes the efficiency. This means that the rated dc current is Iy
N = 500 A. The r.m.s. value of the generator current can be calculated
approximately

—/2
la = \/3 lgr = 0.82 Igr (2.6)

lan = 0.82 Igrn = 0.82-500A = 410 A (2.7
This formula is exact if the dc current is completely smooth. This is not the
case but the increase due to current ripple is only a few percent. Thus the

rated current of the generator should be a little more than 410 A.

According to Ekstrom [6] the dc voltage can be expressed as a function of the
generator voltage and the dc current
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3V2 3wl
Ug = 1\1/ Ua - % ldr (2.8)

By solving Uy from this equation and using the rated values of the other
guantities, the rated generator voltage can be found as

T 3anL O
UaN = 2 ﬁJdN # S e larn (2.9)

An LSA 47.5 generator from Leroy Somer is chosen. The per unit
commutation inductance is 12.6 % at 50 Hz and 410 A which corresponds to
0.226 mH. The generator should, according to Equation (2.9), have a rated
voltage of about 470 V if it is used at 50 Hz and 475 V at 60 Hz.

The voltage can be adjusted not only by choosing generators of different
voltage rating. It can also be adjusted by changing the maximum speed of the
generator. The maximum voltage of a generator is a linear function of speed

n
Uamax(NN) = ﬁ UaN (2.10)

For the design example turbine the optimum tip speed ratio Agpt is 7.5 and

the diameter d¢ is 26 m. The rated wind speed vy is about 13 m/s. The tip
speed ratio is calculated using the following formula

PR \7 d (2.11)

The rated speed of the turbine should then be

VN A
neN = ';‘T—d‘;@ = 72 rpm (2.12)

The maximum corresponding generator speed with a gear ratio of 1:25 is
NgN = 25nNtN = 25-72rpm = 1800 rpm (2.13)

The voltage rating of the generator at 1500 rpm should according to Equation
(2.10) be
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1500 rpm

UaN = 1800 rpm

475V = 395V (2.14)

Summary: A generator with at least 410 A current rating and 395 V at
1500 rpm should be used. In other words, a 284 kVA generator (50 Hz) allows
about 300 kW maximum power at 1800 rpm. This is the smallest possible
generator. According to the data sheets of Leroy Somer generators an LSA
47.5 M4 will be sufficient. It can continuously operate with a 290 kVA load at
1500 rpm, 400 V and a class B temperature rise.

2.3 Redctifier

In the rectifier circuit the rectifier reactor Ly, is also included. The diagram of
the generator and rectifier circuit can be seen in Figure 2.7. The dc voltage Ugq
can be considered as a stiff voltage under steady state conditions if the dc
capacitance Cq is large. Uy is the voltage induced by the airgap flux of the
generator and Ly ¢om is the commutation inductance of the generator
armature.

2.3.1 Diode commutation

The commutation of the dc current between the armature phases of the
synchronous machine is slow because the armature windings have a large
inductance. At rated current the commutation can take up to about 1 ms.

This leads to a lower mean voltage on the dc link at rated load compared with
no load. In Figure 2.8 the potentials of the dc link are shown. A commutation

UL AN o
3 8 Lrcom i i k ar +
AN

Cd J— Ud

XX I

Figure 2.7 The rectifier circuit including the rectifier reactor Lqr and the
commutation inductance Ly com.
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on the positive side of the diode rectifier takes place between t; and to. The dc
potential is during this time equal to the mean value of two phase voltages
instead of the highest phase potential.

2.3.2 Equivalent circuit

The commutation voltage drop can be modelled as a resistance in the dc link
Rr com- The resistance value depends on the commutation inductance and the
frequency of the ac source. From Equation (2.8) the resistance value can be
identified

3wlL
Rr com = % (215)

This resistance represents an inductive voltage drop on the ac side and is, of
course, not a source of losses.

The commutation inductance also helps smoothing the dc current. Between
two commutations the dc current passes a series connection of two
commutation inductances, see Figure 2.9. The effective inductance is
between the commutation 2 Ly com.

Potential [V]

600
400 |
200} A |™

e e _— Time [s]
t. t,0.005 0.01 A 0015 ™ 0.02
200} 1 2%~ s N
-400 |

-600

Figure 2.8  The positive and negative potentials of the dc side of the rectifier.
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During a commutation the dc current passes through one commutation
inductance and a parallel connection of two commutation inductances, see
Figure 2.10. The effective inductance is then 1.5 Ly ¢com.

The commutation inductances will act as a smoothing inductance that is
about twice the per phase commutation inductance of the rectifier.

The no load dc voltage can be calculated from the generator no load voltage
32

Udro = T Uao (2.16)

The real rectifier circuit can now be replaced in calculations by an equivalent
circuit, Figure 2.11. It includes the effect of the smoothing inductance Lqy as

: NP

O
-O——

Figure 2.9 The current path of the dc current between two commutations.

N

: ZANIZAN

o~

Figure 2.10 The current path of the dc current during a commutation from
phase W to V.
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well as the commutation inductance 2 Ly com. The voltage drop due to the
commutations is modelled as a resistance Ry com. For a complete model also
the dc resistance and generator armature resistance should be included.
However, the influence of these is small except for the losses of the circuit.
The voltage harmonics are not included in this equivalent circuit.

2.3.3 Design example

In the design example the ratings of the system have been chosen to 300 kW
at a dc voltage of 600 V. Therefore, the diode rectifier should have a rated dc-
current of at least 500 A and a rated dc voltage of 600 V. A diode bridge
consisting of three Semikron SKKD 260 diode modules and a isolated heat
sink is chosen. With appropriate cooling this rectifier can continuously
operate at a dc current of 655 A.

The isolated heat sink is advantageous because the power circuit in a wind
turbine generator system should not be exposed to the ambient air. The heat
sink must, however, be cooled by ambient air since the dissipated power is
high, about 1.5 kW at rated power. This can be solved by using an isolated
heat sink which is earth-connected and is a part of the enclosure for the
power circuit. The cooling fan is placed outside the enclosure while all the
wiring as well as the diode modules are inside.

The voltage drop of each diode in a SKKD 260 module is 1 V, independent of
the load, plus the voltage drop of 0.4 mQ resistance. The total losses of the

diodes in the rectifier can be expressed as

>| — N AN °

Rr com 2 I—r com I—dr +

@Udro Ug
Idr —

| ®

Figure 2.11 The rectifier and generator equivalent circuit at steady state
when the voltage ripple of the rectifier is neglected.
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Expressed in per unit of the rectifier rated current and rated power the losses
are

Also some resistance in the connections and the cables should be included in
the losses leading to a higher resistive loss. The total rectifier losses can then
be expressed as

2.4 Dc filter

In this section the dc harmonics will be described as well as some aspects of
the design of the dc filter.

The dc-filter is used for four purposes:

(1) It is supposed to prevent harmonics from the rectifier to reach the
network. If there are harmonics from the rectifier in the network current
they can not be easily filtered since their frequency changes with the
generator speed. They can also cause resonance in the filter for the inverter
harmonics because it has resonance frequencies below the frequencies of the
characteristic harmonics.

(2) The dc filter should also keep the harmonics from the inverter low in the
rectifier dc current, since they would otherwise cause power oscillations and
generator torque oscillations. For generator frequencies close to the network
frequency these oscillations have low frequency and then they can cause
mechanical resonance.

(3) The harmonic content of the generator current depends to some extent on
the dc filter. The filter should be designed to keep the harmonic content low
because the harmonics cause extra losses in the generator.

(4) The dc filter design also affects the amount of harmonics produced by the
inverter. The fourth purpose of the dc filter design is to assure that the
inverter ac current harmonics are low and easy to filter.
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If the dc filter consists of both inductances and capacitances it has
resonance frequencies. They must not be excited by any of the larger
harmonics that may occur during normal operation. Dc link harmonics
occurring only under fault conditions can be allowed to be amplified by the
resonances, if the converter is disconnected before the resonance has caused
any damage. Since the generator fundamental frequency has a wide range,
the filter resonance probably has to be damped because it is practically
impossible to avoid all the harmonic frequencies.

2.4.1 Filter types

Three simple types of dc-filters have been investigated and they are shown in
Figure 2.12. The simplest filter possible, type A, has only one inductance. All
the current harmonics generated by the rectifier will appear as inter
harmonics in the inverter current. To reduce these inter harmonics Lg has to
be large. This is expensive and leads to a slow current control and therefore
slow torque control.

A short circuit link can be used to make the dc filter more effective in
reducing the inter harmonics in the inverter current. The second filter type B
is a filter with a capacitance between two dc reactors. The capacitance will
short-circuit most of the harmonics and it adds almost no extra losses. By
stabilizing the voltage it separates the problem of current smoothing into two
parts. The network side dc-current is smoothened by Lgj and the generator
side dc-current is smoothened by Lg,. The capacitance must be large enough
to filter the low rectifier harmonics well.

The third filter type C is a variant of the type B filter. An inductance is
introduced in the short-circuit link and the link is tuned to more effectively

Lg Lar L i Lar Lgi
L
—_— Cy4 dc
Cq
*——© ® ® ® T ®
type A type B type C

Figure 2.12 The investigated dc filter types.
32



short-circuit the largest fixed frequency harmonic. Only the harmonics from
the inverter have constant frequencies. The largest harmonic from the
inverter is the 300 Hz harmonic. But even without Lgc the 300 Hz current is
damped very well and the higher harmonics are reduced better without Lqc.

The harmonic current in the inverter dc current relative to the rectifier
harmonic voltage, lgj / Ugr, for the three types of dc filter is shown in Figure
2.13. The choice of dc filter will probably be between type A and type B. The
filter of type B has much better damping of the harmonics. The single
inductance L in filter A is higher than Lgj plus Lgr in filter B. On the other
hand, filter B is more complicated, has more parts and it probably has to
have a circuit to damp its resonance. Non-characteristic harmonics in the
inverter current can cause resonance in the ac filter. These harmonics can be
reduced much better by filter B than by filter A. Therefore, a filter of type B
is chosen for this design example, but this choice is not based on a complete
study of all the important aspects.

2.4.2 Harmonics in the dc link
The harmonics in the dc link are originating from the frequencies of the

network and the generator. The thyristor inverter and the diode rectifier
generate a dc voltage with a superimposed ac voltage. Under ideal conditions

di /U
(AIV)

dr
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Figure 2.13 The inverter harmonic current relative to the rectifier harmonic
voltage, lgi / Ugr.

the harmonic frequencies of the dc voltages are integer multiples of six times
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the ac frequencies. Only the sixth and twelfth harmonics cause ripple
currents of considerable magnitude. From the inverter side a 300 Hz and a
600 Hz current are generated. Depending on the generator frequency, from
25 to 60 Hz, the diode rectifier generates a current harmonic with a
frequency between 150 Hz and 360 Hz. The twelfth harmonic generated by
the diode rectifier has a frequency between 300 Hz and 720 Hz. The
magnitude of these voltage harmonics are depending on the generator voltage
and on the firing angle of the inverter.

Under non-ideal conditions also other harmonics occur. If, for instance, the
network voltage or the generator voltage is unsymmetrical, a second
harmonic will also be generated. This should under normal conditions be
small, but must not be amplified by resonance in the dc filter. Non-ideal firing
of the inverter thyristors also causes other harmonics. They can be of any
multiple of the fundamental frequency, but should for well-designed firing
control systems be small. In Figure 2.14 the harmonics from the inverter and
rectifier are illustrated.

A reason for unusual harmonics in the dc link is fault conditions. These
harmonics must of course not damage the converter and therefore their
effect must be calculated. If one ac phase is disconnected, because of for
instance a blown fuse, a very large second harmonic is generated. The three-
phase rectifier will then start to act as a one phase rectifier.

If a diode or a thyristor valve is short-circuited due to a component failure, a
current of the fundamental frequency is generated in the dc link. The result
should be that a fuse is blown.

All the above mentioned voltage harmonics can cause high currents if their
frequencies are close to the dc link resonance frequencies. Therefore, the dc
link resonance frequencies have to be carefully chosen. It is clear that the
resonance frequencies have to be below 150 Hz due to rectifier harmonics.
The second harmonic of both the network frequency and the generator
frequency must also be avoided, if the resonance is not well damped. Very low
resonance frequencies should also be avoided because they lead to a slow step
response of the current control. In the design example a filter with a rectifier
side resonance at 75 Hz is suggested.
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Figure 2.14 The harmonic frequencies in the dc filter under normal
conditions and symmetrical firing.

2.4.3 Smoothing reactor of the diode rectifier

The current harmonics of the rectifier dc current depend on the magnitude of
the harmonic voltages from the rectifier and on the smoothing inductance.
For economical reasons the inductance should be minimized. The maximum
acceptable ripple in the dc current must, therefore, be determined. On the
generator side, the rectifier-induced harmonics are interesting mainly
because they cause losses in the generator. Higher ripple means higher r.m.s.
current and makes it necessary to use a higher current rating of the

armature winding.

The harmonics from the inverter are small if a filter of type B or C is used.
They do not have to be considered when the size of Lqy is calculated.

The r.m.s. value of the generator current can be calculated for different ripple
magnitudes. This is done assuming a ripple-free dc voltage Uq over the dc
filter capacitor and instantaneous commutations. The r.m.s. value as well as
the fundamental component of the generator current are calculated. In
Figure 2.15 the relation between the r.m.s. value and the fundamental of the
armature current are plotted. For a perfectly smoothed dc current the r.m.s.
value of the generator armature current is 4.7 % higher than its fundamental
component. When the ripple increase the r.m.s. value of the generator
current increases slowly. At a peak-to-peak ripple of 20 % of the rated dc
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current the armature current r.m.s. value is about 5 % higher than the
fundamental component. At a 60 % ripple the r.m.s. value of the armature
current is 7 % higher than the fundamental.

The increase in the r.m.s. current will be small, if the ripple is less than 60 %
of the dc current mean value. As the peak-to-peak ripple increases from
20 % to 60 % the r.m.s. value of the current only increases from 1.05 to 1.07
times the fundamental component. The r.m.s. current only increases about
2 % while the ripple increases three times. Three times higher ripple allows a
three times smaller total smoothing inductance. A 2 % increase in armature
current increases the copper losses of the generator by about 4 %. At the
same time the dc link losses should decrease as least as much since the
smoothing inductance is decreased to a third.

A complete design study may show that other restrictions than generator
losses determine the value of the smoothing inductance. The resonance
frequencies must be kept at certain frequencies and a high ripple leads to a
high peak value of the dc current. The peak value of the current determines
the size of the iron core of the dc reactor. Therefore, higher peak current
means a more expensive reactor.

The first step in determining the rectifier smoothing inductance is to chose
the maximum allowed peak-to-peak ripple at rated current. Then the
neccesary inductance can be calculated. The ac current through the rectifier

| a/ Ia(l)
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Figure 2.15 The r.m.s. value of the generator current relative to the
fundamental component versus the relative peak-to-peak ripple.

36



dc reactor Lgr can under stationary conditions be found by integrating the
voltage over the total smoothing inductance. The voltage over the dc filter
capacitance is assumed to be a perfectly smooth dc voltage. The ac
component of the rectifier dc current is calculated as

00 = [ fop (Varl®) - Ua) (2.20)

To find the peak-to-peak ripple the integral (2.20) is evaluated from t3 to ts.
The integration interval is the part of the voltage ripple period where the
voltage over the smoothing inductance is positive. The voltage on both sides
of the inductance as well as the dc current can be seen in Figure 2.16.

The relation between peak-to-peak ripple, generator voltage and total
smoothing inductance can now be calculated for the rectifier as

¥}

V2 u . m, 3
Algr pp = [J[] Ltota %m(wug)—ﬁ%dt (2.21)

3

DLtot =Ldr + 2 Ly com _ -
h Dtg: when the voltage over the inductance becomes positive
Where Ll ,- the voltage over the inductance becomes negative again

DUa is the no-load armature voltage

t3 ty

Figure 2.16 The rectifier dc voltage Ugy, dc capacitor voltage Ug and the
rectifier dc current lgy. The integration interval to find the peak-
to-peak value is from t3 to ta.
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Both t3 and t4 are found as solutions for t in the equation

wiS
Slw

sin(wt+5) = (2.22)

. Tt Tt Tt
for which O<wt3< 6 and g <wWlha<y

2.4.4 Smoothing reactor of the inverter

The total r.m.s. value of the network ac current is also depending on the dc
reactor Lgj just as for the rectifier. However, there are other aspects that are
more important for the inverter current than just minimizing the total r.m.s.
value. The ac harmonics of the inverter current are very important to
evaluate. They must be below certain limits to be accepted by the utility. If
the dc current is assumed perfectly smooth it can be shown that the current
harmonics are inversely proportional to their frequencies as described by the
formula

I -
ligg = 13 (2.23)

where Kk is the order of the harmonic.

If the ripple on the dc current increases most of the ac harmonics will
decrease. Only the fifth current harmonic increases with higher dc current
ripple, see Figure 2.17. The magnitude of the harmonics is calculated
assuming a ripple-free dc voltage Ug, no overlap of the inverter ac currents
and a second order approximation of the ripple current wave shape.

The increase of the fifth harmonic is, of course, important since it is the
largest current harmonic. However, being that large also makes it the one
that is almost always necessary to filter. If a good harmonic filter already is
installed for the fifth harmonic, the effect of increasing it can be rather small.
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Figure 2.17 The ac current harmonics at rated power relative to the
fundamental current at different dc current peak-to-peak ripple.
No overlap and a second order approximation of the ripple
current wave shape is assumed.

The seventh, thirteenth and nineteenth current harmonics etc. are decreased
significantly by the ripple. The most interesting of these harmonics is the
seventh one because it is often necessary to filter. If it can be reduced
significantly, the seventh harmonic filter link may be unnecessary.

The eleventh, seventeenth and twentythird harmonics etc. are not reduced as
much as the others. Therefore, they have to be filtered. This can be done by
means of a filter link for the eleventh harmonic with a high pass
characteristic.

As can be seen in Figure 2.18 the seventh harmonic is low at high power but
will increase when the power is reduced below 0.6 p.u. It is, therefore, not
sufficient only to make sure that the magnitude of the seventh harmonic is
low at rated power; it is not allowed to increase too much at lower power
either. A seventh harmonic that is higher at low power than at rated power
can, however, be acceptable if most of the other harmonics then are lower.
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There is, of course, a drawback of reducing ac harmonics by increasing the dc
current ripple. The peak value of the inverter dc current then increases,
demanding a higher current rating of the dc reactor.

No clear rules for choosing the inverter inductance can be given here. An
interesting prospect, however, is to have a large current ripple of the dc
current at rated current, approximately a peak-to-peak ripple in the order of
35 % of the mean current. By doing so, it ought to be possible to design an
appropriate ac filter with only two LC-links.

The first step in determining the inverter smoothing inductance is to chose
the maximum allowed peak-to-peak ripple at rated current. When it has been
decided the smoothing inductance can be calculated. Under stationary
conditions the ac current through the inverter dc reactor Lgj can be found by
integrating the voltage over the total smoothing inductance. The ac
component of the inverter current lgj can be calculated from the inverter
voltage Ugij and the dc voltage Uq as

1
lgi(t) = J,_tot (Udi(t) — Uq) dt (2.24)
Figg
(p.u.)
T
k=5
0.2+t
0.15¢
0.1+t
k=11
k=7
0.05¢ k=17
k=13
0 - - - - - "
0.2 0.4 0.6 0.8 1 (p.u.)

Figure 2.18 The magnitude of the current harmonics as a function of power.
At rated power the dc current ripple is 35 % peak-to-peak. The
harmonics are calculated from a wave shape including the effect
of changing fire angle but not including overlap.
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To find the peak-to-peak value of the ripple, the integral is evaluated with a
lower limit ts and an upper limit ts. The integration interval is equal to the
part of the voltage ripple period where the voltage over the smoothing
inductance is positive. The voltage on booth sides of the inductance as well as
the dc current can be seen in Figure 2.19. The firing angle is 150°.

Now the relation between peak-to-peak ripple, ac voltage, smoothing
inductance and firing angle can be expressed as

t6

Aldi p-p = [J[]vz Ui %in(wt+§) +f[cos(a)%dt (2.25)

Ltot
5

DLtojc = Ldi + 2 Licom
DUi is the inverter ac voltage
ts: the firing time of a thyristor
Dt6: the time the voltage over the inductance becomes negative

where

The time instants ts and tg are determined by the following equations

a

ts= — (2.26)
w

. 4

sin(wtg +g) = —% cos(an) and a < wts < ?T[ (2.27)

di

t 5 t6
Figure 2.19 The inverter dc voltage Ugj, dc capacitor voltage Ug and the
inverter dc current lgj. The integration interval to find the peak-
to-peak value is from ts to tg.
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For a thyristor inverter the firing angle a is about 150° to 155° at rated
voltage.

2.4.5 Dc capacitance

When Lgr and Lgj have been chosen the capacitance Cy can be calculated. It
is determined by the desired resonance frequency

1
~ (Ldr + 2 Ly com) (2 1tfp )2

Cqg (2.28)

where f; is the chosen resonance frequency for the rectifier side harmonics.

If Cq is very large the values of the inductances already calculated can of
course be increased. An important reason to keep them small is, however,
their resistive losses. The losses must be included in such a trade-off between
capacitance and inductance.

2.4.6 Resonance damping

The resonance of the dc filter can be damped by means of an RLC circuit
tuned to the resonance frequency, see Figure 2.20. If only one damping circuit
should be used and both the rectifier side and the inverter side resonance
frequencies must be damped, the dc filter including the commutation
inductances, must be symmetrical. In this way the two resonance
frequencies become equal because the total smoothing inductance on both
sides are equal

Ldi + 2 Licom=Ldr +2 Lrcom (2.29)
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Figure 2.20 The dc filter with damping circuit, rectifier and inverter model.

The the effect of the damping circuit on the transfer function of the dc filter is
shown in Figure 2.21. For high harmonics (>100 Hz) the damping circuit can
be neglected and considered as an open circuit.

2.4.7 Dc filter calculations for the design example system

The design example generator and converter system has the following data:

Ac voltage of the inverter
Network angular frequency
Inverter commutation reactance
Firing angle at rated load

Rated dc current

Rated generator voltage

Rated generator angular frequency

Rect. commutation reactance

Network per unit base impedance
Generator per unit base impedance

The damping circuit is not included in this design.

Uin =500V

Wi = 2150 rad/s
Xicom =95%

anN = 155°

lyn =500 A

UaNn =475V

wgN =2m60 radls
Xrcom =12.6%
Zpnet =0.69Q

Zng =067Q

The peak-to-peak ripple of the inverter side dc current lyj at rated power is
chosen to 35 % of the rated dc current. Then the value of Lgj can be
calculated from Equations (2.25), (2.26) and (2.27)

a
ts5 = =N 8.61 ms
Wi

(2.30)
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Figure 2.21 The transfer function of the dc filter with and without damping.

. 4
sin(wij tg +%[) :% cos(a N) and o< wijtg <?n a

0 ts = 10.0 ms

(2.31)
te
72 U; . TT 3
Ldi + 2 Lijcom = ﬁ ] %ln(wi t+3)+ cos(a N)%dt =
t5
Y2 Uin %—cos(wi t +;—T) 3 %6
~0.351gN { i +tcos(an)g =0.75mH (2.32)
5

The inverter commutation inductance is the transformer leakage inductance
plus a small contribution from the network reactance that can be neglected

Zb net 0.69Q

Licom = Xicom = 0.0SW = 01mH (2.33)
This makes the dc filter inductance
Lgi = 0.55 mH (2.34)
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The rated dc current is 500 A. The ripple current peak value is 0.5-:35 %
times the rated dc current. That makes the peak value of the dc current

/\ —
i =0 +0'235%|di =590 A (2.35)

The r.m.s. value of the rated current is approximately

lgi = Igi = 500 A (2.36)

The inverter side smoothing reactor should have a core large enough for 590
A peak current, but the inductor winding needs only be rated for about 500 A
r.m.s. value, and the inductance should be 0.55 mH.

The rectifier side smoothing inductance is calculated using Equations (2.21)
and (2.22)

. m_ 3 _0.222+n2mnC
sinfgn &*+3) =5 O wgN&=[pgossn2pirad (2.37)
0<wgnN t3<g 0 t3 =0.59 ms
(2.38)
g<ng t4<g O t2 =2.19 ms
(2.39)

¥}

V2 Uan - n 3

Lgr+2L = ~=—anx in(wgn t + 5) — = Hdt =
dr r com Algy o t] % ( gN 3) ian

T
V2 Ua N E—cos(ng t+§) 384
=0.35 | O +tﬁD =0.18 mH (2.40)

The commutation inductance of the generator is 12.6%

Z 0.67 Q
Lrcom = Xrcom ﬁ = 0.126 555 qrad/s - 9-224 mH (2.41)
g
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which makes the rectifier dc inductance unnecessary.

Lgr=0mH (2.42)

Even without the rectifier inductance the ripple of the rectifier dc current will
only be about 70 A.

The dc capacitance is determined by the chosen resonance frequency. In this
example the rectifier side resonance frequency is chosen to be 75 Hz. From
Equation (2.28) the dc capacitance can be calculated

1
~ (Ldr + 2 Ly com) (2 1tfp )2

Cqg = 10 000 pF (2.43)

The filter has now two resonance frequencies. The rectifier side resonance
frequency is 75 Hz and the inverter side resonance frequency is

fi = . = 58 Hz (2.44)
2 vV (Lgi + 2 L com) Cd

If both resonances must be damped with one damping circuit the rectifier
should be equipped with a reactor to make the resonance frequency equal on
both sides. In that case

Ldr = Ld| +2 L| com — 2 Lr com — 0.3 mH (245)

The losses of the dc filter have not been calculated exactly, but they are
estimated to be 0.7 % at rated load.

2.5 Inverter

Major reasons to choose the line-commutated thyristor inverter are the high
efficiency, about 99 %, and the low price compared with other inverter types.
Disadvantages are that it generates harmonic currents and consumes
reactive power. The thyristor inverter is also difficult to protect at network
faults.
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2.5.1 Inverter pulse number

Large thyristor inverters are often made of two six-pulse bridges in a twelve-
pulse connection to reduce the current harmonics. The twelve-pulse
connection eliminates every second of the characteristic harmonics
generated from a six-pulse inverter. This is done by connecting the two six-
pulse inverters in series on the dc side, see Figure 2.22. On the ac side they
are connected to two phase-shifted three-phase systems created by a three-
winding transformer.

The drawbacks of the twelve-pulse connection for a medium size wind turbine
generator system are both technical and economical.

The first technical drawback is that if the reactive power must be
compensated, the network harmonic filters for the twelve-pulse connection
will not be smaller than the ones used for a six-pulse bridge. The size of the
filter is determined by the reactive power consumed by the inverter and the
twelve-pulse inverter consumes as much reactive power as the six-pulse
inverter.

In the twelve-pulse connection the filtering must be made on either both low
voltage three-phase systems or on the high-voltage side of the transformer.
Both these alternatives complicate the design and the manufacturing. A

To
consumers =5% _¥

Transf.
leak

(@) H [N} v e

1T 1 va p 4

<2% Filter

=5%

=5% Filter

(b) Transf. J_ 1 _¥
leakage
1T

reactance

Figure 2.22 (a) Twelve-pulse and (b) six-pulse connected inverter. Equivalent
single line scheme including the transformer leakage reactance
and network short-circuit reactance.
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filter connected to the 10 kV network can not easily be integrated with the
windmill electrical system. If the filter of the twelve-pulse inverter is
connected to the network side of the transformer it does not benefit of the
leakage inductance of the transformer which makes a filter on the low
voltage side several times more effective. In Figure 2.22 it can be seen that
the harmonic voltages of the network, for the six-pulse connection, are only a
fraction of the harmonic voltages of the filter. The harmonic voltages are
reduced because the voltage of the filter is divided by the network impedance
and the transformer impedance. In this example the harmonic voltages of the
filter are reduced at least to 2/7. For the twelve-pulse connection the
harmonic voltages of the filter are instead the same as those of the network.
The filter impedance must be lower in the twelve-pulse connection than in the
six pulse connection to reduce the network harmonic voltages to an equally
low level.

It is also easier to calculate the filtering effect and the resonance frequency if
the filter is connected to the low voltage side of the transformer. The
transformer reactance can for low harmonics be assumed to be substantially
larger than the network impedance. Therefore, the usually unknown
variations in the network impedance do not change the effect of the filter
much. A filter connected directly to the network must also be designed to
filter harmonics from other sources otherwise it might be overloaded. The
filter connected on the low-voltage side of the transformer might also be
burdened with harmonics from the network but to a much smaller extent.

The economical drawbacks of the twelve-pulse connection are a more
expensive transformer and converter. The transformer is more expensive due
to the doubled secondary windings. For small converters, less than about 1
MW, the six-pulse inverter is a standard equipment. It is cheaper to buy a
large six-pulse inverter than to use two smaller inverters in a twelve-pulse
connection.

A twelve-pulse connection is, for several reasons, not likely to be used in
small systems, at least not in systems less than 1 MW. The transformer and
the converter are more expensive. Even though every second of the
harmonics are eliminated by the twelve-pulse inverter it is difficult to filter
the rest.

2.5.2 Protection circuits
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Short-circuit of the ac network can cause problems for the inverter, because
the fuses will blow, if there is no turn-off circuit. The turn-off circuit must be
capable of breaking the dc current of the inverter and the energy stored in the
inverter inductance must be dissipated. A direct short-circuit at the inverter
ac supply is one cause for this problem, but that is an unusual event. More
important is that each time the high-voltage network is disconnected the dc
current from the inverter will saturate the transformer core and the
transformer will start to act as a short-circuit. This type of network fault is a
difficult problem for the thyristor inverter. When the network voltage
disappears the converter can not control the dc-current, hence the current
increases uncontrollably until the fuses blow. The inverter does not suffer
any damage of the short-circuit but it is expensive to have to change fuses in
all wind turbine generator systems as soon as the network has had a failure.
The inverter must therefore have ways to disconnect at over-current. This
can be achieved by a turn-off circuit connected to the three thyristors on one
side of the inverter.

An example of a turn-off circuit is shown in Figure 2.23. The capacitor of the
turn-off circuit should always be charged to a positive voltage that is used to
turn off the conducting thyristor in the upper part of the six-pulse inverter.
The dc current is instead forced to pass through the varistor of the turn-off
circuit. Energy stored in Lgj is dissipated in the varistor and the current
decreases to zero within a few milliseconds. A turn-off circuit can be triggered
by over-current. At the same time as the turn-off circuit is triggered the

o Cto + Thy
L i
YL Y'Y Vvy Network
v _* _* transform_e_fm_‘
——cy | :' S
__________ ¥ J! Y

Figure 2.23 Thyristor inverter, turn-off circuit (shaded) and network
transformer.

49



inverter thyristor firing will be blocked.

Thyristor converters for high power, several MW, are often made without
fuses and with fast ac breakers instead. This technique might be useful also
for smaller converters instead of a turn-off circuit. The difference between
converters with fuses and converters with fast breakers is that the
thyristors must withstand higher fault currents and for a longer time if they
are only protected by fast breakers. An other drawback is that fast breakers
are very expensive.

2.5.3 Design example

As the design example inverter an ABB Tyrak Midi Il is chosen. It is a two-
guadrant six pulse thyristor module with a rated current of 530 A and a rated
ac voltage of 500 V. The rated dc voltage is then 600 V. The total losses at
rated current are 2200 W, at 50 % of rated current 1200 W and at no load
350 W. The losses of the inverter can be separated into a constant power
loss, a current-independent voltage drop and a resistive voltage drop.
Expressed in per unit of the 300 kW system the inverter losses are

Ploss i(id) = 0.12% + 0.52% ig + 0.10 % ig2 (2.46)
The total losses are 0.74 % at the rated current. The losses with cables,
fuses, main switch and other auxiliary parts are of course higher. Since these

losses are equal for both variable-speed and constant-speed systems they
are not included in the loss model.
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3 Model of generator and converter losses

In this chapter theoretical models of the losses of a synchronous generator, a
diode-thyristor converter and a gear are derived. The model of the generator
losses is verified for a 50 kVA generator. This loss model can be used to
calculate the generator shaft torque from measurements of the armature
power and the shaft speed. It also allows efficiency optimization by
controlling the generator flux. Finally, the model parameters are derived for
the 300 kW design example system.

The friction and windage losses as well as the core losses are calculated and
expressed as their equivalent braking torque on the generator shaft. That is
convenient in the torque control point of view. It is also a natural way to
calculate friction and windage losses and core losses because they have the
character of a speed-dependent braking torque. The copper losses in the
armature and field windings are not speed-dependent and they are therefore
expressed as power losses.

The loss model is a per unit model, but note that it is not the usual per unit
system that is used. Since the generator and converter have many separate
circuits, different base values can be used, and are used, for the currents in
the different circuits. The principle of the used per unit system is that all
powers in all circuits should be comparable to each other while all currents,
voltages, speed and torque should have the value of 1 p.u. at rated load of the
generator converter system. To be able to see easily what effect each loss
component has on the system efficiency, all powers and losses are related to
the rated input power of the system. The per unit quantities are generally
denoted by lower case letters and the normal quantities by upper case
letters. The exception is the speed n which in per unit is denoted n'.

3.1 Model of machine losses

The losses in the machine can be divided into several independent parts, see
Figure 3.1.
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Figure 3.1 A schematic picture of the power flow in the synchronous generator
when the field current is fed by slip rings.

3.1.1 Friction and windage loss torque

The friction and windage losses include the friction losses of the bearings, the
windage losses in the machine and the losses of the cooling fan. The bearings
are usually roller bearings which can be assumed to have an almost constant
braking torque [8]. The windage and fan loss torque is mainly quadratically
dependent on the shaft speed. There is also a small component of the friction
and windage loss torque that is linearly dependent on the shaft speed.

For a standard four-pole generator it is assumed that the friction and windage
loss torque can be described as a constant torque and a torque proportional to
the square of the generator speed. The manufacturer can give values of the
friction and windage torque at rated speed in per unit, t, N. The standstill
torque ty ss is either given by the manufacturer or it is measured or
estimated. The windage and friction torque can be expressed in per unit as

tu(ng) = tuss + (ty N — tyss) Ng2 (3.1)

where ng' is the per unit shaft speed of the generator.
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3.1.2 Core losses

The core losses Pge can be separated into two parts, hysteresis losses Py
and eddy current losses Pgt. Both are functions of the magnitude of the
alternating flux B and the frequency f.

Pre = Pry(B.f)) + Prt(B,f) (3.2)
Eddy current losses in an iron core can be expressed as
Prt(B,f) ~B2 Y (3.3)

where 1.9 <y < 2, according to [9]. In the same way the hysteresis losses can
be expressed as

Pry(B,f) ~ BX f (3.4)
where 1.5 < x < 2.3, according to [9].

For electrical machines these functions are generally used with y =2 and
X = 2. These values are within the limits found in [9]. To use them simplifies
the calculation of the total core losses because both the eddy current losses
and the hysteresis losses then change in the same way with changing flux.
That allows a separation of the total core losses into a product of the flux
dependent hysteresis losses and a frequency-dependent eddy current factor (
1 +f C) that includes the effect of the eddy current losses

Pre(B.f) = Phy(B,f) (1+fC) (3.5)
where C is a constant and Pny(B,f) is

Pry(B,f) ~ B2 f (3.6)
The value of B in the above equations is usually the peak value of the
alternating flux density. In an electric machine the flux linkage can be used in

the loss formulas, instead of the peak value of the flux, if the flux wave-shape
does not change too much when the load change.
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The generator flux wave shape is not constant due to armature reaction and
saturation. But the only practical way to estimate the peak value of the flux
is by using the flux linkage of the stator winding. That method is used for this
loss model. Instead of the flux density and frequency, B and f, the flux linkage
and the generator speed, ¥ and ng, can be used

Pre(¥ing) ~ 42 ng (1+ngC) (3.7)

Since the hysteresis loss function includes a flux-dependent factor times the
shaft speed the power losses can be calculated as an equivalent braking
torque

Pre P
Tre = °~ ¢ (3.8)

o Mo
O  Tre(¥ng) =Chy ¥2 (1+ngCrt) (3.9)
where Chy and Cg¢ are machine dependent core loss constants.

The use of the speed as a variable instead of the frequency is chosen because
the speed is already used as a variable for the friction and windage losses and
it is usual to measure the generator speed in a wind turbine generator
system. For a synchronous generator in steady state operation the speed and
frequency are equal when they are expressed in per unit.

The presented theory does not take the effects of saturation into account.
The saturation makes the core losses increase more than the theory predicts
when the flux increases. To approximate the core loss torque with a resonable
accurracy is, however, possible even with this simple model. Only the core
loss torque at rated flux and speed as well as the eddy current factor at rated
speed have to be known. By using values of the core loss torque at rated flux
which includes the effect of saturation the absolute error of the core losses is
kept low even though the theoretical flux dependency of the core loss torque is
not exact. The hysteresis loss function will only have a quadratic term
according to the theoretical equation. The per unit model of the core loss
torque is

\ tFe N .
tre(Ng\¥) = 1 4 cp, W2 (L+Creng) (3.10)
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where tfeN IS the total core loss torque at rated load and rated speed and Cgt
is the ratio of the eddy current losses Pr¢ N and the hysteresis losses Py N at
rated flux and speed

PFtN
Crt = m (3.11)

3.1.3 Winding losses

For sinusoidal currents the copper losses of the armature windings can be
expressed as

Pcua= 3Ral> (3.12)

where 1 is the r.m.s. armature current and Rj is the equivalent per phase
armature reistance. Expressed in per unit the armature copper losses are

.2
PCua= Tra I, (3.13)

For nonsinusoidal currents the calculation of the losses can be much more
complicated. The fundamental current component and the current harmonics
do not meet the same effective resistance. The skin effect gives rise to a
higher resistance for the harmonics. However, when using a diode rectifier the
low-order harmonics dominate and the resistance for the fifth and seventh
harmonics can for a normal stator winding be assumed to be about the same
as the resistance for the fundamental component. Therefore, the model uses
the measured total r.m.s. value of the armature current to calculate the
armature winding losses.

The field winding losses can be calculated in the same way as the armature
winding losses

2

where Rs is the field winding resistance and Is is the field current. Expressed in
per unit the field winding losses are
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.2
Pcut = I'f 1§ (3.15)
3.1.4 Exciter losses

Most four-pole synchronous generators in the range of 10 kW to 1 MW have
an integrated exciter with a rotating rectifier. The exciter is a small generator
mounted on the shaft of the main generator. It generates the field current of
the main generator without the use of slip rings. Since it is only supplying the
power to the rotor windings, the rated power of the exciter is only 1-2 % of the
main generator rated power. The exciter and main generator circuits are
shown in Figure 3.2.

The exciter The main generator

— s

Rotating parts of exciter and main generator

- =

Exciter Main generator
field winding Diode rectifier armature windings
Exciter three-phase Main generator
armature winding field winding

Figure 3.2  Circuit diagram of the exciter and the main generator.

The model of the generator losses can be extended to include the exciter
losses. The main difference is that when the exciter is used the power
consumed in the rotor windings is fed by the exciter from the mechanical
shaft power. Therefore, there is a contribution to the braking torque from the
losses in the rotor windings. The other losses of the exciter, its stator winding
losses, core losses and additional losses, can be neglected. Even if the exciter
efficiency is very low these losses are small. The total copper losses of the
rotor windings are

. .2
Pcu rotor (if) = rrotor 1 ¢ (3.16)

where rotor IS the resistance of the main generator field winding and two
times the per phase resistance of the rotor winding of the exciter rag
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Mrotor = If + 2TaE (3.17)

One problem in finding the rotor losses in a generator with exciter is that the
main field current is not possible to measure. In some way the field current
must be modelled as a function of the exciter current or, as used later, by
estimating the field current from the flux linkage and the armature current.

3.1.5 Additional losses

One part of the additional losses is the losses in the damper windings. At
steady state operation and sinusoidal armature currents the damper winding
currents are almost zero. They should not cause losses when the generator is
loaded resistively. However, when the generator is loaded by a diode rectifier
there are steady state losses in the damper windings. Because of the
harmonics in the armature mmf wave, currents flow in the damper windings.
The currents in the damper windings are approximately proportional to the
armature current. Other parts of the additional losses are for instance the
core losses associated with the distortion of the flux wave and the stray flux
in the end regions that cause extra core losses.

According to [10] the additional losses can be approximated as being
proportional to the square of the armature current. They can, therefore,
easiest be included in the loss modell by adding a fictitious resistance to the
armature resistance in the loss calculations. If the additional losses at rated
load, Pag N, are known, the fictitious armature resistance of the additional
losses can be calculated as

P
Rag = — 24N~ (3.18)
3 IaN

The additional losses are, expressed in per unit

.2
PadN = Fad ij (3.19)
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3.1.6 Complete generator loss model

The total per unit generator losses can be modelled as the sum of five
different types of losses, using only four variables. For a generator with slip
rings the losses are

P loss g(Ng', Yhia,if) =
=ng’ (t u(ng) + tFe(ng"l.U)) + Pcua(ia) + Pcut(if) + Pad (ia)  (3.20)

If slip rings are used, the field winding losses are not fed from mechanical
power from the generator shaft and therefore they do not contribute to the
braking torque

tioss g(Ng', Yla) =tp(ng) + tre(ng',y) + PCua (larzg‘l" Pad (ia) (3.21)

where the different losses are defined as

tu(ng) = tyuss+ (tuN—tyss) Ng?2 (3.1)

.o~ _ LFeN .
tre(g\¥) = 14, ¥ (1+Creng) (3.10)
Pcua(ia) =ra ia? (3.13)
pcut(if) =rf i? (3.15)
Pad (ia) =rad ia’ (3.19)

The loss torque formula, Equation (3.21), can be used to calculate the shaft
torque if the armature power p; is known

m%wmm:$+umw@wa (3.22)

If the total generator losses should be minimized also the field losses must be
included. Then the power loss formula, Equation (3.20), is used to minimize
the total losses by changing the generator flux.
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For generators having an integrated exciter the power loss formula is
changed. The total rotor losses increase because both the field winding losses
and the exciter winding losses are included

P loss g(Ng', Yila,if) =
Ny’ (t u(ng’) + tFe(ng',l.U)) + Pcu a (ia) + Pad (ia) + Pcu rotor(if) (3.23)
In this case the rotor losses also contribute to the braking torque:

tioss g(Ng', Yila,if) =

tu(ngl) + tFe(ngl,l,U) + pCU a (ia) + padrsi?) + pCU rotor (If) (324)
g

where the rotor losses are defined as

Pcu rotor (if) = Frotor if2 (3.16)

3.1.7 Calculating the generator flux

In order to use the model of the generator core losses, the airgap flux linkage
of the generator must be known. At no load the generator armature voltage
divided by the speed of the generator is used to calculate the flux linkage.
When the generator is loaded, the same method can be used. The difference is
that the flux linkage is then calculated using the induced voltage of the
armature divided by the generator speed. The induced voltage E; must be
calculated from the armature voltage Ua. For sinusoidal currents the induced
voltage can be found simply by adding the voltage drop in the armature
winding. For resistive load the induced voltage is

Ea=V (Ua+Rala)?+ (wLag 1a)? (3.25)
where L ¢ is the armature leakage inductance.

If a diode rectifier is used the generator currents are nonsinusoidal and the
equation will be different. Due to the commutation inductance the voltage
drop is larger than for sinusoidal currents and it can be found if the model in
Figure 2.11 is used. There the induced armature voltage can be calculated by
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adding the voltage drop over Ry ¢om to the measured dc voltage and dividing
by (3V2)/m. The induced voltage is calculated, neglecting the armature
resistance

Tt
3V2

Ea= (Ud + Rr com ld) (3.26)

From this induced voltage of the armature winding the generator flux linkage
can be calculated

p=rta_ Fa

@ = Phy (3.27)

where p is the pole pair number of the generator
3.1.8 Estimating the field current

For a generator magnetized by an integral exciter the field current can not be
measured. Therefore, it has to be estimated. From a simple linear theory,
neglecting saturation effects, the total magnetization current of the
generator can be calculated. For a linear generator the magnetization current
is proportional to the flux linkage. The magnetization current phasor is the
field current phasor plus the armature current phasor. A resonable
approximation for a generator loaded by a diode rectifier is that the
fundamental of the armature current is in phase with the induced armature
voltage. That is equal to assuming that the rectifier commutations are
instantaneous.

In Figure 3.3 the current distributions of the machine can be seen. E; is the
induced airgap voltage phasor and Iy, is the total magnetization current
phasor. From the figure it can be seen that

Ol + D12 = Ol[R (3.28)
[]OlmO= Km DY 0= Km ¥

where [1Oa0=Kala
[ 0= Ks 1
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Km, Ka and Ks are machine dependent factors. They are used to reduce all the
currents to equivalent airgap current densities. By using these expressions
for the current phasor magnitudes in Equation (3.28) the field current can be
calculated

(Kf 192 = (Km ¥)? + (Ka 1a)? (3.29)

The same equation can be used for the per unit quantities

(ki if)2 = (Km ¢)? + (Ka ia)? (3.30)
A kf =1+ xg2
where Km=1 for the used per unit system
ka = Xs

Saturation can also be included in this model if the flux linkage as a function
of the magnetizing current is known. That function is then used instead of the
linear relationship assumed here.

Figure 3.3 The generator currents, flux linkage and induced voltage phasors.
3.1.9 Parameters for the generator loss model

The parameters needed for the simplified model are found in Table 3.1. On the
ordinary data sheet the stator resistance, field winding resistance,
synchronous reactance and subtransient reactances can be found. Also the
core losses at rated flux and speed, the friction losses at rated speed as well
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as the exciter armature resistance should be possible to get from the
manufacturer but they are normally not explicitly found on the data sheet.

Table 3.1 Parameters for the proposed model of generator losses and
parameters needed for the flux linkage and field current

estimation.
Parameter Description Source
tuN Friction and windage torque | From the manufacturer*
at nN
tyss Standstill friction torque Measurement or estimation
tre N Core loss torque at ¢n and| From the manufacturer*
NN
CFt Eddy current constant Measurement or estimation
ra Armature resistance From data sheet
r Field winding resistance From data sheet
rae Exciter per phase armature | From the manufacturer*®
resistance
rad Equivalent resistance of the | Measurement or estimation
additional losses
Parameters to estimate the flux linkage and the field current:
Xs Synchronous reactance From data sheet
X"qg Subtransient d-reactance From data sheet
X"q Subtransient g-reactance From data sheet

*) Data that the manufacturer should be able to give but that usually not are
available on the data sheet.

The standstill friction torque, the eddy current constant and the additional
losses at diode load are not necessarily known by the manufacturer and must
somehow be estimated or measured. If the standstill friction torque and the
eddy current constant should be estimated, the manufacturer can provide
useful information. For instance, what bearings the generator has and what
type of iron the stator is made of as well as its material data.

The loss model use several variables but only some of them have to be
measured. The other variables can be calculated, see Table 3.2. In the wind
turbine generator system only three quantities have to be measured to be
able to use the loss model and the steady state torque control.

Table 3.2  Variables needed for the loss model.
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Variable

lg measured

Ug measured

Ng measured

Pa = lg Ugq —diode losses

la = 0.78 g4

W _ Tt (Ud + Ry com ld) (*
B 3V2 p Ng

<. V (Km PP+ (Ka 122

*) p is the pole pair number of the generator

|f =

3.1.10 Errors of the generator model

The errors of the loss model are of three different types. First there is an error
due to the simplifications and assumptions made. This error is often difficult
to estimate since the simplifications usually are made because the real
functions are not known. Secondly there is always an error in the
determination of the model parameters. These errors can usually be
estimated from instrument accuracy and measurement method. Finally, the
parameters may change with the load and the environmental conditions. For
example, winding resistances depend on the temperature.

3.1.11 Error in the windage and friction losses

The model of friction and windage torque is not exact due to the errors of the
used parameters and the errors of the approximate speed dependency. The
model has two parameters: the friction and windage torque at rated speed
ty N and the standstill torque t;; ss. Both these parameters are determined by
measurement or estimation. The error of the parameters can be estimated
and their maximum and minimum value can be found. The variations in the
speed dependency of the torque is much more difficult to find. It has only been
estimated based on measurements on three different electrical machines. To
estimate the total error of the friction and windage torque the worst case
maximum and minimum friction and windage torque functions are estimated.
It is here assumed that the maximum worst case torque has a linear term
that at rated speed is as large as the quadratic term. Maximum torques at
rated speed and standstill are used as parameters. The maximum torque is
estimated
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l n |+ n 12
tumax(Ng) = tuss max + (tuN max — tpss max) 2 (3.31)

The worst case minimum torque is assumed to have no first-order term.
Minimum torques at rated speed and standstill are used as parameters

tumin(Ng’) = tuss min + (tuN min — tuss min) ng'2 (3.32)

If the model torgue function and the estimated maximum and minimum
torque functions are plotted in the same diagram, an estimation of the model
error can be made, see Figure 3.4. In this case the error in the rated friction
torque, t, N, is assumed to be +20 %. The error in the standstill friction torque,
tuss, is assumed to be +50 %. The total error of the friction and windage model
is found to be about 0.25 times the friction torque at rated speed

AT, = 0.25 Tyn = 0.25 (tyn TN) (3.33)

o
a1
o

o
N
ol

in percent of rated torque

0)00 T T T T : T T T T : T T T T : T T T T : T T T 1
0 0,25 0,5 0,75 1

Generator speed (p.u.)

Friction and windage torque

Figure 3.4 The model friction and windage torque and the estimated
maximum and minimum limits for the torque.

Error in the core losses
The core loss torgue model has two parameters: the core loss torque at rated

load tre n @and the eddy current constant Cgt. The model of the core loss
torque is
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trelNg ) = tren Y2 11 f O (3.10)
It is a product of the hysteresis loss torque and the eddy current factor.
These two parts have different types of error. The parameters maximum and
minimum value have to be estimated: tre Nmin, tFe Nmax. CFt min and
Crtmax- First the error of the hysteresis loss torque is estimated. Using
x = 1.5 in Equation (3.4) and tre N max the maximum hysteresis loss torque is

tHy max(¥) ~ WS tFe N max (3.34)
If x =2.3 and tre N min IS used the minimum hysteresis loss torque will be
tHy min(¢) ~ ¥2-3 tFe N min (3.35)

The hysteresis loss torque at rated flux is assumed to have an error of £10 %.
From Figure 3.5 the error of the hysteresis loss torque can then be estimated
to be about 20 % of the hysteresis loss torque at rated flux. The worst case
error of the hysteresis loss approximation is at about 0.5 p.u. flux linkage.

2,5
<20
[«B)
-]
S 15
S
21,0
o
£ 05
£
0,0 3
0

Generator flux (p.u.)

Figure 3.5 Model of hysteresis losses and an estimation of its error.

In Figure 3.6 the error of the eddy current factor is shown. The maximum
eddy current factor Cge max is derived from Equations (3.3) and (3.5). In
Equation (3.3) y =1.9 and Cgtmin is used

_ 1+ Crtmin (ng)%?
Cremax = 1 + Ckt min (3.36)
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From the same equations the minimum eddy current factor can be derived if
y = 2.0 and Cgtmax is used

1 + Crt max Ng'
1 + CFt max

CFe min = (3.37)

The error is larger at lower speed because the value of the core loss torque is
known at rated speed. The error in the total eddy current factor can be
estimated to be about 10 % when the error in Cgt is assumed to be about
20 %.

Eddy current factor

010 1 1 1 1 : 1 1 1 } 1 1 1 } 1 1 1 : 1 1 1 :

0 0,2 0,4
Generator speed (p.u.)

Figure 3.6 The simplified model of the eddy current factor and an
estimations of its maximum and minimum values.

The total error of the core loss model can be found as 20 % of the core losses
at rated load, due to the hysteresis torque error, plus 10 % of the actual core
losses, due to the eddy current factor error. These figures of the errors are
based on an error of the core losses at rated load of 10 % and an error of the
eddy current constant Cgt of 20 %. The total error is smallest at rated flux
and speed and larger at lower speed and lower flux. For simplicity the total
core loss error is assumed to be constant. In this example the core loss torque
error is

ATFe = (0.20+0.10) TFeN=0.30(tre N TN) (3.38)
Error in the winding losses

The theoretical formula for resistive losses can be assumed to be very
accurate. The largerst error of the resistive winding losses is due to the
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temperature dependence of the winding resistance. In a normal wind turbine
generator the winding temperature can in the extreme case vary between
about —20° and +120° C. This gives a variation of the winding resistance of
+25 % if a resistance value for 50° C is used. In a generator rated for a
temperature rise according to class B, max 80° C, it is however not usual
with winding temperature outside the range of +10° to +90° C. The change of
resistance is then £15 % if a resistance value for 50° C is used.

The error of the winding losses is estimated to be about £20 % of the actual
losses. About 15 % is due to normal temperature changes and about 5 % due
to an error in the measured winding resistance. The temperature of the
windings may under extreme weather conditions pass these limits giving a
larger error of the winding losses. In Sweden that will probably only occur for
some percent of the time. The errors of the resistive winding losses can be
expressed as

APcua = 020 Pcya=020(3Ra 135) =020 (ra i Pp) (3.39)
APcyt = 0.20 Pey=0.20 (Rf 12) =020 (rf iz Pp) (3.40)

If the error of the model must be reduced, the resistance value can be
changed according to a measurement of the winding temperature.

Error in the additional losses

Since the mechanisms of the additional losses are not investigated, the error
of their approximation can not be derived. If they are measured at rated load
the error can be estimated to be less than 50 %

APag = 0.50 Pag = 0.50 (3 Rad 12) =0.50 (Tad i4 PN)
(3.41)

Total model error

The error of the power loss is smaller at partial load than at rated load and
the total error can be estimated as an error dependent on the speed, plus one
part that changes with armature current and one that changes with the field
current
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APjoss _ [ng ATy N Ng ATFeD_i_ [APcu a N APag D+ APcy _
PN gN TN NgN TNH PN PN H PN

=(0.25ty N+ 0.30 tre N ) Ng' + (0.20 ra + 0.50 raq ) ia2 + 0.20 rf if2
(3.42)

The error of the calculated power loss decreases to zero if the speed,
armature current and field current all are decreasing to zero. The error can
also be expressed as a loss torque error

ATloss _ATp_ + ATEe 4 APCua/ng + Apad/ng 4 APCuf/ng _
TN~ TN TN PN/ NgN PN/ NgN Pn/ngNn

(020 ra + 050 rad) ia2 + 020 rf if2
n 1
g

= (0.25 t, N + 0.30 tEe N) + (3.43)
u

From Equation (3.43) it can be seen that the torque error does not decrease
to zero even if the currents decrease to zero.

The higher the generator efficiency the lower the error is in the calculated
shaft torque, because the error is in percent of the losses and not in percent
of the power of the generator. The error described in this chapter is the model
error. The total error can be larger because of errors in the measurements of
the generator armature power, armature voltage, armature current, field
current and shaft speed. If an exciter is used there will also be an error in the
estimation of the field current.

3.2 Model of the converter losses

The converter losses have to be modelled to be able to compare the average
efficiency of a variable speed generator and converter system with the
average efficiency of a constant speed generator. The converter losses are
divided into rectifier losses Pjgss r, dc filter losses Pjoss g and inverter losses
Plossi- Losses due to the dc current ripple are neglected.

The losses of the diode bridge are due to the voltage drop in the semiconductor
material and to the switching losses. The voltage drop has two parts:
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resistive voltage drop from the rectifier resistance R, and the no load voltage
drop Ug r. By including these two types of losses the total diode losses are
determined accurately enough since the switching losses are very small for
low frequency rectifiers. The rectifier losses are

Plossr(ld) = Uor Id + Ry 1g2 (3.44)

The suggested dc filter has two inductors and a capacitor bank. The losses in
the inductors are resistive losses and core losses. But the core losses are
relatively small in an inductor for a dc-current with ripple. The dominating
losses are the resistive ones in the winding. The capacitors have much lower
losses than the inductors have, only about some percent of the inductor
losses, and can therefore be neglected without introducing any significant
errors in the calculations. By adding the resistance of the two dc inductors
the dc filter losses can be expressed as

Plossd(ld) = Rd 142 (3.45)
where Ry is the total resistance of the dc filter.

The thyristor losses are similar to the diode losses. The difference is that the
thyristor has a somewhat larger voltage drop. Using the same model as the
one for the diode bridge the thyristor inverter losses can be calculated. But
the inverter also has no-load losses Pg j from the cooling fan and the auxiliary
power supply to the control computer and the firing circuits. Therefore the
inverter losses are

Plossi(ld) = Poi + Ugi ld + Ri 142 (3.46)
The total converter losses Pjgss ¢ can be described as a sum of the no-load
losses of the inverter, the voltage drop losses of the diode rectifier and the
thyristor inverter and the resistive losses of the rectifier, dc filter and
inverter.

Plossc(ld) = Poi + (Upi+ Uor) Id + (Ri+Rd +Ry) I42 (3.47)

The converter loss model error has not been estimated.

3.3 Model of the gear losses
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The gear losses have not been measured. A theoretical model of the losses of
a normal gear is presented in [11]. The losses of the gear are divided into two
parts. The gear mesh losses which are a fixed percentage of the input power
independent of the gear shaft speed. The gear mesh losses are determined by
the design of the teeth of the cog-wheels. Friction losses are the other part of
the losses and they are mainly due to bearing friction, windage and oil
churning losses. The bearings, normally being roller bearings, give rise to an
almost constant breaking torque. Windage power losses are generally
proportional to the speed in cube. Expressed as a braking torque they are
proportional to the speed in square. The oil churning losses are difficult to
determine but the breaking torque should increase at least proportionally to
the rotational speed of the gear. If it is not known how the bearing, oil
churning and windage losses depend on the speed, a simplified function can be
used. It is certain that those losses increase at least linearly with the speed.
The following approximation of gear losses over-estimates the losses for all
speeds up to the rated speed

Ploss gear(Pt.N't) = togear N't + (1 — Nmesh ) Pt (3.48)

where tg gear is the per unit friction torque at rated speed and nmesh the gear
mesh efficiency.

3.4 Verification of the generator loss model

The losses are measured at various loads and under different conditions to
verify the loss model. A first step is to verify the generator loss model for
sinusoidal currents at resistive load. Then the model is used to predict the
losses for a diode loaded generator. The error when the loss model is used to
calculate the shaft torque from the armature power is also presented.

The losses are measured only indirectly by measuring the input mechanical
power and the output armature power of the generator. Therefore, the model
error is calculated as the shaft torque predicted by the model minus the
measured generator shaft torque.

When comparing the model and the measurements the error consists of two
parts. Besides the error of the model also the error due to the inaccuracy of
the measured variables will show in this comparison. The error in the torque
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measurement is totally about 1.5 Nm. The predicted torque of the model is
also suffering from the error in the output power. The output power of the
generator is measured with a wattmeter that has an error of 0.5 % of the
actual power range. That range changes during the measurement but the
maximum error is always larger than 0.5 % of the actual power. The errors of
the measured variables for the loss model, like armature current and
generator speed, do not much affect the error of the predicted torque. The
total effect of the inaccuracy of the measurements is equal to about 3.0 Nm
at rated load and about 1.5 Nm at no load.

3.4.1 The laboratory system

Measurements were made on a system with the 50 kVA generator earlier
described. For that purpose a system with generator and frequency converter
or resistive three-phase load has been built in the laboratory. The laboratory
system and the measurement equipment used are shown in Figure 3.7. All
the measurements are made at steady state operation.

The generator is driven by a dc machine fed from a thyristor rectifier with
speed control. No gear is included in the laboratory system. On the shaft
between the dc motor and the synchronous generator the shaft torque and
speed are measured. The generator is magnetized mainly by sliprings but for
comparison it has also been magnetized by its integrated exciter. When it is
magnetized by the sliprings both the field current and the field voltage are
measured. The field current is fed from a current-controlled three-phase
thyristor rectifier via a fourth order LC-filter. The ripple on the field current is
only about one percent.

The exciter current is fed by a current regulating dc power supply. To be able
to find the relation between the exciter current and the field current the field
voltage is measured also when the exciter is used. From the field voltage and
the field resistance the field current can then be calculated.

The armature power is measured by a three-phase digital power meter
including harmonics up to 1 kHz. To estimate the generator flux at resistive
load the armature r.m.s. voltage is measured and to calculate the stator
winding copper losses the r.m.s. value of the armature current is also
measured.
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The generator power is either fed to a three-phase resistive load or to a
frequency converter. The frequency converter consists of a three-phase diode
rectifier, a dc filter and a thyristor inverter. In the dc filter the dc power as
well as the dc current and voltage are measured.

Three-phase
resistive load

Figure 3.7 The laboratory set-up with measurement instrumentation.
3.4.2 Parameter determination of the laboratory system

The per unit quantities are presented in Table 3.3 together with the
corresponding base values for the laboratory system. Note that the rated
values of the system are used as base values, and the rated values of the
generator can differ from these. There are also two current base values: one
for the field current and one for the armature current. All of the base values
in Table 3.3 can not be chosen independently. The power, speed and armature
current base values can be chosen. Then the torque, field current, flux linkage
and resistance base values can be calculated.
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Table 3.3  The per unit quantities and their base values for the 50 kVA

generator.
Quantity Notation | Per unit Base Base value
quantity [ quantity
Mechanical power Py Pg PgN 47 438 W
Shaft speed Ng Ny Ng N 1500 rpm
Armature current la ia laN 78 A
Derived quantities:
Shaft torque Ty tg %gﬁ% 302 Nm
Field current I If If N 19 A
Flux linkage L ] N 1.12 Vs
Armature resistance Ra ra E'EZQ&D 2.60 Q
H B
Field resistance Rt r ﬁ%&ﬁ 122 Q
f N

Friction and windage losses

The friction and windage losses of the generator can be measured on an
electrically disconnected machine. They are simply measured as the input
shaft power at different speeds if there is no magnetic flux in the generator.
For the friction and windage loss model, only the friction and windage braking
torque at rated speed and at standstill have to be measured.

If the rotor can not be demagnetized the friction and windage torque can be
found from no load measurements at low magnetizations. The friction and
windage braking torque for a certain speed is found by extrapolating the
torque-voltage curve to zero voltage. In Figure 3.8 a torque-voltage curve for
1000 rpm can be seen, in which the friction torque at 1000 rpm is found as
the no-load torque extrapolated to zero voltage.
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Figure 3.8 A no-load torque-voltage curve used to find the friction loss torque
at 1000 rpm for the 50 kVA generator.

In Figure 3.9 the zero voltage torque from a number of such curves has been
plotted in the same diagram to form the torque-speed curve for the friction
and windage losses.

The standstill friction torque can be found by extrapolating the friction and
windage loss torque for low speeds down to zero speed. For the 50 kVA
generator the friction and windage parameters are

(3.49)
tu ss — 0.155 % and tu N — 0.407 % (350)
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Figure 3.9 The torque-speed points from measurements of the friction and
windage losses of the 50 kVA generator, and the model function
drawn as a line.

Core losses

Measurements made at different speeds are necessary for separating the
hysteresis losses and the eddy current losses. From no-load measurements
the core losses can be calculated as the input mechanical power minus the
friction losses. First the eddy current constant is determined and then the
hysteresis loss torque is determined.

To separate the hysteresis losses from the eddy current losses the measured
total core loss torque is plotted as a function of the generator speed for some
fixed values of the field current. At no load a fixed field current is equal to a
fixed flux linkage. The measured core loss torque for the 50 kVA generator is
shown in Figure 3.10. The hysteresis torque can be determined if the curve is
extrapolated to zero speed. The speed dependency of the data should form
straight lines, according to Equation (3.10). Figure 3.10 shows that the speed
dependency for high flux is not linear, especially not for low speeds of the
generator. But if the model is to be used in a wind turbine generator system,
speeds below 500 rpm will be of no interest. The curve fit should be made only
for the data between the lowest and the highest speeds used in that
particular wind turbine generator system.

Based on the measured data, it is possible to get one value of the eddy
current constant for each value of the flux linkage (field current). The eddy
current constant can for each flux linkage be calculated by the following
equation

Tre(¥,1500 rpm) — Tge(W,0 rpm)

Cre(¥) = Teo(¥0 rpm) (3.51)

The value of the eddy current constant used in the model is the mean value of
the constants for the different flux linkages. The results can be found in Table
3.4. The mean value of the eddy current constant is calculated

Crt = 0.44 (3.52)
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Figure 3.10 The core loss torque of the 50 kVA generator versus the generator
speed for some fixed field currents.

The variation in the eddy current constant Cg¢ with flux linkage is as large as
+25 % according to Table 3.4, but the resulting error in the total eddy current
factor (1 + Cg¢ ng') is much smaller. It is less than 3.5 % as can be seen in
Figure 3.11. This small error is achieved by determining the hysteresis torque
from the data in the middle of the used speed range. The eddy current factor
is then correct for that speed, here 1000 rpm.

Table 3.4  The eddy current constant for different flux linkages and the mean

value used.

It ¥ Tre(%,1500 rpm) | Tre(#,0 rpm) Crt(¥)

(A) (Vs) (Nm) (Nm)
2.5 0.45 1.00 0.72 0.389
5.0 0.81 2.55 1.78 0.431
7.5 0.99 3.64 2.54 0.433
10.0 1.07 4.39 2.86 0.536
15.0 1.13 5.24 3.36 0.536
20.0 1.23 7.78 5.58 0.394
25.0 1.27 9.47 7.12 0.330
mean value 0O 0.44
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Figure 3.11 The error of the eddy current factor.

To find the relation between the hysteresis loss torque and the flux linkage,
the core loss torque from the measurement above is used. The core loss
torqgue is plotted versus the flux for one speed. The speed that should be used
is the one in the middle of the used speed range of the wind turbine generator
system. This is neccesary in order to reduce the error of assuming that all the
torque-speed lines have the same slope. For the 50 kVA generator the speed
range is 500 to 1500 rpm, and the hysteresis loss torque is therefore
approximated from the loss torque at 1000 rpm. To reduce the absolute error,
the values of the core loss torque should be taken from the straight lines that
already have been used to approximate the eddy current factor, not directly
from measurements at 1000 rpm. The chosen core loss torque values do not
only contain the hysteresis torque but also the eddy current torque, in this
case the eddy current torque of 1000 rpm. The eddy current loss torque is
excluded before the curve fit is made by using the formula for the relation
between hysteresis losses and eddy current losses at different speeds

_ Tre(¥,1000 rpm)
Thy(¥) = +0.44 1000 rpmp
%‘ "771500 rpmO

(3.53)

After the division by the eddy current factor the hysteresis losses at rated
flux linkage can be found. The measured hysteresis loss torque as well as the
model of it is shown in Figure 3.12. The hysteresis loss torque may have a
very steep increase when the flux exceeds the rated flux linkage.
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The model parameter for the hysteresis loss torque of the 50 kVA generator
IS

Thy N = 3.47 Nm (3.54)
and in per unit the hysteresis loss torque is

try N = 1.15 % (3.55)
The parameter tge N for the model can now be calculated

treN=tHyN (1 +Cp)=115% (1+0.44)=1.656% (3.56)

L 1 1 1 1 | : | I T N
—+
7m
@
i

Hysteresis torque (Nm)
OO P N W N OO N

0,50 0,75 1,00 1,25
Generator flux linkage (Vs)

0,25

o
o

Figure 3.12 The model of and the measured hysteresis loss torque.

Armature resistance

For the 50 kVA generator the armature resistance is 66 mQ per phase. The
resistive losses can then be expressed in per unit of the rated generator
power as

Fa = PcuaN _ 3 Ra IaN2
a PgN PgN

= 2.54% (3.57)
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Field winding resistance

For the 50 kVA generator the field winding resistance is 1.37 Q which make
the per unit field winding resistance
_ Poutn _ Rf IgN?

= = = 1.049 3.58
= PN Py = L04% (3.58)

Exciter rotor resistance

The per phase resistance of the exciter armature was measured by
disconnecting the rotating diode rectifier

Rag = 0.135Q (3.59)

PcuEN — 2 RaE IfN2

rag =

= 0.21% (3.60)

Additional losses

The additional losses in the generator are smaller than the measurement
accuracy of the laboratory system, which makes it difficult to trace them
from single measurements. Instead the error of the loss model is plotted as a
function of armature current, when no additional losses are included in the
model. At resistive load no systematic correlation is found between the error
of the model and the armature current, see Figure 3.13. Thus the additional
losses can be assumed to be close to zero.

500
. o
; 250 ] | |
: u = o % At
o N A Do <
t OoH &—|—""w’3§-u :u—g‘ K — e
c S 2 onp 40P s ‘o 3 80
% -250 o o=
o
-500 .

Armature current (A)

Figure 3.13 The model error at resistive load, when additional losses are not
modelled.
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The additional losses at diode load are also small compared with the
measurement accuracy and can not be exactly determined, see Figure 3.14.
Measurements at 1500 rpm show that the additional losses can be estimated
to about 320 W at rated armature current. The additional losses at diode load
can be represented by an equivalent armature resistance

_ PadnN _ 0
fad = pyy = 0.67 % (3.61)
300,0
g ,:l- PadN
< I:,‘ ™\__1 A 1 1 N 1
S B R - Sy v S
8 -300,0} o U\l;
S .600,01 . b4 v
S - .
= .
= 900,01 .
S .
< 1200,01

Dc current (A)

Figure 3.14 The model error at diode load, when additional losses are not
modelled. The additional losses can be found as the current-
dependent part of the loss model error. An approximation of the
additional losses is also shown as a line.

Error in the model for the 50 kVA generator
The total error in percent of the rated power is, according to Equation (3.42)

APjoss

Py = (014 % +0.50 %) ng'+ (0.51 % +0.34 %) ia? + 021 % i?  (3.62)

The error expressed as a percentage of the rated shaft torque is, according to
Equation (3.43)

AT
T'OSS = 0.14 % + 0.50 % + —.
N Ng

[(0.51 % +0.34% ) ia2 +0.21 % if2]

(3.63)
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The maximum error in the loss model is, for the 50 kVA generator, about
1.7 % of the rated generator power at rated load. The error of the calculated
shaft torque is also 1.7 % of the rated shaft torque.

3.4.3 Verification of the exciter losses

In Figure 3.15 the exciter losses plus field winding losses have been calculated
from the measurements. It can be seen that only the resistive losses in the
rotor must be included in the model.

1500+ )
A : . Exciter and P
§ i rotor losses
— 1
Q 1000_ Calculated
;'g ’;" . resistive
g ~ ] rotor losses
c 500 H
c 4
S -
IS ] RS
m 0 \:"(3 1“‘ ":’A“l" _ T : T T T T : T T T T :

0 10 20 30
Field current (A)

Figure 3.15 The losses of the exciter and main field winding versus main field
current.

3.4.4 Model error at resistive load

To find out how accurate the loss model is, first the error between the model
and the measured losses is calculated for the generator with resistive load. In
the next section the same comparison is made for the generator loaded by a
diode rectifier.

The losses are measured at all the combinations of five different generator
speeds, five different armature currents and five different generator flux
linkages. That is a total of 125 different load combinations that cover all
possible loadings of the generator. For each measurement the generator
speed, shaft torque, field current, field winding voltage, armature voltage,
armature current and electrical output power are measured. The model error
is defined as the shaft power or torque predicted by the model minus the
measured shaft power or torque.
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For the resistivly loaded generator no additional losses are included in the
model. The torque error is always less than the total measurement error,
+3 Nm. So, just by looking at the magnitude of the error it can not be judged
whether the error depends on the model or the inaccuracy of the
measurement. But if the error is plotted versus for instance the generator
current, the generator flux linkage or the speed it will be possible to see if
there are any correlation between the errors and different quantities. By
looking at how the error changes with a certain quantity, it shows if there are
systematic errors even if those errors are smaller than the stochastic ones.

The model torque error is plotted versus the generator shaft speed. It can be
seen that the magnitude of the error is almost independent of the speed, see
Figure 3.16. The mean value of the model error is not perfectly zero for all
speeds but it is such a small correlation to the speed that it is well within
what should be expected.
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(e} ~ v -
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° 21 .
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Generator speed (rpm)

Figure 3.16 The torque error at resistive load and at different generator speeds.

The error plotted versus the generator flux linkage, Figure 3.17, shows a
definite correlation between the error and the flux linkage. At low generator
flux linkage the model underestimates the losses and at high flux linkage it
overestimates them. This is probably difficult to correct without a lot of
calculations for each new generator to be modelled. However, the error is also
here small and well within the desired accuracy of the model.
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Figure 3.17 The torque error at resistive load and at different generator flux
linkages.

It can be seen, in Figure 3.18, that the size of the power error is to a large
extent depending on the armature current but the mean value of the error is
close to zero for all currents, so the model can not be corrected by changing
for instance the resistance value.

500
S m}
< 250 ) .
= . o D0 A .
% 0 ———fhri— E'.% M‘é: B A S <><>—I
o 20 onf/ 40 r‘f M ’9 A g 1_?-?) 80
3 -250 o
o

-500

Armature current (A)

Figure 3.18 The power error at resistive load and at different armature
currents.

All the model and measurement errors with resistive load are less than 3 Nm
which is about 1 % of the rated torque or or 500 W which is about 1 % of the
rated power. The measurement errors can amount to 1 % so it is not possible
to say how large the actual model error is.
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3.4.5 Model error at diode load

When the generator is loaded by a diode rectifier the losses increase a little
compared with resistive load. The increase is expected, since there will be
losses in the damper windings that do not occur at resistive load. There will
also be more harmonics in the stator current leading to higher copper losses.
Because of the larger proportion of high frequency components in the flux
distribution the eddy current losses increase more than the hysteresis losses.

At resistive load the additional losses are low enough to be neglected. To take
the additional losses into account at diode load the model now includes a
fictitious armature resistance representing the additional losses. The error of
the calculated shaft torque is plotted for different speeds, dc current, and
generator flux linkage.

Figure 3.19 show the model torque error for some speeds, it can be seen that
the error changes with the speed. The loss model underestimates the losses
at higher speeds which indicates that the eddy current losses have increased
compared with no-load. The speed dependence of the error is larger than that
at resistive load: compare Figures 3.16 and 3.19.
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Figure 3.19 The torgue error at diode load and at different generator speeds.

Figure 3.20 shows no simple correlation between the generator flux linkage
and the torque error. The correlation is different from that at resistive load,
compare Figures 3.17 and 3.20. The difference may depend only on the fact
that there are different ways of calculating the flux linkage with resistive load
and with diode load.
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Figure 3.20 The torque error at diode load and at different generator flux
linkages.

The armature current clearly effect the magnitude of the power error in the
same way as it does at resistive load, compare Figures 3.18 and 3.21.
Although the additional losses are taken into account, the model is not as
accurate at diode load as it is at resistive load. The total error when
comparing model and measurements is, for a diode-loaded generator, up to

2 % of the rated power or torque. The measurement error can contribute with
no more than 1 %.
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Figure 3.21 The error in estimated power at different dc currents.

3.4.6 Error in the torque control

The loss model can be used for torque control of the generator. The error of
such a torque control is easiest found if the torque error of the model is plotted
with the measured shaft torque as a parameter. Since the model is intended
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for use in a variable speed wind turbine generator system only the error at
diode load is presented here. In Figure 3.22 the torque error is plotted for all
possible combinations of speed, armature current and flux linkages.
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Figure 3.22 The error, at diode load, in the calculated torque compared with
the actual torque, for all possible combinations of speed, armature
current and flux linkages.

In this comparison of torque error versus shaft torque the error is almost
zero at zero torque, but this is because the parameters for the friction losses
and core losses are measured. If they were estimated with an error, that
would show as an offset error at zero shaft torque. The error decreases for low
shaft torque, but not linearly with the torque. This means that the total error
will never be more than about 2 % of the rated generator torque but the
relative torque error can be larger than 2 % at part load.

In a wind turbine generator system not all of the above measured load
combinations are realistic. For instance, high current at high flux linkage and
low speed will never occur. Since the most extrem load combinations have the
largest errors it is interesting to find the error of only the load combinations
that will be used in a wind turbine generator system. These load
combinations follow the torque-speed curve of the optimum load of a wind
turbine. For wind turbine loads it can be seen that the model error is generally
smaller than for other loadings, see Figure 3.23. Large errors only occur with
low flux linkage combined with high current, probably due to armature
reaction effects. If these low magnetizations are avoided the maximum error
will be less than 1 % percent for the 50 kVA generator.
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Figure 3.23 The torque error of the model with normal wind turbine loads.
Normal flux linkage (filled dots) and low flux linkage and high
armature reaction (unfilled dots).

3.5 Model for the 300 kW design example

In the following chapters, the loss model is used in the design of the system
and to calculate the average efficiency of the generator and converter
system. These calculations are made for the 300 kW design example system
and here the parameters for that system are derived.

3.5.1 Generator parameters

For the 300 kW generator with exciter the loss model can be determined
mainly by data from the manufacturer [12], but also with estimations based
on scaling of known data. In Table 3.5 the 50 and 60 Hz data from the
generator manufacturer are presented. The data are also recalculated for the
lower rated current and voltage used in the design example system. Some
parameters have only been estimated.

The parameters of the simplified loss model for the 300 kW generator can
now be determined. The friction and windage torque parameters are

estimated to

tun = 0.66 % (estimated) (3.64)
tuss= 0.22% (estimated) (3.65)
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Table 3.5

Data for the design example generator. Data are available for

class H loading at 50 and 60 Hz and those are recalculated for the
ratings used in the design example.

Data for 50 Hz 60 Hz design example
synchronous gen. 1500 rpm 1800 rpm 1800 rpm
LSA 47.5 M4
Temperature rise class H class H class B
SanN 350 kVA 420 kVA 334 kVA
PgN =320 kW
laN 505 A 505 A 410 A
UanN/ NN 400 V/1500 480 V/1800 475 V/1800
rpm rpm rpm
Ploss 0 (No load losses) 5400 W 7600 W 7600 W
Xg" 13.7 % 14.3 % 11.7 %
Xq" 17.4 % 18.1 % 14.8 %
Ra (at 50° C) 0.0128 Q 0.0128 Q 0.0128 Q
Xs = Xd 355 % 370 % 304 %
Estimated losses:
NgN TuN 1480 W /0.4 % | 2100 W /0.48 %| 2100 W /0.66
%
Pad N 1940 W /0.52 |1940 W /0.44 %| 1280 W /0.4 %
%
PcufN 4200 W /1.2 % | 4200 W/ 0.95 % | 2900 W /0.9 %

The field winding losses at no load are very small even at rated flux. The large
synchronous reactance makes the no load field current only about 25 % of
the rated field current. Therefore, the field winding losses at no load, pcy fo,
are only 6 % of the field winding losses at rated load and they are neglected.
The core loss torque at rated flux can be determined approximately from the
no load losses as

_ Ploss0o— Pcufo
nlg N

tFe N -tyNn= {pCuf0=O} = 1.72% (3.66)

No value of Cgt has been found and for this example it is estimated to be

Crt=0.5 (estimated) (3.67)
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3 Ra IaN _

ra= =gt = 2029 (3.68)

P .
Fad = SS'N\' = 0.40 % (estimated) (3.69)

_ Pcutn  _ 0
ufN. = 0,90 96 (3.70)
g
1 1 xd" +Xq' .

Ry com = E Xrcom = E 2 = 6.58% (371)
Xs = 304 % (3.72)

3.5.2 Converter parameters

For the design example system the converter losses are in Chapter 2 found to
be

Ploss c(ig) = 0.12 % + (0.52+0.33) % ig + (0.10+0.70+0.17) % ig? (3.73)
The converter efficiency at rated load is 98 %.
3.5.3 Gear parameters
A gear in the 300 kW range would have gear mesh losses of about 1 % for
each stage and friction losses of about 0.5 % at rated load and at rated speed.
In this model the gear friction torque is assumed to be constant. The braking
torque of the gear losses, for a gearbox of 97 % rated efficiency, is

tloss gear(tt) =05% + 25% tt (374)

where t; is the turbine shaft torque in per unit.
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4 The use of the loss model in control and design

In this chapter, the system efficiency is optimized. The model of losses in the
generator and converter can be used to maximize the efficiency of the system
during operation. The system design can also be optimized by comparing
different generators of various rated power and rated speed.

4.1 Optimum generator voltage control

The frequency converter does not only allow variations in the generator
frequency. It also allows variations of the generator voltage. In a wind turbine
generator system the optimum shaft torque is pre-determined as a function
of speed. The optimum torque can, however, be obtained by different
combinations of generator current and voltage. This control possibility can be
used to minimize the generator and converter losses by means of the voltage
control.

The maximum allowed generator voltage is limited by the inverter ac voltage
at full load and at low load and low speed by the maximum allowed generator
flux. At full load the generator voltage is limited to 90 % of the inverter ac
voltage to insure safe commutation of the inverter. At low load and low speed
the generator flux has to be lower than 105 % of the rated generator flux and
this limits the generator voltage. According to standards the generator must
be able to continuously operate at a flux 5 % higher than the rated value [13].
On the other hand, the generator voltage may not be so low that the
armature current increases above its rated value. Within these limits, the
voltage can be controlled freely.

The generator core losses decrease with decreasing flux and the armature
copper losses decrease with decreasing current. Also the field winding losses
change with the flux. If the armature reaction is small, the field winding
losses will decrease with decreasing voltage, and if it is high the field winding
losses will increase with decreased voltage. The increase in field winding
losses at high armature reaction occurs because the field current must
increase to balance the increasing armature currents even though the
voltage is decreased. Also the efficiency of the converter changes with the
voltage. Since most of the losses are due to voltage drops of the
semiconductors and resistive voltage drops of the dc filter, the losses increase
with increasing current. For a fixed power the converter losses thus increase
with decreasing voltage. The generator voltage should be controlled to

90



minimize the sum of core losses, field winding losses, copper losses and
converter losses, see Figure 4.1.
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Figure4.1 The core losses, field winding losses, armature copper losses,
converter losses and the total losses versus dc voltage at a fixed
speed and power.

In Figure 4.2 the total generator and converter efficiency versus the input
power of the generator can be seen both when an optimized voltage control is
used and when the flux is kept constant at the rated flux.

From the loss model the optimum voltage-speed curve can be calculated
theoretically. This curve is together with the voltage limits shown in
Figure 4.3. If low voltages are used, there may be problems with the voltage
control even if the current is not higher than the rated current. These
problems arise because the armature reaction eventually becomes
dominating in the generator voltage control. Normally, the voltage is reduced
by reducing the field current. At the same time, the armature current is
increased to keep the shaft torque constant. But, if the armature reaction is
large, it may be necessary to raise the field current when the armature
current is increased even though the voltage is reduced. The coupling between
the voltage control and the current control may in that case cause problems.
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Figure 4.2 The generator and converter efficiency versus generator input
power using an optimized voltage control and using constant
rated flux.
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Figure 4.3 The maximum, optimum and minimum voltage of the generator
in a variable speed wind turbine generator system.

4.2 Efficiency as a function of generator size

The generator rating should be chosen to minimize the total cost of both the
generator and its losses. A large generator may be the most economic choice,

even though it is more expensive, if it is more efficient.
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When comparing data for different sizes of the same generator type, e.g. for
Leroy Somer generators [12], it can be seen that the different per unit losses
do not always decrease when the size of the generator increases, because the
generators are made in different standard frame sizes. Increasing the rated
efficiency is not always done by increasing the generator frame size. When
comparing the losses between two close generator sizes the smaller
generator may, therefore, sometimes have lower armature resistance
although its rated current is smaller. But only on very rare occasions it can
be found that a generator has a lower rated efficiency than one that is
smaller.

The efficiency of three generators of different sizes is compared. It is
assumed that they have the same efficiency at their respective rated
powers. The generator sizes are chosen so that one generator will have a
rated power of only 80 % of the wind turbine generator system maximum
power. The rated power of the next generator is 100 % and of the last
generator 120 % of the maximum turbine power. In Figure 4.4 the efficiency
is plotted and it is clear that an oversized generator does not have higher
efficiency if the per unit losses are equal. An undersized generator has the
highest efficiency but it can of course not be used because it will be
overloaded. A larger generator will give a higher efficiency only if the increase
of rated efficiency is larger than the decrease in efficiency by reducing the
generator per unit load. At a certain power the difference in efficiency
between generators of different sizes can generally be expected to be small.

An other reason to use a larger generator than necessary would be, besides a
higher generator efficiency, that the insulation limit the generator life. Since
the generator in a wind turbine generator system should have a very long
operational life compared with many motor applications, the rating for the
temperature class H or F may be too high leading to isolation failure after
less than 20 to 30 year. A generator, made with class H insulation, can
instead be used with a rated power that only leads to temperature rises
according to class B to increase the life of the insulation. This is the same as
using a larger generator for a specific power.
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Figure 4.4 The efficiency of generators of different rated power.
4.3 Optimum generator speed

For network-connected ac generators only some few fixed speeds can be used.
These speeds are determined by the network frequency and the number of
pole pairs of the generator. For a 50 Hz network the available speeds are
3000, 1500, 1000, 750 rpm and lower.

For a variable-speed wind turbine generator system the choice of the
generator speed is not restricted to a choice of pole pair number. The
frequency of the generator can also be chosen freely which allows any
generator speed. For instance, a four-pole generator can either be used at
1200 rpm and a frequency of 40 Hz or at 1800 rpm and 60 Hz. A six-pole
generator can also be used at 1800 rpm and the frequency is then 90 Hz.

Even though the turbine speed is determined by its optimum tip-speed ratio,
the speed of the generator can be changed by using different gear ratios.
From the loss model it can be found how the efficiency change with the
generator speed. The change in efficiency when the speed is changed depend
on how the power and generator flux are changed with the speed. Two
comparisons are made. First the generator efficiency is calculated at various
speeds but at constant power and secondly the generator efficiency is
calculated when it is loaded as much as possible at each speed.
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When the power of the generator is the same at all different speeds the
armature voltage can be kept constant. If the voltage is constant, the flux of
the generator will be approximately inversely proportional to the speed of the
generator. The power being constant as well as the voltage leads to a
constant armature current. The friction and windage losses increase almost
by the speed raised to a power of three. Armature winding copper losses
remain constant in this example since the current is constant. The flux is,
however, reduced which reduces the hysteresis losses. Also the eddy current
losses are reduced but not as much as the hysteresis losses. Field winding
losses are reduced too, because of the reduced flux.

The efficiency can, however, be better optimized by controlling the voltage to
maximize the efficiency for each generator speed. Calculations on the
efficiency with this type of control are also made. The armature current is
now decreased a little as the speed increase since the voltage may increase.
Not only the core losses and field winding losses decrease but also the
armature copper losses.

The loss model of the generator is used to calculate the efficiency versus the
speed of the generator at a fixed input power. The resulting efficiency for the
50 kVA generator used at a constant voltage or at a voltage controlled to
maximize the efficiency can be seen in Figure 4.5.
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Figure 4.5 The theoretical efficiency of the 50 kVA generator at a constant
power.
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In the diagram it can be seen that the efficiency of the 50 kVA generator at
diode load has its peak value for a speed of 1.1 p.u., if the voltage and power
are both kept constant. The efficiency is then 93.7%. If the efficiency is
optimized by raising the voltage, the efficiency can be even higher, 94.1%,
and have its peak value at 1.25 p.u. speed. It is clear that the generator
speed should be kept high to increase efficiency. A realistic limit is probably
1800 rpm, that is equal to 1.2 p.u.

The speed dependency of the generator efficiency will not be the same if the
power of the generator is allowed to increase with the speed, see Figure 4.6.
This calculation is interesting because it shows how the generator efficiency
changes if the generator is always maximally utilized. To avoid overcurrent in
the windings the voltage must at least be raised proportionally to the
generator speed, corresponding to a constant flux.
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Figure 4.6  The theoretical maximum efficiency of the 50 kVA generator at its
maximum power.

If the generator is fully utilized, the efficiency will be even higher than if the
power is kept at its rated value for 1500 rpm. The maximum efficiency is
94.6 % but it is at a speed far too high for ordinary generators, 2.2 p.u. Using
rated generator flux the maximum generator efficiency is only slightly lower
and at a speed of 2.05 p.u. These theoretical maximum efficiencies cannot be
reached because the generator will be overloaded. It is, however, clear that a
high speed and a high utilization increase generator efficiency.

The results above show how the generator efficiency changes with the
generator speed. The converter efficiency does not depend on the speed of the
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generator, only on the rated voltage. The rated voltage is determined by the
network voltage and therefore the converter efficiency is not depending
directly on the rated speed of the generator. The change in rated generator
speed must instead be compensated by changing the voltage rating of the
generator windings to fit the converter voltage. The theoretical generator and
converter efficiency is plotted for different generator speeds in Figure 4.7.
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Figure 4.7 The maximum theoretical efficiency of the 50 kVA generator and
converter system for various rated speeds.

To verify what difference the generator speed makes, the efficiency of the
generator and converter system was measured using speed-power functions
representing three different gear ratios. The maximum speeds were 1393
rpm, 1500 rpm and 1700 rpm and the maximum power were 42.1 kW for all
three gear ratios. The maximum efficiency of the electrical system for these
three gear ratios is compared in Figure 4.8.

It is also clear from these measurements that the efficiency of a generator
converter system increases if higher generator speed can be used. The
difference in efficiency is about 1% for the 50 kVA system when comparing
1500 rpm with 1700 rpm. This difference between different speeds is very
large, mainly because of the low efficiency of the laboratory converter. A
more efficient generator converter system will also have higher efficiency at
higher speed, but the difference should not be expected to be larger than some
tenths of a percent.
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Figure 4.8 The measured maximum efficiency of the 50 kVA generator and
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5 Comparison of constant and variable speed

In this chapter the per unit model is used to find the power from different
parts of the wind converter system as functions of wind speed. These
functions are used to see how the losses change with the control strategies.
Constant-speed and two-speed operation of the turbine are compared to
variable speed. For the variable-speed operation two different rated speeds
and two different voltage controls are considered.

By using a wind distribution model the annual energy passing through
different parts of the system can be found. From these annual energy values,
the average efficiency of the gear, the generator and the total mechanical to
electrical power convertion is calculated. Also approximate values of the
difference in energy production between a constant-speed, a two-speed and a
variable-speed turbine are calculated. All these efficiencies and the energy
production are calculated for turbine sites with various median wind speeds,
from 0.35 p.u. to 0.70 p.u.

This comparison is based on equally efficient generators for the variable-
speed and the constant-speed systems. The differences between the
generators in the two systems are that the variable-speed generator has
additional losses and a commutation voltage drop due to the diode rectifier.

5.1 The per unit turbine model

The calculations are made for the 300 kW design example system. For these
calculations only a few of the quantities used in Chapter 3 are needed. The
guantities used are shown in Figure 5.1. The power values are in this chapter
always related to the turbine shaft power at rated operation. This is
important when the parameters for the model are determined, since the
losses of the generator and converter are not in per unit of the rated
generator and converter power. The reason for this is that the total losses
should be the sum of the per unit losses in the different components. Values
of the loss parameters in Chapter 3 are all related to the rated power of the
described component. Now, they will be a little smaller since the losses are
related to a larger power. In Table 5.1 the per unit quantities used in the
calculations are shown. To separate the different control strategies the
indices in Table 5.2 are added to the quantity names.
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Figure 5.1 The quantities used in the per unit calculations in Chapter 5.

Table 5.1  Per unit quantities and constants used in this chapter and the

base values.

Quantity Notation| Base value

Per unit wind speed Y VN

Per unit start wind speed ) VN

Per unit wind speed of rated power VN VN

Max operational per unit wind speed Vmax VN

Per unit median wind speed Vim VN

Per unit turbine power Pt Pt N

Per unit generator speed (= turbine speed) n' NgN (Nt N)

Per unit generator mechanical power Pg Pt N

Per unit armature voltage Ua —PaiN
V3 laN

Per unit generator electrical power Pa Pt N

Per unit power from the inverter Pi Pt N

Per unit power losses Ploss Pt N

Power coefficient Cp Cp max

Per unit annual energy capture of the turbine et P¢N 8760 h*

Per unit annual input energy of the generator eq P¢N 8760 h”

Per unit annual output energy from the gen. ea PN 8760 h”

Per unit annual output energy from the inverter e P¢N 8760 h”

Per unit Weibull probability density W —

*) one year is 8760 hours.
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Table 5.2  The indices used for the constants and functions in this chapter.

Indices Notation
Constant speed CS
Two speeds TS
Low speed (of two) TS1
High speed (of two) TS2
Variable speed VS
Variable speed, 1.2 p.u. rated speed VS12
Optimum voltage control VSopt
Optimum voltage control with 1.2 p.u. as rated speed VSoptl2

5.2 Power and losses as functions of the wind speed

5.2.1 Assumptions for the power functions

It is assumed that the wind turbine generator system is designed for a
certain mechanical power from the wind turbine. When comparing the
constant-speed system with the variable-speed system, the maximum input
power from the turbine is the same but not the output power to the grid. The
variable-speed system thus has a little lower rated electric power than the
constant-speed system due to increased generator losses and the converter
losses. The rated generator input power is, however, the same in both the
constant-speed system and the variable-speed system because the gear
losses at rated power are equal for both systems.

To be able to find the difference between a variable-speed and a constant-
speed system, without including the different efficiency of different generator
types, it is assumed that the generator used in the constant-speed system is
the same as the one used in the variable-speed system. However, since the
variable-speed generator is connected to a frequency converter, it has higher
losses compared with the network-connected generator. The voltage drop of
the variable-speed generator is also higher due to the diode commutations.

The efficiency of the two-speed generator is based on efficiency data for a 250
kW/75 kW 4/6-pole ABB induction generator and not on the loss model. That
loss data have been modified to be comparable to the losses of the 300 kW
design example generator. When compared with generators of the same size
but with only one speed the efficiency is roughly 1 % lower for a two-speed
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generator. Such a difference is included in this comparison as a 0.7 % lower
efficiency at rated power for the two-speed generator than for the constant-
speed generator.

Since all functions will be expressed with the wind speed as a parameter, the
turbine speed as a function of the wind speed must be defined. That is simple
for the cases considered in this report. Either the wind turbine runs at
constant speed with a rated speed of 1 p.u. and a low speed for the two-speed
generator equal to 2/3 p.u. or variable speed with optimal Cp control is used
and the tip-speed ratio is kept constant. Hence the turbine speed is
proportional to the wind speed up to the rated wind speed. Above the rated
wind speed the turbine speed is assumed to be kept constant.

N'cs=1 (Speed of the constant-speed generator) (5.1
Nn'rsi :% (Low speed of the two-speed generator) (5.2)
N'rs2 =1 (High speed of the two-speed generator) (5.3)
n'vs(v) =v (Speed of the variable-speed generator) (5.4)
N'vsopt12(v) = 1.2 v (Higher variable speed) (5.5)

The generator is started as soon as the wind speed is high enough for the
turbine to produce more than the total system losses. These include losses in
the gear plus generator and for the variable-speed system also the converter
no-load losses. The start-up wind speed is not the same for the different
control strategies because the losses are different. The start-up wind speed
can for the constant- and two-speed systems be found as the lowest wind
speed for which the generator output power is zero. At a lower wind speed the
no load losses will make the generator power negative. The start-up wind
speed v is found by solving the following equation

Pa(vo) =0 (5.6)

The two-speed system changes speed at the wind speed for which the higher
speed produces as much power as the lower speed. This wind speed vgTts2 is
found by solving the following equation
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PaTts1(VoTs2) = PaTs2(VoTs2) (5.7)

For the variable-speed system the start-up wind speed is found as the lowest
wind speed for which the output power of the inverter is zero

pi(vovs) = 0 (5.8)

The rated wind speed of the turbine is here defined as the lowest wind speed
at which the turbine can produce rated power. This wind speed is used as
base quantity for the per unit wind speeds. The rated wind speed of the
complete wind turbine generator system depend on how the turbine speed is
controlled. With the used definition of the rated wind speed the constant-
speed turbine reaches rated power at a wind speed above 1 p.u. The reason
for this is that the gear ratio is chosen to maximize the turbine efficiency at a
wind speed of about 0.7 p.u. to maximize the energy production. The variable-
speed turbine also reaches the rated power at a wind speed slightly higher
than 1 p.u., because it is not assumed possible to keep the turbine perfectly
at its optimum tip-speed ratio.

The rated wind speeds for the different systems, vy, are found by solving the
following equation:

pe(vn) = 1 (5.9)

The turbine is shut down when the wind speed exceeds 1.7 p.u.

The start-up wind speed, rated wind speed and shutdown wind speed for the
different systems are found in Table 5.3.

To be able to use the model the turbine power coefficient as a function of tip-
speed ratio must first be modelled. Data are used for a three-bladed pitch-
controlled 12 m turbine. The approximate turbine Cp curve is a sixth-order
curve fit and can be seen in Figure 5.2.
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Table 5.3  The start-up wind speed, speed-change wind speed, rated wind
speed and shutdown wind speed for different systems.

CS TS VS VSopt | VSoptl2
) 0.38 0.29 0.20 0.18 0.18
VOTS?2 — 0.62 — — —
VN 1.05 1.05 1.01 1.01 1.01
Vmax 1.70
0.5
)
&
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Figure 5.2 Approximation of the power coefficient curve of the turbine.

In the variable-speed system the generator speed is controlled to keep the
turbine power coefficient Cp at its maximum value for all wind speeds.
However, the turbine speed can not change as fast as the wind speed and,
therefore, the turbine can not keep a constant maximum Cp. To include this
effect in the calculations without making dynamic simulations the variable-
speed turbine is supposed to maintain an average Cp a little lower than the
maximum Cp. A lower average Cp means a loss of energy production. The
magnitude of this energy loss depends on the control of the turbine. A study of
the optimum control of a wind turbine has been made and it shows that with
a shaft torque variation of about 20 % the mean power loss is only about
2.5 %, [14]. This is only an estimation of the average Cp but the error of the
estimation does not affect the calculated average efficiencies much. The
accuracy of the calculated energy production is on the other hand directly
affected by the error in average Cp.
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5.2.2 Power functions

First the parameters of the gear loss model, the generator loss model and the
converter loss model must be determined. This is done by using the results in
Chapter 3.

Now the turbine energy-capture function, pt(v), can be calculated. It is
different for the variable-speed turbine, the two-speed turbine and the
constant-speed turbine. Therefore, different power functions are defined for
the different systems. For the two-speed system two different functions are
used. In the Cp function the tip-speed ratio, A, is replaced by

A= (5.11)

where C is a constant determined by the rated wind speed vy the turbine
diameter d¢ and the rated turbine speed n¢ N. The constant is

NgN TT dt

C = VN

(5.12)

The turbine power functions pt(v) can now be expressed, below rated power,
as

cn'(v
pr(v) = v3 CpDDiV( )E (5.13)

where Cp(A) is the approximation of the turbine power coefficient curve.
Then the output power of the gear pg(v) is calculated

Pg(V) = Pt(V) — Ploss gear( Pt(V) , N'(v) ) (5.14)

where pjoss gear( Pt , N ) is the losses of the gear.

The losses of the generator are defined by the loss model with armature
voltage, armature current and shaft speed as variables. The armature
current is, however, not known yet. Therefore, the generator losses can not
be calculated explicitly. Instead, the output power of the generator is
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calculated as a function of input power, speed and armature voltage. The
output power pj is defined by

Pa = Pg — Ploss g( Pa/Ua , Ua, N") (5.15)

where the unknown armature current simply has been replaced by pa/ua.
Ploss g is the loss function from the loss model and pg is the gear output
power. The result is armature output power as a function of pg , us and n'y.
Note that the loss parameters for the generator loss function are not the
same for constant-speed operation and variable-speed operation.

Only for the two-speed generator the losses are expressed as explicit
functions because the losses for this generator type are not based on the loss
model but on empirical data for an ABB generator. The loss data are first
adjusted to be comparable to the design example generator, then the loss
functions are obtained as curve fits to the data. The approximate loss
functions of the two speed generator are

+ 2
Ploss gTs1(Pg) = 0.013 + 0.100 pﬁc”%& (5.16)

+ 2 pg?
Ploss gTs2(Pg) = 0.026 + 0.033 P9~ Pa” (5.17)
Now the output power of the generator pa(v) can be calculated for the three
types of turbine control as well as for two different gear ratios in the variable-
speed system.

The inverter output power pj(v) is expressed for three different control
strategies. This function is only used for the variable-speed system, since the
constant-speed and two-speed systems do not have any converter. The
variable-speed generator voltage is either controlled to have a constant flux
or to maximize the generator and converter efficiency. Two gear ratios are
used which gives 1.0 and 1.2 p.u. generator speed at rated power. The
optimum efficiency functions can not be explicitly defined. They are instead
defined as the maximum value of pj when ug is changed.

Now the harmonics filter losses and the transformer losses can be added to
the loss model. This is, however, not included in this report.
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5.2.3 Turbine power

The turbine power for the variable-speed turbine, the two-speed and the
constant-speed turbine is calculated for different wind speeds. The power
versus wind speed curves for the design example turbine with constant- or
variable-speed operation is shown in Figure 5.3.
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Figure 5.3 The power produced by a constant-speed, a two-speed and a
variable-speed turbine. The low wind speed range is enlarged to
show the difference between variable-speed and two-speed
operations.

The power production of the turbine is not much higher for a variable-speed
turbine than for a constant-speed turbine. The difference is that the variable-
speed turbine produces more at low wind speeds. For medium wind speeds the
constant-speed turbine produces just as much as the variable-speed turbine.
Close to rated wind speed the variable-speed turbine produces more and it
reaches rated power at a little lower wind speed than the constant-speed
turbine. By using a two-speed turbine, the power production at low wind
speed is almost equal to that of the variable-speed turbine.
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5.2.4 Gear losses

The gear losses only depend on the speed of the turbine and the power from
the turbine. They have two parts, the no-load losses which decrease with the
speed of the turbine and the gear mesh losses which are a fixed percentage of
the turbine power. In the constant-speed system the no-load gear losses are
constant, while they are reduced at low speed in the variable speed system.
The gear mesh losses are, for a certain turbine power, the same for all
systems. In the two-speed system the no-load losses are reduced when the
speed is reduced. Figure 5.4 shows the losses of the gear versus wind speed in
the different systems.
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Figure 5.4 The losses of the gear in a constant-speed, two-speed and a
variable-speed wind turbine generator system.

5.2.5 Generator and converter losses

The losses of the constant-speed and two-speed generators are compared
with the losses of the variable-speed generator and converter. The variable-
speed system has a rated speed of 1 p.u. and optimized voltage control.

In Figure 5.5 it can be seen that the variable-speed system has lower losses
than the network-connected constant- and two-speed generators up to about
0.7 p.u. wind speed. The lower total losses are achieved by reducing the no-
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load losses of the generator by the voltage control. At high wind speed, the
variable-speed system has higher losses than the network-connected
generators due to the losses in the frequency converter and additional
generator losses.
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Figure 5.5 The losses of the constant-speed and two-speed generators
compared to the generator and converter losses of the variable-
speed system.

A two-speed generator can not be utilized fully for both speeds and therefore
it has higher losses than the constant-speed generator when it runs on the
high speed. At the low speed the two-speed generator has lower losses
because the friction, windage and core losses are reduced.

5.2.6 Losses at different voltage controls

The variable-speed system can be controlled in different ways. The voltage
control can be used to minimize the losses of the generator and converter.
The effect of such an optimization is shown in Figure 5.6 where the losses of
the generator and converter at constant rated flux and with minimized losses
are compared.
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Figure 5.6 The losses of the variable-speed generator and converter at
constant rated flux and with minimized losses.

In Figure 5.6 the difference in losses in the variable-speed generator and
converter system can be seen. If the flux is kept constant at its rated value
the losses are unnecessarily high. By optimizing the flux, the losses at low
loads are reduced because of reduced core losses. At rated power the
optimized flux is a little higher than rated flux leading to a higher voltage, and
thus the copper losses are reduced. The losses are reduced by raising the
speed, but the difference between normal rated speed and 20 % higher speed
is small and can not be clearly seen in this type of diagram.

5.2.7 Produced electric power

The electric power versus wind speed is shown in Figure 5.7. The power
production of the variable-speed and two-speed systems is higher than the
production of the constant-speed system at low wind speeds. At medium wind
speed the constant-speed system produces a little more because of the lower
losses and because the variable-speed turbine can not keep the tip-speed
ratio perfectly. Close to the rated wind speed, the variable-speed turbine
produces more, and it also reaches the rated power at a lower wind speed
than the constant-speed turbine does. Above the rated wind speed, the
constant-speed system produces more because it has lower losses. The
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difference between the constant-speed and two-speed systems can only be
seen at low wind speed. The two-speed system has a lower start-up wind
speed than the constant-speed system and the produced power is higher up
to the speed-change wind speed.
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Figure 5.7 The electric power produced by a constant-speed turbine, two-
speed turbine and a variable-speed turbine.

5.3 Energy and average efficiency

From the above presented power outputs at different wind speeds an annual
energy can be calculated. This is done by integrating the power, from the
start-up wind speed to the shutdown wind speed, with the wind speed
probability function as a weighting function. A Weibull distribution of wind
speeds is assumed when the weighting function is derived, see Figure 5.8. The
integral of the weigthing function over all wind speeds from zero to infinity is
by definition equal to 1. The Weibull distribution is the usual way to specify
the wind resources for different turbine sites. The distribution has two
parameters, here the median wind speed v, and a shape factor ¢. For normal
wind distribution c is about 2, which is assumed here. The Weibull probability
distribution is defined as

Hiog 5 OH

w(V,C,Vm) = Vm™® Log(2) ¢ v(c1) e (5.18)
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Figure 5.8 The weighting functions for three different median wind speeds.

In Figure 5.9 the energy density function shown. It is the product of the
power and the weighting function. The integral of energy density function,
from zero wind speed to the shutdown wind speed, is the annual energy in per
unit.

In the energy density diagram it can be seen that the energy production at
wind speeds just below rated wind speed gives the most important
contribution to the total energy production. The energy production above
rated wind speed is not as important because the probability of so high wind
speeds is low. Contrary to what can be guessed from the power versus wind
speed function the energy production at low wind speed is not negligible. The
power is low at low wind speeds but the probability of these wind speeds is
high making the contribution to the energy production significant.

5.3.1 Assumptions for the energy calculations

The main objective of the comparison between variable-speed and constant-
speed systems is to find the average energy conversion efficiency. As a step
in the calculation of the average efficiency the energy production is also
calculated. Average efficiency is here defined as the output energy divided by
the input energy. Since the calculation is made in per unit the calculated
energy production is by definition the same as the average power production
because the energy is calculated for a time equal to 1 p.u.
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Since the Weibull distribution parameters are derived from 10 minutes
average wind speeds, the result of the energy calculations has errors,
especially for the variable-speed system. However, the error of the output
energy is almost the same as the error of the input energy. Since the
efficiency is the quotient of output and input energy, this error is small in the
efficiency values.

Power(wind speed)

Weighting function(wind speed)

Area=1

Energy density(wind speed)

Area

Energy

Figure5.9 The energy density function, equal to the power times the
weighting function.

The energy integrations are made for sites with different median wind speeds,

between 4.55 m/s and 9.1 m/s. The rated wind speed of the turbine is here
assumed to be 13 m/s and the median wind speeds considered are then from
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0.35 to 0.7 p.u. At low wind speed sites the median wind speed is in the range
0.35 to 0.45 p.u. (4.55 to 5.85 m/s). Wind turbine generator systems are
usually not located at these sites. If the median wind speed is in the range
0.45 to 0.55 p.u. (5.85 to 7.15 m/s) the site is a normal wind speed site and
most wind turbine generator systems are located at these sites. Sites of a
median wind speed between 0.55 and 0.70 p.u. (7.15 to 9.1 m/s) is high wind
speed sites and they are rarely found in Sweden.

5.3.2 Wind energy captured by the turbine

The turbine energy capture is calculated first by integrating the turbine
power functions Pt(v) multiplied by the weighting function from the system
start-up wind speed to the rated wind speed. Then the rated power multiplied
by the total probability of wind speed between rated wind speed and the
shutdown wind speed is added. The result from this calculation is the per unit
energy captured by the turbine during a year with the chosen wind speed
probability curve. The wind speeds for start-up, rated power and shutdown of
the turbine are vg, vy and vmax. The energy captured by the turbine is defined
as

VN Vmax
et(C,Vm)=\r|'W(V,C,Vm) pt(v) dv + pt(VN)\r[W(V1C,Vm) dv (5.19)
0 N

5.3.3 Gear energy output and average gear efficiency

The per unit energy output from the gear is defined in the same way as the
turbine energy

VN Vmax

eg(C,vm) = \/[w(v,c,vm) pg(v) dv + pg(vN)VIw(v,c,vm) dv (5.20)
0 N

The energy from the gear can, together with the turbine energy, be used to
calculate the average efficiency of the gear. The average gear efficiency for a
site with the median wind speed vy, can be found as

— eg(C’Vm)
Ngear = et(C,Vim) (5.21)
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The average gear efficiency is calculated for different median wind speeds
from 0.35 to 0.7 p.u. and plotted in Figure 5.10.
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Figure 5.10 The average efficiency of the gear in a variable-speed, a two-speed
and a constant-speed turbine.

The average gear efficiency is always higher in a variable-speed system than
in a constant-speed system. This is obvious since the gear losses in a
variable speed system are never higher than in a constant speed system at
equal power. The difference in average efficiency is not large, only 0.2 % for
high wind speed sites, 0.4 % for medium wind speed sites and about 0.7 % for
low wind speed sites. It is a small, but clear, advantage of the variable-speed
wind turbine generator system.

5.3.4 Electric energy and average electric efficiency

In this section the average efficiency of the generator of the constant-speed
system is compared with the average efficiency of the generator and
converter of the variable-speed system. Later in Section 5.3.5 the total
efficiency, including the gear, is presented. The per unit output electrical
energy of the constant-speed generator can be calculated as

VNCS Vmax
eacs(c,Vm) = _[W(V,C,Vm) Pacs(V) dv  + pacs(VN) IW(V,C,Vm) dv
VoCS VNCS

(5.22)
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For the two-speed system the integration is divided into three parts

VOTS2 VNTS
eaTs(C,Vm) = W(V,C,Vm) PaTs1(V) dv + IW(V,C1Vm) PaTs2(v) dv  +
VOTS1 VOTS2
Vmax
* Pars2(VNTS) [ W(V.C,vm) dV (5.23)
VNTS

For the constant-flux variable-speed system the output energy is the energy
from the inverter

VNVS Vmax
eivs(c,vm) = J'W(V,C,Vm) Pivs(V) dv + pivs(VNvs) J'W(V,C,Vm) dv
Vovs VNVS

(5.24)

The energy produced when optimized flux and a higher speed is used is
calculated in a similar way.

The average efficiency of the generator system can be calculated by dividing
the output electrical energy by the input mechanical energy from the gear. A
comparison of the average efficiency of the generator system is made to find
how efficient a variable-speed generator system is compared to a constant-
speed system. First the variable-speed system with optimized efficiency is
compared with a two-speed system and a constant-speed system.

It is found, from Figure 5.11, that the optimized variable-speed system often
iIs about as efficient as the constant-speed system in converting the
mechanical energy of the generator shaft into electric energy to the grid. On
sites with low median wind speed the variable-speed system is more efficient
because of its low losses at low power. The efficiency is a little lower or as
high as the efficiency of a constant-speed system for normal wind speed sites.
For high wind speed sites the variable-speed generator system is always less
efficient. The average efficiency of the two-speed system is rather similar to
the one of the constant-speed system. It is a little lower at high wind speed
sites and a little higher at low wind speed sites.
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Figure 5.11 Average electric efficiency of a two-speed, a constant-speed system
and a variable-speed system using optimized flux and 1.0 p.u.
rated speed.

The difference in average efficiency between an optimized voltage control and
the often used constant flux voltage control can be seen in Figure 5.12.
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Figure 5.12 The average efficiency of a variable-speed system with constant
flux or optimized efficiency and either a rated speed of 1 p.u. or
1.2 p.u.

If optimized voltage control is used instead of constant rated flux the
efficiency will be about 0.5 to 0.8 % higher on sites with normal median wind
speed. On sites with low wind speed the difference in efficiency, between
optimized voltage control and constant flux, can be up to more than 1 %. If a
higher generator speed is used than the speed at 50 Hz, the average
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efficiency will also improve. The increase in efficiency by using a higher speed
is small, less than 0.2 % for all median wind speeds.

5.3.5 Total efficiency including the gear

To find the average efficiency in converting the turbine shaft energy into
electrical energy, the output electrical energy is divided by the turbine energy.
In Figure 5.13 the resulting average efficiency can be seen. The turbine
efficiency is not included in these figures.

Average efficiency of gear, generator (and converter)
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Figure 5.13 The total efficiency in converting the turbine energy into electric
energy fed to the network.

The result is similar to the average efficiency of only the generator and
converter. The only difference is that the gear losses make the constant-
speed system less efficient compared with the variable-speed system.

The laboratory system has a low converter efficiency (95.6 %) compared with
the design example system (98 %). This difference is found to be very
important when a constant-speed and the corresponding variable-speed
system are compared, see Figure 5.14. The lower converter efficiency makes
the average efficiency of the variable-speed system lower than the average
efficiency of the constant-speed system for all median wind speeds. This
shows that an efficient converter is very important if the variable-speed
system shall be as efficient as the constant-speed system.
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Figure 5.14 Calculated average electric efficiency of the 50 kVA generator
system at constant speed and at variable speed, using optimized
flux and 1.0 p.u. rated speed.

5.3.6 Produced energy

When the average efficiencies are calculated, there are also automatically
results showing the difference in produced electric energy. The calculation
method have been derived for constant-speed turbines and, therefore, the
accuracy of this comparison depends on how accurate the energy calculation
method is for variable-speed turbines. Because of this uncertainty, the
predicted difference must be seen only as a hint of what the real difference
may be.

The capacity factor is defined as the average power production divided by the
rated electric power. In per unit the average electric power is equal to the
produced electric energy. Therefore, the capacity factor Ccap for the
constant-speed and two-speed systems can be defined as

_ ea(C'Vm)

Ceap = Pa(VN) (5.25)
For the variable-speed system the capacity factor is defined as
_ ei(CNm)
Ceap = Pi(VN) (5.26)
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The capacity factor of the turbine can be calculated for different control
strategies. The comparison is made for a constant-speed , a two-speed and a
variable-speed wind turbine generator system using optimized flux and a
rated generator speed of 1 p.u. The results are shown in figure 5.15.
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Figure 5.15 The capacity factor of a wind turbine generator system at
constant-speed, two-speed and variable-speed operation.

It can be seen that the capacity factor of the variable-speed system is higher
than that of the constant-speed system. The two-speed system also has a
high capacity factor compared with the constant-speed system. The figure
shows the absolute energy capture, expressed as the capacity factor for
different systems. It is, however, difficult to find the relative increase in the
energy production when a constant-speed system is changed to an equal two-
speed or variable-speed system from Figure 5.15. The relative increase in
production is shown in Figure 5.16. The increase in energy production has
been calculated for the variable-speed system as

eiVSopt(C,Vm)
eacs(C,Vm) (5.27)

and for the two-speed system

eats(C,vm)

eacs(c,Vm) (5.28)
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Power production compared with a constant-speed system
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Figure 5.16 The relative increase in produced electric energy if a two-speed or
variable-speed system is used instead of a constant-speed system.

It can be seen that the two-speed system produces more than the constant-
speed system. The difference between two-speed and variable-speed system
iIs not so large as the difference between constant-speed and two-speed
systems. For a normal median wind speed the increase in energy production
is about 5.2 % if a variable-speed system is used instead of a constant-speed
system. If a two-speed system is used the increase is 3.8 %. This comparison
iIs made for systems with equal rated turbine power and unequal rated output
power.

5.4 Summary of average efficiency comparison

Although a variable-speed system has extra losses in the generator and
converter it can usually be about as efficient as a constant-speed generator.
At low wind speed sites it is more efficient, at high wind speed sites it is less
efficient. The extra losses in the frequency converter have often been said to
be a disadvantage of the variable-speed system. However, the calculations in
this chapter show that the decrease in generator and gear losses can
compensate for the increase in losses due to the frequency converter.

The calculations are based on the use of an efficient frequency converter,

with a rated efficiency of 98 %. If a transistorized inverter is used, in order to
reduce the network disturbance, the total efficiency will decrease a few
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percents. Still, the difference in average efficiency between variable-speed
and constant-speed systems will be small at medium wind speed sites.

122



6. Conclusions

A model of the losses in the generator and converter has been derived and
verified for a 50 kVA generator. The model can be used to predict the shaft
torque of the generator with an error of less than 2 % of the rated torque. This
should be sufficient for the steady-state torque control of a wind turbine. The
model only needs measurements of the generator speed, the dc voltage and
the dc current of the converter. Most of the model parameters are, for normal
generators, available from the manufacturer. The rest of the parameters can
be estimated if the demand on the accuracy is not higher than about 2 %,
otherwise they have to be measured.

The loss model can be used to maximize the generator and converter
efficiency. By changing the generator voltage, the efficiency of the system
can be maximized. If the voltage is controlled to maximize the efficiency, the
generator and converter system is about 0.5 to 0.8 % more efficient, in
average, than if the common constant flux control is used. It has also been
found that a variable-speed generator should use a high speed to increase the
efficiency and decrease the generator size. To use a larger standard generator
than necessary does not normally improve the efficiency.

Earlier, it has often been said that the losses in the frequency converter of a
variable-speed system are a drawback. In this report it is, however, shown
that the total energy losses do not have to increase because of the frequency
converter. The generator and gear losses can be reduced when the converter
is used, and this reduction may be large enough to compensate for the losses
in an efficient converter. This means that the annual average efficiency of a
variable-speed generator system can be as high as that of a constant-speed
system, at least for turbine sites of normal wind speed. At high wind speed
sites the average efficiency is lower and at low wind speed sites it is higher in
the variable-speed system than in the constant-speed system.

The loss model has errors in modelling the additional losses and the core

losses. If the accuracy is critical, the additional losses and the core losses
should be investigated more thoroughly.
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