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Abstract

This report describes measurements and simulations to determine a method for
the power performance evaluation of autonomous wind turbine systems. The
method applies to small systems, equipped with a permanent magnet generator
in the turbine, a diode rectifier and batteries. The analysis concentrates on the
effect of the load on the power-wind speed curve of the turbine. It is shown that,
although the effect of the load on the DC voltage is substantial, a 30% variation
is not unusual, the effect on the power curve is relatively small. The effect on the
annual averaged energy production, although dependent on the wind regime, is
also expected to be small: in the range of 5%. This justifies a simple method for
the measurement of the power curve.
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1. INTRODUCTION

The PEMSWECS project "Power Performance Evaluation Methods for Autonomous,
Applications Oriented Wind Turbine Systems" is a joint project of National Engi-
neering Laboratory NEL (UK), Deutches Windenergie-Institute DEWI (Germany)
and ECN, executed within the framework of the Joule Il programme. This report
gives the results of the ECN contribution to the project.

The general goal of PEMSWECS is to:

¢ understand real load behaviour of stand alone systems;

predict real load performance;

perform measurements to verify the prediction;

recommend a method for the performance evaluation of stand alone wind turbine
systems.

The ECN contribution concentrates on systems with permanent magnet generator,
diode rectifier and batteries. This type of autonomous system is very common for
autonomous applications in the range of a few hundred watts to several kilowatts.

Contrary to medium and large size turbines, most small turbines operate "stand-

alone", i.e. not grid connected. Grid connected performance evaluation methods

may not be suitable for these systems for a number of reasons [7]:

¢ the effect of turbulence and turbine dynamics on power performance can be
significant;

e the turbine performance will depend on type and the variation of the electrical
load;

e mechanical and electrical efficiencies can be low.

Especially the effect of the load on the system behavior will make stand alone

systems more difficult to evaluate. The IEC standard 61400-12 deals with power
performance testing of grid connected wind turbines, and is a suitable starting

point, but for the reasons mentioned, it does not cover the typical aspects of stand
alone systems. To give an example: if the turbine is equipped with a permanent
magnet generator and the load is a battery fed through a diode or thyristor rectifier,
the battery voltage will fluctuate and influence the wind turbine power-speed curve

and thus the power output at a given wind speed.

When quantifying stand-alone system behaviour, a good understanding of the
interaction between turbine and load seems crucial for two reasons:

e to be able to choose realistic conditions for measurements;

e to translate measured behaviour to real load behaviour at an end user.

A method will be determined for realistic tests. The results of the Standardising
Performance Claims project [4] will be the starting point. This project aimed at a
test to quantify the behaviour of small wind turbines under "standard conditions",
and concentrated on battery charging systems. The project recommended two
measurements to characterize a system: one at 95% and one at 112% of the
nominal battery voltage.

A second aspectto consider is the choice of the sampling rate and averaging period
in the determination of a power curve. There are indications that the smaller the
turbine, the shorter the averaging period that should be used [5]. Using a long
averaging period will lead to loss of information and a longer measurement time.

ECN-C-01-032
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Proj ect approach

The tasks in the PEMSWECS project are:
e choice of 3 relevant system types, viz. systems with different loads, control
and operation;
e evaluation of the system operation by:
— modelling;
— measurements;
e determination of the system characteristics:
— which variables should be measured;
—which variables determine the power curve;
—how should the power curve be measured and evaluated;
e estimation of the power performance of the chosen systems;
e recommendation of measurement and evaluation method.

Contentsof thisreport

Chapter 2 gives an overview of possible configurations of stand alone systems.
The three system configurations investigated in this project are described. Each
of the partners in the PEMSWECS project performed measurements on a differ-
ent system. Chapter 3 describes the Fortis Montana wind turbine system used
for measurements to develop a method at ECN. The measurement equipment is
described in chapter 4. Chapter 5 deals with the test to define system characteris-
tics. The effect of the averaging time on the measured power curve is analysed.
To understand the differences in operation, system configurations are examined
through model calculations in chapters 6. The parameters required in the models
are determined from measurements. Chapter 7 discusses the effect of the parame-
ter which is believed to have the largest effect on the power performance: the DC
voltage. Chapter 8 translates observed changes in DC voltage and power curve to
changes in annual energy production for a number of wind regimes. From these
results, conclusions for a power performance evaluation method for autonomous
wind turbine systems with batteries are drawn in chapter 9.

10 ECN-C-01-032



2. STAND ALONE SYSTEMS

2.1 Configurations

The stand alone systems examined in this project will serve as a source of electric
power. There is a large market for mechanical wind pumps world wide, but these

turbines differ considerably from what is generally known as battery chargers and

these systems are excluded from this project. First, the differences in lay-out
and operation of a number of configurations will be summarized. From these

configurations, the systems to be tested in this project, have been chosen.

Rect Resistor

Bt =
1T

PM T

load
control

Figure 2.1 Configuration 1. Permanent Magnet WT + Rectifier + DC load

Configuration 1 is the most simple one. The turbine is equipped with a permanent
magnet generator and is operated in variable speed mode. The DC load is a set
of resistors which is directly connected to a diode bridge rectifier. The generator
terminal AC voltage is of variable amplitude and frequency. The ratio between
the AC and DC voltage of the rectifier is fixed. The current and the electric power
delivered by the generator depend on the difference between the generator internal
voltage, the EMF and the DC voltage. For a permanent magnet generator, the
EMF only depends on the rotor speed.

To get a better match between the turbine and the load, a load controller is
introduced. The controller closes a switch if the voltage reaches a given setpoint
and opens the switch if the voltage falls below this value. A hysteresis band may
be included. The load controller could be left out, but this dramatically reduces
the energy capture at low wind speeds. This demonstrates that the operating point
of the turbine is not only determined by the aerodynamic characteristics of the
rotor, but also by the load and the DC voltage.

Rect Bat Consumer

Ol = F 2
PM T

charge
control

Figure 2.2 Configuration 2a: Permanent Magnet WT + Rectifier + Batteries+ DC load,
open circuit control

In many cases stand alone systems include batteries (figure 2.2). This is often
the case if the end user requires electric power for different applications and
desires partial independence of the wind resource. If the wind power exceeds the

ECN-C-01-032
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consumer load, the surplus is stored in case the batteries are not fully charged.
Again, the turbine operates at variable speed and produces power at variable
voltage and frequency.

Rect Bat Consumer
Ol #t - T 0
PM M
charge

control

Figure 2.3 Configuration 2b: Permanent Magnet WT + Rectifier + Batteries+ DC load,
short circuit control

The batteries in configuration 2a are protected against high voltages and over-
charging by a charge controller. In the example of figure 2.2 the wind turbine is
simply disconnected from the batteries (open circuit option) but other options are
also feasible:

¢ the wind turbine generator is short circuited (figure 2.3);

e a resistive load is switched on, either on the AC or the DC side of the rectifier

(figure 2.4). Often a voltage controlled high frequency solid state switch is
used.

Rect Bat Consumer

O B T T O

PMSTJ

charge
control

Figure 2.4 Configuration 2c: Permanent Magnet WT + Rectifier + Batteries+ DC load,
dumpload control

The open circuit option will require an aerodynamic or mechanical speed limi-
tation, since the turbine will run unloaded. It may result in a high open circuit
voltage and in noise. The short circuit option (figure 2.3) will require a generator
able to withstand a prolonged short circuit and it may stop the turbine completely.
Option 2c (figure 2.4) diverts the power to a different load and the turbine will
remain near its current point of operation. It may also continue charging at a
reduced level, depending on the implementation of the control.

12
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Rect Chopper Bat Consumer
T = T— T
PM T
— =
T control

voltage
limiter

Figure 2.5 Configuration 3: Permanent Magnet WT + Rectifier + Chopper + Batteries
+ DC load

The battery current can also be controlled by means of a chopper (figure 2.5).

The chopper acts as a DC transformer: it reduces the DC voltage (buck or

downchopper) or increases it (boost or upchopper). By changing the duty cycle

of the chopper, the ratio of the voltages on both sides is set, and a sophisticated
charge control can be achieved. The wind turbine can be operated at a higher
voltage and the voltage range may be wider.

Rect Chopper Bat Inverter Consumer
| H’ 1 = 1 L = Q
T = T T ~v
PM J T
T control

voltage
limiter

Figure 2.6 Configuration 4: Permanent Magnet WT + Rectifier + Chopper + Batteries
+ Invertor + AC load

In some systems an inverter is added to the system (figure 2.6) to produce a
sinusoidal voltage and to be able to apply standard AC loads. In the past a
thyristor controlled inverter was used in combination with filters and reactive
power compensation [1]. With the advance of high frequency power electronic
switches, like IGBTS, the filters can be small and no reactive power compensation
is needed. This increases the feasibility of this option considerably. A voltage is
produced with little distortion and the frequency and amplitude are controlled.

IM
o —O
E Resistor load
— 1]

voltage
control

Figure 2.7 Configuration 5: Synchronous Machine WT + Induction Machine + AC load

In Configuration 5 the turbine and the load are coupled on an AC level. A syn-
chronous generator is used in order to control the voltage. If the speed increases,
the field is reduced. No storage is included, which means that the frequency

ECN-C-01-032

13



PEMSWECS

can only be controlled by adjusting the resistive load. Otherwise, the frequency
changes freely with the wind speed. The system is relatively simple but the match-
ing of the rotor and the load is critical since there is a strong electrical interaction
between rotor and load.

Rect Bat Consumer
1 _L

P T— T <>

PM T

charge
control

Figure 2.8 Configuration 6: Permanent Magnet WT + Thyristor Rectifier + Batteries +
DC load

In systems with a controllable rectifier, figure 2.8, the angle between the AC
voltage and AC current can be controlled to limit the active current and a solid
state switch is not required. In the past, grid connected variable speed turbines
have used this option, with a second thyristor bridge on the grid side of the DC
link. Since not all aerodynamic power will be absorbed under all circumstances,
this configuration requires speed limitation. This option can be used in stand alone
systems but a thyristor controlled rectifier is not often found in small systems. The
characteristics of a system with batteries are described in [13].

Table 2.1 Examples of commercial and prototype systems

Manufacturer Rated power
Configl Proven 6 kW
Config2 Fortis 4 kW

Whisper 0.9 kW
Config3 Fortis 4 kW
Config4 Fortis 4 kw
Config5 Tocardo 4 kw

2.2 Test Systems

2.2.1 Test System 1. NEL

The first test system is a Configuration 1 system. Figure 2.9 gives the lay-out.
This system is tested by NEL. The load is controlled by firing an IGBT, based on
the value of the DC voltage. The voltage setpoint is constant.

'%—{

PM

controller

Figure 2.9 System 1 (NEL): Permanent Magnet generator, rectifier and resistive load

14
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2.2.2 Test System 2: ECN

0 - 240 Vvdc 120 Vvdc 230 Vrms
| 1 2 ]
Bt 1 il -
A
PM Simulated
||_ load
i v
| Dumpload controller | | Charge controller |

Figure 2.10 System 2 (ECN initial setup): Batteries + inverter + AC load

The second test system was originally a Configuration 4 system in figure 2.10,
including an inverter for AC power. However, the operation of the dumpload
controller in combination with the chopper turned out to be problematic. After

a number of components were destroyed, the system was converted to a Config-
uration 2c type by bypassing the chopper and reducing the DC voltage level of
the rectifier and dumpload. This proved to be successful. This configuration is
shown in figure 2.11 and is described in more detail in chapter 3.

115 - 143 Vdc 230 Vrms
- s O
Bt < =
PM Simulated
1+ load
L: ar

A
Charge controller

Figure 2.11 System 2 (ECN final setup): Batteries+ inverter + AC load

2.2.3 Test System 3: DEWI

The third test system is a Configuration 5 system with a synchronous generator
in the turbine and a resistive load. A controller switches load resistors, the speed
of the turbine is constant. In this way, the turbine is operated similar to a grid
connected constant speed turbine. This configuration is more relevant for stand
alone systems which include a back-up generator set, mostly a diesel genset.
The back-up genset will supply any power shortages. The grid frequency in a
Wind-Diesel system is kept constant by either the diesel genset or a dumpload.
The configuration without back-up genset is shown in figure 2.12 and is tested by
DEWI.

ECN-C-01-032
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resistor

resistor|

controller

Figure 2.12 System 3 (DEW): Constant speed system

Standard synchronous machines are equipped with AVRs: automatic voltage
controllers, which keep the voltage constant if the speed does not deviate too
much from the rated speed, i.e. the speed corresponding to 50 Hz. Measurements
at DEWI have been taken at a number of different speeds and show that the voltage
is proportional to the speed. The power-speed curve is strongly influenced by the
chosen speed setpoint, as can be expected, batfe) curve is not. Operation

is similar to the grid connected case.

16
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3. DESCRIPTION OF ECN TEST SYSTEM

The system tested at the ECN test site is a Fortis Montana wind turbine with diode
rectifier, controllable dumpload, batteries and a Sunpower PV UP 5000 converter.
Table 3.1 lists the characteristic data of the Fortis Montana wind turbine [9].

Table 3.1 Fortis Montana 4000 turbine data

Rotor diameter 5m
Number of blades 3
Blade type NACA 4415
Material glass fiber reinforced polyester
Optimal tip speed ratio 9
Cut in wind speed 3.5m/s
Rated wind speed 12 m/s
Survival wind speed 60 m/s
| Gear ratio direct drive
Yaw system inclined hinged tail vane
Power limitation inclined hinged tail vane
Turbine brake short circuit switch on generator
Generator 3 phase, permanent magnet
Rated power 4 kw
Nr of pole pairs 9
Rated speed 300 rpm
Max speed 420 rpm
Frequency 0-70 Hz
Load diode rectifier
switchable dumpload
batteries at 120 Vdc
single phase 230 Vrms converter
Tower guyed steel tube, tiltable
Hub height 6,12,180r24m

The operation of the yaw system and aerodynamic power limitation of the Fortis
turbine indicated in figure 3.1. The rotor is eccentrically mounted. At an increase
in wind speed, the yaw moment will increase, turning the nacelle anti-clockwise.
This moment is counteracted by the vane, which is hinged and the hinge axis
is tilted. The vane will be lifted by the yawing of the nacelle and this results
in a clockwise moment around the yaw axis. The balance of the two moments
determines the yaw angle at a given wind speed.

ECN-C-01-032 17
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, yaw axis

/ tail vane
/
/ _- hinge axis /
W > /,
Vw~0 e
'/x ¥

Vw > Vrated
—_—

Vw = Vrated

Vw >> Vrated

E—

Figure 3.1 Inclined hingetail vane and eccentric nacelle mounting

Hh

PO & TS, Y et || Sy,
. T o
i*rl. LEWTRSL BWCH IR
a
b 4

Figure 3.2 Fortis turbine (from Instructions for assembly of Fortis Montana 4000 by J.
Kuikman)

Themain electrical components (figures 3.3 and 3.4) are:

e a3 phase permanent magnet generator with afull diode bridge rectifier;

e adumpload controller consisting of avoltage controlled FET and a dumpload
capable of dissipating 5 kW;

e astring of ten 12 V batteries;

e acapacitor between rectifier and batteries;

e abi-directional single phase DC-AC converter operating between 120 Vdc and
230 Vac to create asingle phase grid.

18
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Description of ECN test system

Ngen =0 - 400 rpm
EMF gen =0 - 250 V(rms, ph-ph)

2

Figure 3.3 Permanent magnet generator, diode rectifier and dumpload

N N N Rdump

Urect

}‘ L——1 115-143V(dc)

N N ZX

The bi-directional converter is part of a Sunpower PV UP 5000, of which the
downchopper section is bypassed. In the Fortis system, the converter will only
work in one direction, since no power source is connected to the AC side. The
converter is designed to produce a sinusoidal output voltage of 230V and 50 Hz,
suitable for all standard electrical appliances (see table 3.2).

The turbine will start to produce power when the phase to phase AC voltage
exceeds the battery voltage, typically 120 V, since this is the minimum voltage
required to openthe diodes. Initialy the current loading the input capacitor of the
downchopper will flow discontinuously. Theinductancein thecircuit isrelatively
small, only due to the stator of the generator. When wind speed increases the
turbinewill increasein speed, the AC voltage will go up and the current will flow
continuously. The capacitor will be loaded to a voltage above battery voltage and
the batteries will be charged. The turbine speed is dictated by the wind speed
and the capacitor voltage. If the batteries are charged the capacitor voltage will
increase further. When avalue of 143V isreached, the dumpload is switched on
bij the dumpload controller and al surplus power isfed to the dumpload.

> I

115 - 143 Vdc E Uac
230 Vrms

Figure 3.4 Batteries and bi-directional converter

ECN-C-01-032
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Table3.2 Sunpower PV UP 5000 data

Type PV UP 5000

INPUT DC (Windturbinerectifier)

Recommended generator power 5000 W

Operating mode Input voltage control 166 V
Ground fault detection yes

Protection against wrong polarity yes

Overvoltage protection

varistorsin conjunction with arc protection

INPUT AC (Grid / Diesel Generator)

Grid input voltage 196 - 253 Vac
Input frequency range 48 -52 Hz
BATTERY

Number of cellsin series 60

Nominal operating voltage 120 Vdc

Battery regulator & charging mode

step-down regul ator

Battery temperature compensation

battery temperature measurement

Battery voltage indication

LED

OUTPUT DATA

Output power 5000 VA
Output power derating between 45 - 65 °C 5% per °C
Output voltage 230V /50 Hz
Inverter efficiency > 15 % output power 90-92%
Output current shape sinus
Harmonic distortion of output current <3%

Power factor cos phi (charging state) 1

I solation solargenerator-grid transformer
Ambient temperature range 0..45°C

Realtive humidity

95 % non condensing

GENERAL

Status indicationswith LED

SG o.k., Grid Voltage o.k., Fault, Operation

Dimensions (Width x Height x Length) ca. cm

52 x 58 x 36

Weight (ca.) 60 kg

STANDARDS

Protection class 1

EMV EN 50081, Teil 1/ EN 50082, Teil 1
Compliance CE 73/ 23/ EEC

Case Protection

indoor (opt. outdoor casing)

20
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4. MEASUREMENT SYSTEM

yaw angle

Ibat Ubat lac
3ph
| Power fin ﬁ:]x
\ J ||| J )
1Y)
— i -K —* >J
—Pp
I,- load
relais
wind speed &
direction

Figure4.1 Measurement equipment installed in Fortis Montana system

The Fortis Montana system was set up at position B of the ECN test site. The
meteo mast was located at about 15 m from the turbine at a position of 26 degrees
clockwise looking from the meteo mast to the turbine (North is O degrees). This
meant that measurement datain asector between 355 and 55 degreeswas rejected.
A second sector between 130 and 170 degrees was rejected due to the position of
the anemometer. The temperature measurement turned out to be defect and the
temperature reading was replaced by values measured at a nearby mast. During
the second half of the measurement period the clamp measuring the AC current
started to produce wrong readings. All AC current clamp readings were rejected,
which did not result in a problem because this measurement was a redundant; the
sameinformation was available from arecording of theload relay position. Table
4.1 lists the make and type of the measurement equipment used.

Table4.1 Measurement equipment, type and accuracy

Device Make Type Accuracy  Remarks
Wind speed meter Mierij 018 1.5%

Wind speed print Mierij 050 na

Wind direction meter Mierij 032 1.4 degree

Air pressure sensor Druck PDCR 901 0.1%

Air pressure print Mierij 078 0.1%

Precipitation detector Mierij 085 -

Air temperature meter Mierij 070 2 degrees

Electronic filters Mierij 079 -3dB at 20 Hz
AC current transformer Hobut 25/5 3%

Three phase power meter BBC GTU289 0.2% 45-50 Hz

Yaw angle meter ECN DEALO0539 0.1 degree

Electronic filters ECN - -3dB at 20 Hz
Frequency-current converter  Jaquet FWT1613AC230 0.2%

DC current shunt n.a n.a 0.5%

Isolated amplifier Phoenix 2810913 0.1%

Resistors n.a n.a 1%

ADC card NI AT-MIO-64E-3 0.1%

AC Current clamp HEME 100 1A

ECN-C-01-032
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5. TEST TO DEFINE SYSTEM
CHARACTERISTICS

5.1 Power curve measurement

Thel EC standard 61400-12 describes power performancetesting of grid connected
wind turbines and is a suitable starting point for the determination of a method
for autonomous systems. Figure 5.1 gives a summary of the method in the IEC
standard.

measurement samples

f>0.5Hz
calculate 10 minute exclude
average values —»  winddirections outside
& o measurement sector
standard deviations

Y

pressure and temperature
correction

Y

bin against
wind speed
(0.5 m/s bins)

+ AEP extrapolated
calculate Annual
Energy Production
Vav=4-11m/s
k=2

AEP measured

Figure5.1 Flow diagram of the power performance testing method in |EC 61400-12

This project will concentrate on a power performance method for autonomous
systems with batteries. First, the effect of the pre-averaging time is investigated.
The 10 minutes suggested in the IEC standard 61400-12 is probably too long for
the small scale systems found in autonomous applications.

5.2 Effect of the pre-averaging time

There are two basic mechanism causing an imperfect correlation between the

measured wind speed and electric power [5]:

e poor correlation between the measured wind and the actual wind experienced
by the entire rotor;

e poor correlation due to the inertial lag of the system responding to changesin
the ambient wind speed.

22
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Test to define system characteristics

Time averaging reduces the effects of poor point-to-point correlation and inertial
lag: it works as a low pass filter. High frequency wind fluctuations are filtered
out and the inertial lag is masked if the pre-averaging time exceeds the response
time constant. The averaging time should be chosen in relation to the system’s
response time. If it is chosen too short, the amount of scatter will be increased,
which may result in misinterpretation of the measurements. If it istakentoo long,
important information may be filtered out and measurement time is increased.

Hansen and Hausfeld [5] analysethis problem by deriving athe transfer function

for an arbitrary turbine. This transfer function is a low pass filter as well. It is

split up in its basic components, representing:

e thetime needed to travel from anemometer to turbine rotor;

¢ the averaging effect of the rotor disc compared to a point measurement of the
wind;

¢ the mechanical and electrical inertia of the system.

Since awind turbineisahighly nonlinear system and the measurement conditions
will vary, the overall time constant isexpectedto vary aswell. Theanalysisshows
avariation of afactor 2-4 in calculated overall time constant. Secondly the size
of the turbine plays an important role. Anincreasein rotor diameter will shift the
cutoff frequency of the low passfilter to alower frequency.

Hansen and Hausfeld suggest to choose the averaging time of the measurements
equal to the cutoff frequency of the turbine transfer function since this will guar-
anteethe best information transfer in the measurements. Thisfrequency isdefined
by a decrease of -3 dB (afactor 0.5) in the turbine response. This method will
be adopted in the PEMSWECS study. For small stand alone systems this will
result is a considerable reduction of the pre-averaging time compared to the IEC
61400-12 recommendation of 10 minutes mentioned in the previous section.
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Figure5.2 Transfer function dP,; /dV,, estimated froma 8 hour measurement
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Figure 5.2 gives the transfer function from wind speed to electric power for
the Fortis Montana system, estimated from an 8 hour measurement with sample
frequency of 4 Hz and alength of the measurement sample used in the FFT of 512
datapoints(128s). Thestaticgainvalue A P,;/AV,, isabout 0.2 kW/(m/s), which
correspondsto the val ue estimated from the P(V) curve. A reduction by afactor 2
of thisvalueisreached at afrequency of 0.05 Hz, suggesting an optimal averaging
time of 20 s. Compared to the values found in [5], it corresponds to those given
for small turbines and favourable measurement conditions. However, the estimate
should be taken as an indication, sinceit will depend on the operating conditions.
To check this result, the power curves of the Fortis turbine will be determined
for a number of sampling frequency and the differences will be analysed. For
comparison, the transfer function from rotor speed to power dP,;/dN is aso
determined (figure 5.3). In this case the time constant is 33 seconds at a different
phase shift: in this case the phase shift is zero and independent of the frequency.
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Figure5.3 Transfer function dP,;/dN estimated from a 8 hour measurement

5.3 Measured Fortis Montana Power Curves

To determine the power curves of the Fortis Montana turbine about 100 hours of
measurement datawere recorded at asamplefrequency of 4 Hz. The measurement
were taken under variable AC load, simulating real load conditions, and covering
thefull range of DC voltage: 115to 143 V. The raw datawas processed by means
of anumber of Matlab routines. First, the raw data was plotted to check for any
inconsistenciesor irregularities. Secondly, al datawas corrected for temperature
and pressure, followed by averaging over 10, 30, 60, 120, 300 and 600 seconds.
The averaged data was subsequently binned against wind speed and rotor speed
to investigate the effect of the averaging time.

Figure 5.4 shows the effect of the temperature and pressure correction. The
maximum correction is about 5 %. Figure 5.5 gives the resulting Power-Rotor
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speed curves for 10, 30, 60 and 600 seconds. In the low speed region the
differences are very small. Speeds above 260 rpm show small deviation which
may be caused by the small number of datain the 600 seconds bins or insufficient
filtering for the 10 seconds bins. The 30 and 60 seconds results are practically
the same over the full range of operation. Thisisin agreement with the resultsin
the previous section. Figure 5.6 showsthe Power - Wind speed curvesfor 10, 30,
60 and 600 seconds averaging time. Again, the differences are small for all bins
below 10 m/s, where all bins have enough data (see table 5.1). Thisjustifies the
choice of apre-averagingtime of 30 s.
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Figure 5.4 Temperature and pressure correction of measured power
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Figure5.5 Power-Rotor speed curvesfor 4 averaging times
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Table5.1 Measured P(N) and P(V) values for averaging period of 30 s

N; P; O'(Pi) nr; Vi P; O'(Pi) nr;  Sp; up;
(rpm) (kW)  (kw) () (ms)  (kw)  (kw) () (kW) (kW)
146.2 0.0000 0.0000 O 2.063 0.0145 0.0124 62 0.0015 0.0300
1529 0.2333 0.0985 422 2.527 0.0234 0.0166 170 0.0012 0.0300
161.8 04589 0.1399 432 3.014 0.0579 0.0330 230 0.0021 0.0300
1689 0.6630 0.1428 776 3.485 0.1208 0.0490 196 0.0035 0.0301
176.4 08680 0.1800 990 3.992 0.2268 0.0609 191 0.0044 0.0302

183.8 1.0391 0.1901 1071 4503 03494 0.1043 154 0.0084 0.0306
191.0 12777 01693 1064 5019 04733 01253 276 0.0075 0.0311

1984 15408 0.1574 831 5523 06039 0.1526 453 0.0071 0.0317
206.2 17983 0.1469 657 6.001 0.7453 0.1763 719 0.0065 0.0326
2137 20486 0.1234 634 6494  0.8917 0.1845 868 0.0062 0.0337
221.0 23194 0.1392 59 7.007 1.0962 0.2008 914 0.0066 0.0354
2284 25960 01471 391 7.494 12671 0.2115 854 0.0072 0.0371
236.0 28191 0.1767 279 8.003 14978 0.2379 819 0.0083 0.0396
2434 30390 0.1793 203 8.498 17701 0.3019 696 0.0114 0.0428
2511 32205 01647 171 9.005 20262 0.3393 673 0.0130 0.0460
258.6 34260 0.1267 137 9498 22830 0.3599 629 0.0143 0.0495
266.1 3.6506 0.1399 109 9.987 25916 03998 556 0.0169 0.0538
2734 3.8359 01274 60 10494 29199 04563 408 0.0225 0.0586
2811 4.0256 0.1285 53 10977 3.2026 04673 244 0.0299 0.0629
288.6 42238 0.1167 47 11483 3.4467 0.5037 223 0.0337 0.0666
2956 43256 0.1103 32 11983 3.7871 04877 99  0.0490 0.0719
303.8 45284 0.1013 14 12.488 4.1422 05299 66  0.0652 0.0775
3111 4.6708 0.1032 18 12974 44048 05707 22 01216 0.0817
319.2 48440 01236 12 13492 4.4978 0.6053 0.2470 0.0832

6
3227 48965 01229 2 13.923 4.9050 0.5945 7 0.2247  0.0898
3332 50778 0.0848 4 14615 4.8161 0.0000 1 0.0000 0.0883
3448 53814 0.0000 1 15.000 0.0000 0.0000 O - 0.0300
349.1 53056 0.0427 2
0

356.2 0.0000 0.0000

The Fortis turbine is equipped with a passive yaw system to maximize the power
at low wind by aligning the turbine to the wind direction (yaw angle zero) and
to limit the power at high wind by increasing the yaw angle. Figure 5.7 shows
that the turbine starts operation with ayaw angle of 30 degrees and that the angle
slightly increases for an increase in wind speed. This increase is too small to
explain the observed decrease in power coefficient (figure 5.8), which is mainly
caused by stalling of part of the rotor.
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Figure 5.7 Yaw angle binned against wind speed for 30 seconds averaging time
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Figure 5.8 Power coefficient binned against wind speed for 30 seconds averaging time

Figure 5.9 gives an impression of the area of operation of the DC voltage and the
rotor speed. The upper limit of 143V is caused by the dumpload controller. On
average, the voltage follows a path which increases with the rotor speed. At a
speed above 250 rpm, the voltage is practically always at its maximum value.
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PemPlotPVN2.m Tav= 30s Nrofdata= 9553 20-Mar-2001
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Figure 5.9 \oltage-rotor speed curve for 30 seconds averaging time: average, minimum
and maximum values

When the DC voltage is binned against the DC current, another interesting aspect
of systems with batteries is demonstrated (see figure 5.10). It shows that the
DC voltage strongly depends on the DC current. This is caused by the internal
resistance of the batteries, as described in more detail in chapter 6. Discharge
causes a voltage decrease, while the relation between a charge current and the
voltage appears to be less clear. Thisis caused by the irregular operation of the
dumpload controller, which is obscured by the binning of the data.

In figure 5.11 the voltageis plotted against the discharge current to determine the
internal resistance of the batteries. Only the inverter is in operation during this
measurement, the turbine was stopped. A value Ry, = 0.1892 isfound. Not all
samples are on a straight line due to the dynamic behaviour of batteries. After a
changein current it takes some time to reach a new steady state. These dynamic
effects are not expected to be very relevant for the power performance of the
system and are neglected.
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6. UNDERSTANDING REAL LOAD
BEHAVIOUR: MODELLING

Estimation of the power performance of a stand-alone system requires insight
into the operation of the system. To understand the characteristics of the systems
tested in PEMSWECS project, component models are useful. The emphasisin
these models will be on power performance, i.e. the minute to minute behaviour
of the system. Dynamic phenomenawith time constants less than 30 seconds are
less relevant for the power performance. This was already demonstrated in the
development of design tools for wind-diesel systems[15, 3].

The following component models are required:
turbinerotor;

permanent magnet generator;

diode bridge rectifier;

batteries;

inverter and AC load,

dumpload and load controller;

All component models will be quasi-steady state with one exception: the battery
model includesthe state of charge (SOC) of the batteries. In the electrical models
accuratevoltageand current phaserel ationsare desired without making themodel s
too complicated.

Outcome of the system model are the steady-state characteristics of the system,
viz. the power-rotor speed and power-wind speed curves, for various system
conditions. Thisinformation is used for a better understanding of the parameters
that influence the power performance of the system and it is the input for step 2
of the investigation: modelling of the power performance. Matlab was chosen as
programming language, since some of the models already existed in Matlab. The
next sections give a description of the component models. Thisis followed by a
number of calculation examples. The power performance model is described in
chapter 8.

6.1 Component Models

6.1.1 Rotor

The rotor model hasto give the aerodynamic power as a function of wind speed
and rotor speed with reasonable accuracy. For the purpose of power performance
evaluation the rotor model can be simple: for a pitch or yaw angle controlled
turbine C, (A, 8) curves, with ¢ the pitch or yaw angle, are sufficient. If the
turbine is stall controlled, asingle C,(\) curveis sufficient.

However, small turbines sometimes have complicated power limitation devices

when compared to the previousoptions. The devicesare often passive and depend

in some cases on a complicated equilibrium between aerodynamic forces on the

rotor and atail vane or on centrifugal forces. Theturbinesincluded in this project

limit aerodynamic power by:

e tail vane and eccentric nacelle mounting (ECN system, seefigure 3.1);

e flexible connection of blades to hub (a combination of pitching and coning:
NEL system);

e stall plus coning/pitching (DEWI system).
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Figure 6.1 Equivalent circuit of a synchronousor Permanent Magnet generator (EMF is
reference)

Modelling these effectsis complicated [ 14] and is beyond the scope of the project.
For the ECN test system, measurements show that the yaw angle does not play
animportant role, and therefore the mode!l can be simple: asingle C,(\) curveis
sufficient.

6.1.2 Permanent Magnet generator with diode bridge

Figure 6.1 shows the equivalent circuit and phasor diagram of a synchronous
generator in a reference frame fixed to the EMF E i.e. the rotor field of the
machine. Subscripts are used to indicate the components direction (d for direct
and ¢ for quadrature axis):

Time variant: Timeinvariant:
Bt) = Bewt E = F
at) = et i = e
= ug+ jug
ug = —usind
ug = Ucosd
i(t) = et i = e 09
= ig+ Jiq
iq = —isin(d+ @)
ig = icos(5+ o)

The load angle § is defined from @ to E and is positive if E precedes @ with
respect to the direction of rotation w. The phase angle ¢ is defined from 7 to @
and is positive if @ proceeds i. The steady state equations for the a synchronous
machine, assuming generator convention, are[2]:

Ug = —Tsig— wlig (6.1)

Ug = —Tsig +wlsig + E (6.2)

E = wlafdff (63)
3, . .

P = §(Ud'5d + ugiq) (6.9)

Equation 6.4 assumes the amplitude invariant parameter set in the Park transfor-
mation.
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Figure 6.2 Equivalent circuit of a Permanent Magnet generator with rectifier (stator
voltageis reference)

To simplify the calculation, the stator resistance r, is neglected. A change of
reference frame will result in a set of equations which can be solved without
iteration: rotation over load angle 6 will make the stator voltage phasor the
reference direction. Figure 6.2 shows the new coordinate system. The following
table compares the time-invariant parts both sets of equations. A superscript is
used to indicate the reference system (e for EMF reference frame and  for stator
voltage reference frame):

EMF phasor ref. frame (fig 6.1): Stator voltage phasor ref. frame (fig 6.2):
Ee = E Ev = [
= E¢ = EY+jEY
lzg =0 = E(cos § + jsin )
uf = 4 e_]6 uv = 1
=g+ jug =y
= a(cosd — jsind) uy = 0
I N L Gax) o= gei?
= gl = g g
i(cos (0 + ¢) — jsin (6 + ¢)) = i(cos ¢ — jsin¢)
ué = —jwlsi_é + E° ult = —jwlsiz‘ + Eu
ug+jug = —jwls(i + jig) + E ug = —jwls(ig + jig) + (Ef + jEY)
ug = —wlsig A 0 = —wlsig+Ey
ug wlgt§+ E ufq‘ = wlsig + E;‘
E wlafdff E wlafdff
Pe = 3(uGi§ 4 ugil) PY = 3(uYiy + ulit)
Summarizing:
ug = 0 (6.5
u; = a (6.6)
0 = —wlsicosd+ Esind (6.7)
& = —wlsising+ Ecosd (6.8)

In most stand-alone systems a permanent magnet generator is used. Thisimplies
that the rotor field is constant, so E is linear with the angular speed. In machines
with salient poles, the stator inductance /s will dependent on the direction, i.e.
lqa # 1,. Sincethe rectifier is adiode bridge, the phase angle ¢ equals zero. This
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Figure 6.3 Power-Speed curves of Fortis Montana for 3 DC voltages

resultsin the following set of equations for the permanent magnet generator:

E = wVy (6.9
iy = 0 (6.10)
Qb= (6.11)
0 = —wlq% + Esiné (6.12)
& = FEcosd (6.13)

Thisresult is combined with the relation for the voltage on both sides of the diode
bridge:

N mUqe
6.14
i W (6.14)

Rewriting the equationsin the sequence of eval uation:

E = w¥y (6.15)

N mUqe
= 6.16
i W (6.16)

U

cosd = — 6.17
7 (6.17)
; = Zsmd (6.18)

wlg

3 .-
P = J U (6.19)

Figure 6.3 shows the results for the Fortis Montana turbine for three values of
the DC voltage: 110, 125 and 143 V. The value of 110 V is the lower limit

34

ECN-C-01-032



Understanding real load behaviour: Modelling

of the battery voltage at maximum discharge current. When the batteries are
full, the dumpload controller keeps the DC voltage at 143 V. The current of the
generator is limited by the voltage drop across the stator inductance and depends
on the DC voltage. The figure shows that the maximum AC current is about
40 A. At 140 DC this limits the power to about 5 kW. Whether this power will
actually be produced, depends on the aerodynamic characteristics of the turbine:
the eccentrically mounted rotor should reduce the aerodynamic power to the rated
power of 4 KW.

6.1.3 Batteries

The objective of the battery model is twofold:

¢ to estimate the state of charge SOC, electrical capacity and losses as afunction
of the charge and discharge current. Thisisrequired to calculate power flows
in a system;

e to estimate the charge and discharge voltage as function of the SOC. Thisis
required to calculate the effect of the battery voltage on the overall aerodynamic
efficiency of the wind turbine.

The SOC is the amount of chemical energy stored in a battery. It is assumed
that the maximum amount of chemical energy that can be stored in a battery is
constant, which is equival ent to assuming a constant amount of chemical reactants
and products. This may change if the battery ages, but is not considered in this
simple approach.

When the battery isdischarged, not all chemical energy isconvertedinto electrical
energy. Part of it isconverted into heat in anirreversible chemical reaction. These
losses strongly depend on the rate of discharge, i.e. the current. Thisisthe reason
for a strong dependency of the battery’s electrical capacity (Amp-hours) on the
rate of discharge or the total discharge time. Discharge at a high current will
yield considerably less electric energy output than at alow current. The chemical
energy stored in the battery is in both cases the same. This is visualized in a
very simple model. In this model is assumed that losses are predominantly of
an electrical nature, i.e. can be described by Ohms Law. Values of the battery
electrical capacity (Amp-hours) as function of the discharge current are used to
calculate an equivalent resistance R, which accounts for the losses, assuming a
constant Epepm:

Echem = Eel + Eloss (620)

E, = VI (6.21)

Eloss = Requ (622)
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Figure 6.4 Chemical Energy (C), Losses (L) and Electric Energy (E) as function of the
discharge current

Figure 6.4 gives an example based on Amp-hour ratings (from Storage Batteries
for Photovoltaic Power Systems). A value of R, of 0.47 € gives agood result:
the calculated chemical energy is amost constant. The chemical energy is the
quantity associated with the state of charge (SOC).

For the batteries in the test system, the resistance can also be determined directly
from measurements. Figure 5.11 giveavalue Ry,; = 0.181).

From figure 6.4 can be concluded that, although the losses are proportional to the
square of the discharge current, the total energy lossis almost proportional to the
discharge current, due to the reduction in discharge time. The figure aso shows
that at high discharge currentsthe losses exceed the el ectrical output of the battery,
which is an indication that battery losses are an important factor in a stand alone
system and haveto beincluded in amodel that cal culates system performance for
a specific end user.

Thissimplemodel isused to estimatethelossesfor charging aswell asdischarging.
Secondly, it can estimate the effect of the charge and discharge current on the
battery voltage. Thisrelationwill berequired if the battery voltageisanimportant
factor in the estimation of the power performance of stand aone systems.

A model for the charge and discharge voltage found in [12] is used. It should be
emphasized that the model is only indicative. The equations are derived empiri-
cally from manufacturer’'sdata. Careshould betaken in applicationswith batteries
operating under transient conditions (as is the case in stand-alone systems).

0
Vel

2.094[1.0 — 0.001(T — 25)] (6.23)
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1
Ri = 0.150[1.0 - 0.020(T — 25)] » (6.24)
; 0.189 1
Riisch  — “ =2 ~ 6.25
p SOC " 6 (6:25)
I

Vdisch - ncell[ cell — —H(Rdwdl )] (626)

0.189 1
charge —_ 27
Rp 1.142 — SOC 6 (6.27)
;;Large = ‘/cell + E(Rcharge + R ) (628)

I

WVgassing = (SOC = 0.9)In(300— +1.0) (6.29)

it Viarge > 229
AVyassing = 0 (6.30)

it Viiarge < 229
chharge = ncell[‘/charge + dVgassing] (631)

The charge and discharge voltage equations contain two terms responsible for
the voltage change: one labelled polarisation resistance R, and one internal R;.
However, they do not appear as an ordinary resistance since they are multiplied
by the current divided by the Amp-hour rating. Since the Amp-hour rating is
dependent on the (dis)charge current, the actual resistance therefore al so depends
on the (dis)charge current. In the charge equation an additional term appears
for voltages above 2.29 V, labelled the gassing voltage dVy4ssing. The equations
for R;, R, and dVy.ssing N [12] suggest validity for a single cell. This gives
unrealistic voltage values when applied to the battery conditions of figure 6.4:
double or zero battery voltages. Assuming that the equations were intended for a
12V battery, which explainsthe factors 4, givesrealistic results.
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Figure 6.5 Resistances, discharge and charge voltages for the battery and discharge
currents of the previousfigure (5, 8.5, 14, 27 & 44 A)
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Figure 6.5 givesthe model resultsfor the same discharge currentsasused in figure
6.4. Compared to the equivalent resistance R., = 0.47€2, that was estimated on
the basis of the assumption of constant chemical energy, the model calculates a
valueof R., = R4is = R; + R, = 0.5 for aSOC of about 50%. This indicates
the applicability of the model for the (quasi-steady state) estimation of the SOC
and losses as well.

6.2 System model
6.2.1 Matching of turbine rotor and generator

For optimal aerodynamic operation of a turbine the rotor and generator have to
be matched. This meansthat a more or less optimal curve of operation is chosen,
where the aerodynamic power produced by the rotor balancesthe electrical power
produced by the generator. A difference between aerodynamic and electric power
will result in a change of speed and consequently in a different aerodynamic and
electric power. It isthetask of the turbine manufacturer to establish agood match
between the aerodynamic and the electric power characteristics.

For asystem with permanent magnet generator, diode bridgerectifier and batteries,
the matching depends on the gearbox ratio or number of pole pairs, the field
strength of the permanent magnets and the voltage of the batteries and the setpoint
of the charge controller.

A Matlab program was made to match a turbine rotor and a permanent magnet
generator. The program calculates the equilibrium conditions P,.,., = P,; for
givenrotor characteristics and electric power curve as function of the wind speed.
Theresult is a power-wind speed curve for the system.

Figure 6.6 gives an example of the matching for 2 battery voltages. The battery
voltage for upper part of the figure is % of the voltage for the lower part. This
shiftsthe generator curve (the dotted line) to theright: theturbine startsdelivering
power at a higher speed and the maximum electrical power is higher. The power-
wind speed curve is also shifted. Figure 6.7 shows thisin more detail. At lower
wind speed the turbine with lower voltage produces more power, at higher wind
speedsthisis reversed. The fact that the change in voltage does not have a clear
unidirectional effect on the power, indicates a less severe effect on the overall
power performance. Thiswill be verified by a statistical calculation.
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Figure 6.6 Example of matching of rotor and generator for 2 battery voltages

Udc,low/Udc,high = 3/4
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/. UNDERSTANDING REAL LOAD
BEHAVIOUR: MEASUREMENTS

In this chapter the influence of a changing DC voltage on the power performance
of autonomous systems with batteries will be analysed. The DC voltage depends
on the state of charge of the batteries and even more strongly on the direction of
the current, as demonstrated in chapter 5.

To evauate the potential effect of the DC voltage, measurement series with a
samplefreguency of 4 Hz areused. The AC load in the measurementswasvariable
and the power balance Pyt = Pyen, — FPioad — Paump — Plosses determined the
direction and magnitude of the battery current. The measurement conditions are
identical to a system under real load conditions: randomly changing AC load
and randomly changing wind power. The range of operation of the DC voltage
depends on the maximum discharge current (in the Fortis system 47 A, equivalent
to 5.2 kW) and the set point of the dumpload controller. This resultsin alower
limit of about 112 V, the dumpload limits the DC voltageto 143 V.

The same measurement data (about 100 hours) as in chapter 5 is used. The
measurements are corrected for temperature and pressure and averaged over 30
seconds. Next, the resulting data are binned against the DC voltage. Three bins
were chosen: below 125V, between 125 and 135 V and above 135 V. Finally, the
data per voltage bin is binned a second time, now against the wind speed or the
rotor speed. Different DC voltages will result in different P(V), P(N) and N(V)
curves. The following figures and tables show the results.

In figure 7.1 the P(N) curves show a clear effect of the DC voltage. At alower
DC voltage, the turbine starts delivering power at a lower speed and the power
is higher at low rotor speeds. This correspondsto the prediction in chapter 6. It
was also predicted that the effect would reverse at high rotor speeds. Since the
combination of high rotor speed and low DC voltage does not occur, this effect is
not present in the measurements and can not be verified from the measurements.
Sinceit does not occur under real load conditions, it is not relevant for the power
performance, and will not be pursued any further. Table 7.1 lists the plotted data
together with the number of data points per bin. Some of the high rotor speed
bins have an unsufficient number of datato draw conclusions. In the middlie and
low speed bins the numbers are sufficient to be representative. In this range the
difference in power between the low and high voltage condition is about 0.5 kW,
which is substantial.

Figure 7.2 plots the power-wind speed curvesfrom the ssmedata. Thewind speed
bins have awidth of 0.5 m/s, are centered on whole and half values but the result
per bin will give the average wind speed per bin and not the bin center. Thisis
particularly relevant for bins with alimited number of data.

The following observations are made:

e Below 5 m/sthereis unsufficient datain the high voltage bin, which islogical
since a high voltageis not likely to occur in combination with low wind speed.
Any differences in the low region can be attributed to insufficient number of
data.

e Intherangefrom 5to 8 m/sthe amount of datais sufficient for all three voltage
levels. In this range the differencesin power for the 3 voltages are small.

e Therange from 8to 9.5 m/s also has sufficient datafor all three voltage levels

ECN-C-01-032

41



PEMSWECS

and shows a dight increase of power with voltage: about 0.2 kW.

e Above 9.5 m/sthe number of datain thelow voltage bin is unsufficient and this
goes for the medium voltage bin too above 10.5 m/s. Above this wind speed
level itisnot likely that the voltage will bein thetwo lower binsfor asignificant
amount of time.

Thegeneral impression isthat the effect of the DC voltage on the power curve un-
der real load conditionsthereforeisrelatively small. Anargument to strengthen
this conclusion could be the effect of the wind speed distribution on the actual
energy production over along period, which may further reduce the effect of any
differencesin P(V) curve at the low and high wind speed end. Intheend itisthis
estimate that counts. This effect will be analysed in the next chapter.

It may come as a surprise that substantial differences in the power-rotor speed
curve do not lead to significant differences in the power-wind speed curve. This
can be explained by the strongly nonlinear behaviour of the rotor (seefor instance
figure 6.6). For theturbine under investigation, the C,(\) curveisnot particularly
flat (seefigure 5.8) and the effect of voltage on power performanceissmall. This
may justify the conclusion that in many cases the effect of the DC voltage on
the P(V) curve will not be very significant. This is an important argument for
the recommendation of a simple method to determine the power performance of
autonomous systems with batteries.
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Figure 7.1 Power-rotor speed curvesfor 3 DC voltage intervals
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Table 7.1 Power-rotor speed data for 3 DC voltage intervals

U<125 125<U<135 U>135

N Pel  Nr. of N Pel Nr. of N Pel Nr. of
(rpm) (kW) data (rpm) (kW) data (rpm) (kW) data
145.000 0.0000 0 | 145.000 0.0000 0 | 145.000 0.0000 0
151441 0.1714 214 | 150.000 0.0000 0 | 150.000 0.0000 0
154.468 0.2982 205 | 156.917 0.2175 3 | 155.000 0.0000 0
159.737  0.5238 104 | 160.542 0.3251 126 | 160.000 0.0000 0
164.951 0.7342 88 | 165.127 0.4960 321 | 166.186 0.3101 2
169.618 0.8788 106 | 170.004 0.6654 428 | 170.620 0.4527 33
174700 1.0716 87 | 175.045 0.8431 435 | 175562 0.5883 90
179.787  1.2662 68 | 179.827 1.0236 385 | 180.071 0.7353 257
185.081 1.4420 30 | 184970 1.2011 319 | 185.071 0.9327 390
189.678  1.5869 32 | 189.800 1.3955 243 | 189.976 1.1378 466
195,560 1.8205 19 | 194536 1.5630 143 | 194982 1.3408 470
199.692  1.9459 18 | 199.528 1.7547 102 | 199.922  1.5362 402
204.663  2.1451 14 | 204.867 1.9656 46 | 204.921 1.7192 368
209.829 2.3487 209.792 21379 41 | 209.978 1.8899 396
214599 25109 214744  2.3429 13 | 214978 2.0736 401

222.071  2.7870
225.000 0.0000
230.000 0.0000
235.000  0.0000
240.000 0.0000
245.000  0.0000
250.000 0.0000
255.000  0.0000

219.039 24792
224702  2.7136
228.648 2.9043
235217  3.0675
240.000 0.0000
244976  3.4388
250.000 0.0000
253.034 35784

219961  2.2640 416
224914 24679 301
229.824  2.6374 239
234796  2.7751 187
239.895 2.9379 168
244842  3.0726 122
249.867 3.1717 114
254.861 3.3377 106

260.000  0.0000 260.000  0.0000 250971 34614 87
265.000  0.0000 265.000  0.0000 264.947  3.6163 76
270.000  0.0000 270.000  0.0000 269.826  3.7461 55
275.000  0.0000 275.000  0.0000 274625 3.8736 38
280.000  0.0000 280.000  0.0000 279.876  3.9869 36
285.000  0.0000 285.000 0.0000 285.082 4.1411 35
290.000  0.0000 290.000  0.0000 290.159  4.2556 29
295.000 0.0000 295.000 0.0000 294417  4.2903 23
300.000  0.0000 300.000  0.0000 299933 4.4718 14
305.000  0.0000 305.000  0.0000 305.014  4.5039 9
310.000  0.0000 310.000  0.0000 309.714  4.6468 12

315.000  0.0000
320.000 0.0000
325.000  0.0000
330.000 0.0000
335.000  0.0000
340.000 0.0000
345.000 0.0000

315.000  0.0000
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314.671  4.7272
320.243  4.8775
322.743  4.8965
331294 5.0130
335217 5.1426
340.000 0.0000
345.634 5.3284

350.000  0.0000 350.000  0.0000 351.838  5.3358
355.000 0.0000 355.000 0.0000 355.000 0.0000
360.000  0.0000 360.000  0.0000 362.217 5.6185

365.000  0.0000
370.000  0.0000

365.000  0.0000
370.000  0.0000

365.124  5.5730
370.000  0.0000
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Figure 7.2 Power-wind speed curves for 3 DC voltageintervals
Table 7.2 Power-wind speed data for 3 DC voltage intervals
U<125 125<U<135 U>135
Vw Pel Nr. of Vw Pel  Nr. of Vw Pel  Nr. of
(m/s) (kW) data | (m/s) (kW) data | (m/s) (kW) data
2.063 0.0145 62 | 2.000 0.0000 0| 2000 0.0000 0
2527 0.0234 170 | 2500 0.0000 0| 2500 0.0000 0
3014 0.0579 230 | 3.000 0.0000 0| 3000 0.0000 0
3482 0.1180 191 | 3617 0.2285 5| 3500 0.0000 0
3978 0.2197 166 | 4.085 0.2740 25 | 4.000 0.0000 0
4473 0.3283 87 | 4542 0.3768 67 | 4500 0.0000 0
4989 04572 76 | 5030 0.4763 184 | 5030 05154 16
5523 0.6332 79 | 5512 05963 281 | 5557 0.6020 93
5995 0.7956 92 | 5994 07176 399 | 6015 0.7735 228
6506 0.9471 104 | 6.483 0.8554 402 | 6502 0.9160 362
6.998  1.0982 90 | 6999 1.0520 344 | 7.014 11275 480
7.490 1.2344 56 | 7.499 12314 348 | 7.491 1.2987 450
7.983  1.4147 41 | 7991 14322 283 | 8011 1.5423 495
8542  1.6200 24 | 8469 16376 149 | 8505 1.8147 523
9.021 1.8269 24 | 8995 18769 92 | 9.007 20594 557
9472  1.9974 18 | 9468 21071 26 | 9500 2299 585
9962 2.1303 8| 9958 24422 19 | 9989 26040 529
10423 2.2835 5| 10514 2.6653 13 | 10494 29365 390
10.988 2.7870 1| 11.092 3.0597 1| 10977 3.2049 242
11.500  0.0000 0 | 11.365 3.1884 2 | 11484 3.4490 221
12.000  0.0000 0 | 11.928 2.7492 1| 11984 3.7977 98
12500  0.0000 0 | 12500  0.0000 0| 12488 41422 66
13.000  0.0000 0 | 13.000 0.0000 0| 12974 4.4048 22
13500  0.0000 0 | 13500 0.0000 0| 13492 4.4978 6
14.000  0.0000 0 | 14.000 0.0000 0| 13923 4.9050 7
14500  0.0000 0 | 14500 0.0000 0| 14615 4.8161 1
15.000  0.0000 0 | 15.000 0.0000 0 | 15000 0.0000 0
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Figure 7.3 Rotor speed- wind speed curvesfor 3 DC voltage intervals

Figure 7.3 illustrates the effect of the voltage on the rotor speed at a given wind
speed. A low voltage will reduce the rotor speed and vice versa. The speed
differencesarein the range of 20 to 40 rpm. Theserotor speed differences are the
cause of the different power-wind speed curves.

Table 7.3 Rotor speed-wind speed data for 3 DC voltage intervals

U<125 125<U<135 U>135

Vw N  Nr. of Vw N Nr. of Vw N Nr. of
(m/s) (rpm) data (m/s) (rpm) data (m/s) (rpm) data
2.063 0.0000 62 2.000 0.0000 0 2.000 0.0000 0
2.527 0.8977 170 2.500 0.0000 0 2.500 0.0000 0
3.014 15.1512 230 3.000 0.0000 0 3.000 0.0000 0
3.482 81.8433 191 3.617 160.0880 5 3.500 0.0000 0
3978 152.3744 166 4085 160.9109 25 4.000 0.0000 0
4473  155.2082 87 4542 1631824 67 4.500 0.0000 0
4989 158.0215 76 5.030 165.2675 184 5.030 174.9314 16
5523 162.3287 79 5512 168.4591 281 5,557 177.0271 93
5995 166.4832 92 5994  171.3944 399 6.015 181.1593 228
6.506 171.2261 104 6.483 1752315 402 6.502 184.6498 362
6.998 1752273 90 6.999 180.6584 344 7.014 189.9872 480
7490  179.4597 56 7.499 1852875 348 7491 1939839 450
7.983  184.2052 41 7.991 190.4876 283 8.011 200.3638 495
8542 190.5511 24 8.469  196.0869 149 8505 207.8357 523
9.021 1955413 24 8995 202.6343 92 9.007 214.7671 557
9.472  200.4662 18 9.468 208.1789 26 9500 221.4784 585
9.962 204.4238 8 9.958 216.9836 19 9.989  229.9903 529
10.423  208.7118 5| 10514 223.2160 13 | 10494  240.3291 390
10.988  222.0712 1| 11.092 236.0225 1| 10977 249.4200 242
11.500 0.0000 0 | 11.365 239.7378 2 | 11484 259.0112 221
12.000 0.0000 0 | 11928 224.9562 1| 11.984 2722762 98
12.500 0.0000 0 | 12.500 0.0000 0 | 12488 287.8991 66
13.000 0.0000 0 | 13.000 0.0000 0| 12974 299.1475 22
13.500 0.0000 0 | 13500 0.0000 0 | 13492 303.5512 6
14.000 0.0000 0 | 14.000 0.0000 0 | 13923 3245755 7
14.500 0.0000 0 | 14.500 0.0000 0| 14615 312.6454 1
15.000 0.0000 0 | 15.000 0.0000 0 | 15.000 0.0000 0
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Figure 7.4 gives the electrical losses in the medium voltage bin (125-135 V),
binned against the el ectric power. The reason for choosing this voltage bin isthat
the dumpload is not in operation and the number of datain this bin is sufficient.
The losses are caused by the rectifier. The losses in the generator windings,
the cables and the batteries are not included in figure 7.4. These losses can be
estimated from the stator and cable resistance and the battery internal resistance.
The converter losses are small: about 2% of the rated power.

PemPlotUbinPVN2.m Tav = 30 s, medium voltage bin 21-Mar-2001
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Figure7.4 Electrical lossesin mediumvoltage bin (generator winding, cable and battery
losses excluded)
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8. PREDICTION OF REAL LOAD
PERFORMANCE

Models are used to estimate the average annual energy production of autonomous
wind energy converter systemsunder variouswind conditions. A distinction hasto
be made between the actually produced wind power and the power that can actually
be used by a consumer. For grid connected systems the grid acts as an infinite
buffer and all energy produced by the turbine is used by the consumers. This
is generally not the case in autonomous systems: if the wind power exceeds the
demand and the batteries are full, the power is dumped. This effect is influenced
by the system lay-out (mainly the battery size) and the consumer demand pattern.
For astandard power performance eval uation however, this effect is not taken into
account.

Models to determine the power performance can either be statistical or time
domain models. For power performance evaluation of grid connected systems
only statistical models are used. To determine the amount of dumped power
in an autonomous system with batteries, a time domain model is preferred, due
to the difficulty to include the battery SOC in a statistical model [6, 3]. This
type of model is sometimes referred to as logistic model, it estimates the system
behaviour over a long period of time, for instance one year, by calculating the
power balance at an interval of 1 hour or even better 10 or 1 minute. This type
of model is especially useful to size the system components and to evaluate the
effect of different control strategies on the amount of power the consumer can
use. Inthetime domain model the consumer load pattern hasto be specified. The
amount of dumped and useful power depend on this pattern. For the user of the
system, the results from time domain models are very relevant.

For the determination of the standard power performance of an autonomous sys-
tem, the dumped power and power lost by charging and discharging are counted
as produced power (though not actually used). In other wordsthe battery size and
losses are not taken into account: it is assumed to have an infinite size and zero
losses. For this power performance evaluation, the statistical model is sufficient,
but a time domain model can also be used. Figure 8.1 shows the item to be
considered in the estimation of the energy output.
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Figure8.1 Power Performance determination of Sand-Alone Systems

8.1 Statistical power performance model

The statistical wind model is based on the Weibull distribution. The cumulative
probability distribution H (V') of the wind speed (for instance averaged over 10

minutes) is:

H(V;) = Prob(V <V;)

The probability density function is given by:

Prob(Vi_y <V <V))
H(V)—H(V -AV) dH

The average wind speed is:

Voo = lim

T—o00

T

0

and the annual energy in the wind:

AV

av

V(t)dt = /0 T Vh(V)av

1 o0
A anuat = 5pdA, /0 VEL(V)dV

(8.1)

(8.2)
(8.3)

(8.4)

(8.5)

The 10 minutes averaged wind speed is often described by aWeibull distribution:

H(V;) = Prob(V <V;) =1 - errp(—[%]’“)

with k the shape factor and A the scale factor.
The probability density function of the Weibull distribution is:

(8.6)
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A(V) = S0 = S eap(~ 151 87

Using the gamma function a simple expression for the average wind speed de-
pending on the shape and scale factor results:

M) = [ e teap(-0dc ©9)
¢ = () ©9)
d¢ = k(v)k 1ildV (8.10)
Vannual = / V )dV = (811)

© k V., 1%
= /0 VZ(Z Leap(— [A]k)dVZ (812
= AP+ ) (813)
r(1+%) ~ (0568+1f’4)1/’“i0.5% (8.14)
Fuw = 3pA(Vi)aw = 2pA AT(142) (8.15)

Summarizing,

the Weibull distribution is a mathematical fit to 10 min. average wind speed;
the Weibull parameters k& and A depend on the site;

if only V,,,, isknown take k = 2;

the total annual wind energy of asiteis proportional to (V3)4,

TheWeibull distribution isthe one of thetwo inputsfor the statistical model of the
power performance. The secondinput isthe P(V)-curve of thewind turbine. The
model calculates the produced electric power per wind speed bin and multiplies
this with the number of hours of wind in this bin. Thisis summarised for totals
over the period of evaluation.

Figure 8.2 gives an example for 2 battery voltages U ic iow/Ude,high = 3/4. The
model does not include the battery model however: this is included in the time
domain model only. The calculation did not include any losses either, for which
isalso referred to the time domain model. However, the result shows clearly that
the effect of the battery voltage on the annual energy productionis small: in this
particular case with a considerable voltage difference only 4%. Thisis a second
indication for the simplification of the performance model sby excluding the effect
of the battery voltage on the electricity production.

The electrical energy produced by a wind turbine is approximately proportional
t0 Vinnuar- This can be shown by using the performance models.
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Figure8.2 Example of a statistical performance calculation for 2 battery voltages
Udc,lo’w/Udc,high = 3/4

8.2 Time domain power performance model

For a time domain model a wind speed time series realisation which satisfies
the Weibull distribution has to be made. A method is given by Kaminski [8].
A uniformly distributed random variable u(t) between 0 and 1 is mapped to a
random variable V,, (¢) which satisfies the Weibull distribution:
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Figure 8.3 Arealisation of a Weibull time series

Figure 8.3 showsaresult. The time domain model calculatesthe actual load flow
in a system instead of the probability of a certain system state. The component
models only determine the power into or out of a component and the rest is
administration. Checksare required to determine:
e if the turbine power can supply theload;

e if the batteries are full or empty.

The time domain mode! includes:
e the P(V) curve;
e batteries SOC and | osses;

The equations of the time domain mode!:

Piir = Pur — Poad (8.17)
if Pyr<0 and if SOC > SOC,;, — Discharging : (8.18)
Pyiy
I a = r— 8.19
bat Ubat ( )
P& = Rilpy (8.20)
Ept = At(—Pug + Pgy) (8.21)
Be™(t+ At) = B (t) — Epat (8.22)
Echem t At
SOC(+At) = Dhai"(t+AD (8.23)
Cbat
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Pshort

P, dump

if Pyiy <0 and if SOC < SOC,;, — Shortage :

Eghem(t 4 At)
SOC(t + At)
Psport
Piump

if Pdif >0 and

I bat
los
P bat
Bt

Eghem(t 4 At)
SOC(t+ At)

Pshort

P, dump

if Pyiy >0 and if SOC > SOCy,q; — Dumping :

Eghem(t 4 At)
SOC(t + At)
Psport
Piump

Egiem™(t)
SOC(t)
— Pz

0

if SOC < SOC,,4: — Charging :

Pyiy

Upat

R;I I?at

At(Paig — Pes)

Eghe™(t) - Eiy

Echem(t + At)
Chat

Eghem ()
SOC(t)
0

Pyir

Figure 8.4 gives aresult of the time domain model.

(8.24)
(8.25)

(8.26)
(8.27)
(8.28)
(8.29)
(8.30)

(8.31)
(8.32)

(8.33)
(8.34)
(8.35)

(8.36)

(8.37)
(8.38)

(8.39)
(8.40)
(8.41)
(8.42)
(8.43)
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Figure 8.4 Binned results of a time series performance calculation

8.3 Power performance for different voltage levels

Based on the measured power curves for three DC voltage levels, presented in
chapter 7, the annua average energy production is estimated for the wind speed
range available for all threelevels: 5to 11 m/s. In thisregion it islikely that all
three voltage levels can occur and it is also the region which is most important
from an energy production point of view.

The differencesin the power curves found in chapter 7 are small, and it will now
be checked if the differences are magnified by the wind speed distribution. Figure
8.5t0 8.7 givetheresultsfor aWeibull distribution with averagewind speedsof 5,
6 and 7 m/s and a shape factor of 2. Table 8.1 shows the cumulative results. The
maximum deviationsare 7-10%. Thisisthe upper limit, under real conditionsthe
value listed under allU are expected. The differences, especialy the allU values
compared to the upper limit, are relatively small. Therefore, there seemsto be no
justification for a complicated measurement procedure to take the effect of DC
voltage variations into account for the estimation of the average annua energy
production of autonomous WECS with batteries. It is recommended to perform
the measurements under random load conditions, implying randomly changing
voltages, and make no correction for these changes.
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Figure 8.5 Energy production for 3 DC voltage levels versus all data: Vav =5 /s, k=2
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Table8.1 Annual production in wind speed interval 5-11 s

Weibull parameters

Vw,av 5 6 7
k 2 2 2

Annual energy production E (kwWh/y)

U < 125V 4087 5359 5959
125 < U < 135V 4093 5455 6128
U > 135V 4374 5849 6582
allU 4296 5753 6482
Deviations
Eysi135—Fu<i2s 7% 9% 10%
Eu<i2s
By 15— Bany 2%  15% 1.5%
alllU
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Figure 8.6 Energy production for 3 DC voltage levels versus all data: Vav =6 my/s, k=2
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9. CONCLUSIONS AND RECOMMENDATIONS

This report describes measurements and simulations to determine a method for
the power performance evaluation of autonomous wind turbine systems. The
method appliesto small systems, in the range of afew 100 W to 10 kW, equipped
with a permanent magnet generator, a diode rectifier and batteries. The analysis
concentrates on two aspects:

¢ the choice of the pre-averaging time for the power curve determination;

¢ the effect of the load on the power-wind speed curve of the turbine.

An estimate of the optimal pre-averaging time was determined by calculating the
transfer function dP,;/dV,,. A vaue of 30 seconds appeared to be a good choice
for the 4 kW system that wasinvestigated. Thischoicewas verified by comparing
the power curves for pre-averaging times of 10, 30, 60, 120, 300 and 600 s. The
differences that were found were small or could be explained by an insufficient
number of datain some of the bins.

With regard to the effect of the load on the power performance it was shown that,
athough theinfluence of theload onthe DC voltageis substantial (a30% variation
is not unusual) the effect on the power-wind speed curve is relatively small. The
effect on the annual averaged energy production, although dependent on the wind
regime, is aso small: in the range of 5%. This justifies a smplified method
for the determination of the power-wind speed curve for systems that fulfill the
conditions in the measurements.

Recommendations

Power performance measurements for autonomous WECS with batteries:
e required measurements:
- wind speed and direction;
- electric power at generator terminals or at rectifier
(depending on location of dumpload);
- ambient temperature and pressure;
e optional measurements:
- DC voltage and current;
- turbine rotational speed;
- yaw angle;
e use asamplefrequency of 2 Hz or higher;
e saveraw 2 Hz datafor later reference;

Measurement conditions for systems with permanent magnet generator, diode
rectifier and charge controller directly connected to the batteries or through a
downchopper:

e consult the manufacturer or perform a scoping measurement to quantify the
variation, due to load changes, of the DC voltage at the diode rectifier;

e if thevoltage deviationsare 30% or less, voltage changes need not betaken into
account in the power performance measurement and eval uation procedure;

e if voltage variations are not taken into account, take measurements for the
power-wind speed curve under random load conditions, comparableto end user
conditions;

e if the voltage deviations exceed 30%:

— either include voltage measurement in the data acquisition and bin measure-
mentsagainst 3 voltagelevel sand eval uatethe effect on the power performance,

56
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Conclusions and recommendations

— or measure power-wind speed curves at the two extreme values of the DC
voltage and evaluate the effect on the power performance.

Evaluation of measurements:

e useapre-averaging time of 30 secondsfor systemswith arotor diameter of less
than 6 m and 60 secondsfor systems up to 10 m diameter;

e perform a pressure and temperature correction.
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APPENDIX A. PHOTOS OF TEST SYSTEM

Figure A.1 Fortisturbineinstalled at ECN testsite
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Figure A.3 Turbine switch, rectifier control box and measurement transducers
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Photos of test system

Figure A.5 Sunpower PV UP 5000 Inverter
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Figure A.6 Binary resistor bank acting as simulated load

SAFE L&) MASTER SMI2A]

Figure A.7 Batteries
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APPENDIX B. MEASUREMENT FORTIS
MONTANA GENERATOR
PARAMETERS

B.1 Introduction

The Hanze Hogeschool Groningen performed a number of measurements on the
Fortis M ontana Permanent M agnet generator to determinethe characteristics[11].
This appendix first lists these measurements and subsequently estimates the most
relevant machine parameters from these measurements:

e the open circuit flux ¥ ¢,

¢ the stator resistance R, and synchronousinductance L .

These parameters are used to calculate the stator voltage and current phasor and
the power of the permanent magnet generator under loaded conditions.

The general characteristics of the permanent magnet generator of the Fortis Mon-
tanaturbine [9] arelisted in table B.1.

TableB.1 Fortis Montana Generator

Type brushless permanent magnet
Rated power 4000 W

Max. power 4500 W

Nr. of polepairs 9

Rated speed 300 rpm

Max. speed 420 rpm
Voltage DC 24 0r 120V
Frequency 0-70 Hz

The Hanze Hogeschool Groningen performed the following measurements:;
DC voltage and current to determine the stator resistance;

open circuit voltage at a number of speeds;

short circuit current at a number of speeds;

voltage and current with the machine loaded with anumber of resistors;
voltage and current with the machine loaded with a diode rectifier.

b wbdpE

B.2 Stator resistance measurement

@

FigureB.1 Sator resistance measurement

The stator resistance was measured using a DC voltage source. A voltage of
1.4945V resulted in acurrent of 0.9 A. Thisgivesthe resistance of the stator coil:
o for deltaconnection of generator phases: R, = 1.51:4212 = 2.490;

e for star connection: R, = 0.83().
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B.3 Open circuit measurement

FigureB.2 Open circuit measurement

The open circuit voltage was measured at 5 rotor speeds. Assuming the generator
is delta-connected the measured voltage is the phase voltage (see figure B.2).

Table B.2 Open circuit voltage measurement

n(pm) f(H2) Eepr (V)
10.00 150 2.00
20.00 3.00 12.50
50.00 7.50 30.50

200.00 30.00 123.00
300.00 45.00 182.60

From the open circuit measurements the effective open circuit flux per phaseis
calculated:
o for delta connection of generator phases: ¥ ; = E —0.652 Vs,

w
o for star connection: ¥; = —2= = 0.376 Vs,

B.4 Short circuit measurement

Figure B.3 Short circuit measurement

The short circuit current is measured at 5 rotor speeds (see figure B.3 and table
B.3).

Table B.3 Short circuit measurement

n (rpm) Isc,eff (A)

7.10 3.10
14.20 6.00
27.00 10.00
38.40 15.00
59.40 20.00
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M easurement Fortis Montana generator parameters

B.5 Estimation of the synchronous inductance

Ra jolg
d
|
O

Figure B.4 Smplified Permanent Magnet generator circuit representation

The synchronousinductance is estimated from the short circuit measurementsin
B.4. A simplified representation of a permanent magnet generator is used for the
estimation (see figure B.4). Compared to a model found in literature [10], this
representation neglects the stator core loss R, and assumes equal inductancesin
the direct and quadrature direction. Comparison of the results of the model with
the load measurements will show whether these simplifications are justified. The
equations for the short circuit are:

E = R+ jwLJ (B.1)
= Ro(Ig+jla) + jwLs(ly + jla) (B.2)

Splitting in real and imaginary parts.

Ran - WLsId (83)
0 = Rgly+wL,l, (B.4)

Assuming angle v between current and EMF phasor:

I; = Isiny (B.5)
I, = Icosvy (B.6)

Which gives 2 equationswith L, and ~ to be calculated:

E = Rglcosy—wLssiny (B.7)
0 = Rglsiny+ wLgl cosy (B.8)

The following synchronousinductance values are found:

Table B.4 Synchronousinductance short circuit measurement

n (rpm) Isc,eff (A) Ls (H) A Ls (H) Y
7.10 3.10 noconvergence no convergence
14.20 6.00 0.0285 0.0095
27.00 10.00 0.0564 0.0188
38.40 15.00 0.0306 0.0102
59.40 20.00 0.0348 0.0116
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Except for the value for 10 A the result is reasonably consistant. A value of 0.03
H will be assumed for calculation of the loaded generator.

B.6 Resistive load measurement

) 2

o— ]

FigureB.5 Resistive load measurement

Table B.5 Load measurement for 7 resistors and 4 rotational speeds (50, 100, 200 and
300 rpm)

Nr.  Uso Iso U0 Ti00 Uao0 1200 Usoo 1300

VM A NV A V) A V) A
2950 0.27 60.10 056 120.70 1.12 180.80 1.65
29.00 052 59.60 1.05 119.30 210 177.80 3.12
2890 0.74 59.00 150 11740 298 175.00 455
2850 091 5800 190 11550 380 17110 5.75
2830 113 5750 235 114.00 465 168.30 6.94
2840 126 58.00 260 11210 560 16490 8.16
2820 144 5750 296 11060 6.40 161.70 9.34

NOoO o~ WDNPR

The resistors used in the measurement 1-7 are calculated in table B.6.

Table B.6 Load measurement resistances

Nr. 1 2 3 4 5 6 7
R, () 1084811 56.5820 39.0612 30.4991 24.5698 21.2684 18.4007

B.7 Comparison of model results with load measurements

Ra jolg

FigureB.6 Permanent Magnet generator circuit with resistive load
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Based on the equivalent circuit of figure B.6 the following equations are used to
calculate the generator voltage and current phasor and the power for the conditions
in the loaded measurementslisted in table B.5:

Req = Ra+ Rioad (B.9)
E = —wLy+ Regl, (B.10)
0 = wL, + Regly (B.11)
Ui = Rioadld (B.12)
U, = Rioail, (B.13)
0 = —arctan% (B.14)
Uq

P, = 3(Ugly+ U,y (B.15)
Pioaa = 3 Rigaal® (B.16)
Pioss = 3+ RigssI” (B.17)
(B.18)

The value of the load resistor depends on the connection chosen for the generator
phases:

o Ripud = 3R, (generator delta);

® Ripud = Ry (generator star)

Figure B.7 compares the cal culated power (*) with the measured values (+). The
differencesare small. Figure B.8 comparesthe value of the stator reactance X ; to
theresitor values R.,. Only at the highest speed and the highest |oad the X ; value
approachestheresistance. Thisexplainstheinsensitivity of the power to the value
of the stator reactance. Figure B.9 compares calculated and measured terminal

voltages. The small differences could be explained by the measurement accuracy.

At the highest load the stator losses amount to around 10%. The maximum load
angle reached is 18 degrees. In figure B.12 and B.13 the location of the voltage
and current phasors are given for the measured rotor speeds and |oads.
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APPENDIX C. MATLAB PROGRAMS

C.1 Estimation of L,

% Par PMscSt ar. m
%

% 02- 03- 00 PEMSVECS

% ber ekent Xs ) .

% uit de kortsluitmetingen voor de Montana PM gener at or
% probl eemis dat er nogelijk verzadigi ng optreedt

% waar door EO en Xd of Xgq niet nmeer constant zijn

gAJZ| e de paper van Mellor

Yo
% GA U T VAN ZONEL DE GENERATOR ALS DE LOAD I N STER

cl ear
% de g%at orweerstand nmet generator in STER

Ra=0.
root 3=sqrt(3);

% kortsluitmeting: ] ]

% aannane dat generator in ster is aanges|oten

% in neetrapport staat de generator in driehoek getekend
% converteer spanning en stroom al sof de generator in ster staat
gfodat naakt de aansluiting op een ster belasting eenvoudig
0

g;oTussen waarden Ra en Ls ster of driehoek zit FACTOR 3

0

% ef fecti eve waarden kortsluitstroom

Imeet=[3.1 6 10 15 20];

| a=I meet ;

% in ster gaat de geneten stroom door el ke fase

ntur=[7.1 14.2 27 38.4 59.4];

pp=9; .

W=2*pi *pp*nt ur/ 60; ) .

% de geneten open kl enspanni ng was de gekoppel de waarde, effectief
% daarom correctie nmet root3:

EO=w*0. 652/ r oot 3;

% Poging 2: nu zit 't hoekverschil er wel in
% de core verliezen zijn verwaarl oosd

% al | een de rotorweerstand doet nee

% en Ld=Lq genomnen

% vergel i j ki ngen:

% EO= *I]*c_os ganma) -w-Ls*|*sin(gamm

gﬁ; 0=Ra*| *si n(ganma) +w+Ls*|*cos(ganma

0

% gamm i s de hoek tussen EO en | ) ]

% vari eer gammua totdat de waarde van Ls in beide
% vergelijkingen gelijk:

clf

gamuax=85;

ganmi n=5; )
gameg=[ - ganmax: 1: - ganmi n] ;
ganpos=[ gamm n: 1: ganmax] ;
ganma=[ gamweg ganpos] *pi / 180;

sg=si ze{ ganmm) ;
sg2=sg

(
nul vec=zeros(1, sg2);

%initialisatie:.

% maak | ege matrix (geen nullen) )

Y% matrix 1s |l eeg door 2e dinmensie O te kiezen
% waarin de uitvoer geschreven wordt:

M.s=zer 0s(sg2, 0); )

% pl ak de vectoren vervol gens aan de matri X

for n=1:5
I n=l a(n)
wn=w( n)
nn=nt ur ( n)
EOn=EO0( n)

for n=1:sqg2

Ls1(n)=-(EONn-Ra*I n*cos(ganma(n / (wn*| n*si n( ganma( n ;
Lsggng -&a*ln*si n(ganm(a n))/gv\%l?n&cos(gamrag%)) ;( )
en

andeg=gamma* 180/ pi ;
Esdi fngl- Ls2 P

% paste naar matrix:
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M.s=[ M_.s gandeg’ 1000*Lsdif’ Lsl1'];

sub|ol ot(le% pl ot (gandeg, Lsdi f, gam}leg nul vec?

tlt e(s rin Estim LS froms ort Circuit test |=98.3f, n=98. 3f
x| abel Current angl e (degrees)’

yl abel (’ Lsl-Ls2’

subpl ot (212), pl o (gamjeg Ls1)
x| abel Curza)nt)ang e (degrees)’)

,1n,nn))

yl abel

pause

end

fid_=foP_n(’tabeI tex’',"wW);

f r|ntfs d ' /t9%. 1f/tOR. 1f/t9R. 4f /t9R. 1f/t9R. 1f [t 9R. 4f/t9R. 1f / t %R. 1f / t
‘f’ |.4f/Efn?d)1f/ toR. 1f /toR. 4f /t9R. 1f / t 9R. 1f / t 9R. 4f ///n‘,I\/Ls )

close(fid);

C.2 Calculation of measurements with resistive load

% PMgenLoadSt ar. m

%narekenen van de bel aste nmetingen uitgevoerd door

% Hogeschool G oningen (M edema en Loor bach

gjoaan de Fortis Montane Generator voor PEMSWECS

0

% ber ekend eerst de bel asti nPsweerstanden uit gerreten Uen |

% vervol gens wordt de equivalente weerstand bepaal d

% (ster-dri ehoek schakel i ng van | oad- gener at or

% en opgeteld bij de statorweerstand

% daar na wor den de machi nevergel i j ki ngen opgel ost

% voor id, iq, ud en uq

%méakt pl aagj es van P, Ploss, Xs, Req, us, cosphi, delta,
ud-uqg en id-i

Ojovoor de geneten toerental len: 50, 100, 200 en 300 rpm

% de MACHI NEVERGL. STAAN I N MODELEQ M

%Pl\/genLoadSt ar. : ga uit van generatornodel in STER
% aranmeters zijn de fasewaarden in ster
% el asting ook in STER

cl ea

clf

fil enaan’ PMpenLoadSt ar. i ;

fig_to_printer=0;

fig to ile=1;

root 3=sqgrt

3);
ntur—[ 180) 200 300];
% de meet waar den waaruit de weerstand wor dt ber ekend:
% n=50 rpm 7 weer standswaar de
u50=[ 29. 29028928528328428.2;
i50=[0.27 0.52 0.74 0.91 1.13 1.26 1.44];
% bel ast i ng in ster,
% i is de EFFECTI EVE stroom door el ke bel asti ngsweer st and,
% u is de GEKOPPELDE EFFECTI EVE spanni ng over weer st anden
% P=r oot 3*Ub*1 b
P50=r oot 3*u50. *i 50;
% n=100 rpm
ul00=[60.1 59.6 59.0 58.0 57.5 58.0 57.5];
i100=[0.56 1.05 1.50 1.90 2.35 2.60 2.96];
P100=r oot 3*ul100. *i 100;
% n=200 r p
u200=[ 120. 119 3 117.4 115.5 114.0 112.1 110.6
i 200=] 1. 120 100 2.980 3.800 4.650 5. 600 6. 400
P200= oot 3*u200. *i 200
% n=300 rpm
u300=[ 180.8 177.8 175.0 171.1 168.3 164.9 161.7];
i 300=[ 1. 650 3.120 4.550 5.750 6.940 8.160 9. 340];
P300=r oot 3*u300. *i 300;
nr=[1:7
subpl ot 221) pl ot (nr, P50)

x| abel mstlng nr’)

| abel 'P_(V\¥ ) )
itle(sprintt(’ % %’ ,fil enaam date))
subpl ot (222), pl ot (nr, P100)

x| apel ("neting nr’)

| abel (" P (WT7)

itle("<<< 50 rpm deze 100 rpmi)
subpl ot (223), pl ot (nr, P200)

x| abel ("neting nr”)

| abel (' P (W 2)

itle("boven 50 rpm onder 200 rpm)
subpl ot (224), pl ot (nr, P300)

x| abel ("neting nr”)

ylabel (" P (W)
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title( boven 100 rpm onder 300 rpm)
% de u's zijn de gekoppel de waarden:

% de spanning over 1 weerstand is 1/root3 naal de gekoppel de

waar de

r50 =u50., /5root 3*i 50)
r100=ul00 root 3*j 100

r 200=u200. / (r oot 3*i 200

r 300=u300. / (r oot 3*i 300
P50ch=3*r 50. *i 50 *| 50;
P100ch=3*r 100 i 100. *1 100;
P200ch=3*r 200. *i 200. *i 200;
P300ch=3*r 300. *i 300. *i 300;
MR=[r50" r100’" r200" r300"]

for n=1:7
%in de meting is de weerstand in ster geschakel d:
%generatorm) el ook in STER
dRI oad(n)=nmean(MR(n, :

en

% st at or f aseweer st and gener at or

Ra= 0 83*ones(1,7);

pp=

w:2* i *EE nt ur/ 60;

% E de FECTI EVE' GENERATORFASE WAARDE:
E=w*0. 652/ r oot 3;

% st at or f asei rrpedantl e generator

Ls=0. 013;

XS=w*Ls;

Req=Ra+Rl oad

% P = 3*| fase*Uf ase

% 50 rpm

Xsn= Xs(l)

En=E(1)

En=

| abel = 100

nodel eq

% 200 rg
)

nr=[1:
subpl ot}221) pI ot(nr P50, nr, P50ch,’ +' , nr, P50nod, " *")
x| abel Meas ( Orpnj')

| abel (V\¥
|tIe(s rintf('% 9%’ ,filenaamdate ))

subpl ot (222), pl ot (nr, P100, nr, P100ch, , nr, P100nod, ’ *")
x| abel I\/Eas nr. (100 rpm’)
XI abel ¥V\)
itle(’ t rpm _below 100 rpm )
sub I ot(223) pI ot(nr 200 nr, P200ch, , nr, P200nod, ’ *")
x| abel (200 rpn) )
Iabel Pog
itle(’ 50r BOTTOM 200 rpm )
sub | ot (224), pl ot( , P300, nr, P300ch, , nr, P300nond, ' *")
x| abel (" Meas. nr ( 00 rpm’)
XI abel Pog
A it 100 rpm BOTTOM 300 rpmi)
pause
If fig_to_printer==
print
end
if fig_to_f )
prldnt -deps D:/1_PEMSWECS/ Fi gur es/ PMgenLoad. eps
en
% st op
subBI ot (2 21) pl ot (nr, P50l oss,’ *’)
x|l abel (" Meas. nr. (50 rpm’)
| abel ’P!oss (W) )
itle(sprintf(’ % %’ ,fil enaam date))
subBI ot (222), pl ot (nr, P100l oss,’ *")
x| abel ("Meas. nr. (100 rpm’)
XI abel (' Pl oss gV\) )
itle(’ left: 50 rpm _ bel ow. 100 rpni)
subpl ot (223), pl ot (nr, P200Il oss, ' *")
x| abel ("Meas. nr. (200 rpm’)
XI abel (' Pl oss SV\) )
itle(’ TOP: 50 rpm BOTTOM 200 rpm)
subBI ot (224), pl ot (nr, P300I oss, " *")
x| abel ("Meas. nr. (300 rpm’ )
XI abel (' Pl oss SV\) )
4itle(’ TOP: 100 rpm BOTTOM 300 rpni)
74 ECN-C-01-032



Matlab programs

ause
Pf.fi g_to_printer==
pr:jnt
en
if fig to_file==1
prijnt g-‘deﬁs D: / 1_PEVBWECS/ Fi gures/ PMgenLoss. eps
en
S|Ub8| log(%/él) pl ot(ngOXSSO ) ,nr, Reg50, " *")
x| apbel (7 Meas. r
| abel (' Xs, Req (/
%,itl e(spri ntf(go/gs O/g fil enaam date))
subBI ot (222), Iot(nr Xle Req100, ' *")
XI abel ’>'\£EaS'R (/E)ngo rpm’ )
abel (' Xs e
Bﬁéiitle "left: go pmg Z)e?ow 100 rl'?p
subBI ot (223), pl ot(nr XsZOO eq200,’ *")
x| abel (" Meas. nr. pnj
Xl abel (’ Xs, Re (/
title(’ TOP; 58rpm C)\/l 200r
slubBI Pt(ﬁ/édf) pI ot(nr XsSOO ) quSOO |
x| abe as
Xl abel (' Xs, 8 (/O’re s;
8itle(’ TOP: 100 rpm BOTC)\/I 300 rpm)
ause
|pf_fi g_to_printer==
prldnt
en
if fig to_file==1
pridnt g-‘deﬁs D: / 1_PEVMSWECS/ Fi gur es/ PMgenLoadx. eps
en
% u = meting, geko Ppel de spanning cq. driehoek
gﬁJus = gereke |ng[ as%e%panm ng in ster
aarom nmal roo
S?,lb I ot (221), pl ot (nr,u50,’ + , nr,us50*root3,’ *")
xl abel g I\/Eaﬁ. Hr.(vgso rpm’)
abel (" u ph- ’
itle(spriﬁtf?’%; 3 fllenaamdat e))
subpl ot (222), pl ot(nr,ulOO, ,us100*root 3, *")
xl aEeI :I\/baﬁ. Hr( (;S)O rpm)')
abel (" u ph-
Bﬁéiitle " Pt 50 rpm below 100 rpni)
slubBI I0t(223) pI ot (nr, uzoom) , nr,us200*root 3,’ *")
x| abe rp
abel h-
tIe% TOg gOr m BOTTC)\/I 200 rpm)
slubBI I0t(224) pI ot(nr uSOO i )nr us300*root 3, *")
x| abe r
Xl abel uogh E p
iitle 00 rpm BOTTOM 300 rpm)
ause
Pf_fig to_printer==1
prldnt
en
if_fig_to_flle =1
prldn -deps D:/1_PEVMBWECS/ Fi gur es/ PMgenLoadu. eps
en
inBLPE(ZZI) pl ot((ng cps%h! )50’1* )
| abel (' c hi (-)°
%/itle(sprln f(C S ) %' ,filena amdate))
subpl ot (222) , pl ot(nr cosphi 100, )
xl aEeI Maash nr.)()l 0rpm’)
abel (' cosphi (-)’
3gilitle IefP: 58 rpm below 100 rpm)
subpl ot (223), pl ot (nr, cosphi 200, *")
x| aBeI Meas. nr. (200 rpm’")
B/I abel (' cosphi (-)’)
itle(’ TOP: 50 pm BOTTOM 200 rpm)
subpl 0t(224) pI ot( r, cosphi 300, *")
xIaBeI Mea (300 rpm’)
B/I abel (' cosp h| 8
iitle T(]D 10 rpm BOTTOM 300 rpm)
ause
Pf_fig to_printer==
prhnt
en
if fig_ to_file==1
prijnt g-_deﬁs D: / 1_PEMSWECS/ Fi gur es/ PMgenLoadCosFi . eps
en
subpl ot (221), Iot nr, del ta50*180/ pi, ' *’
N
abe elta (degrees
%/itl e(spri ntf((%g %3) ¥I | enaam date) )
subBI ot (222), pI ot (nr, del talOO* 180/ pi, ' *')
x| abel (" Meas 100 r ")
ji {1 defta [gemrees) f0) o0 o
i
subpl ot (223), pl ot ( nr deI ta200* 180/ pllo )
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| (' Meas. nr.
I('delta (d g
e(’TOP: 5

ot (224), plo

¥ a8
a
X t F()n
Meas. nr

rp

e
e
gitl
subl
x| abel
Xlabel
aitle(’

00
e s
r TOM 200 rpm)

t(nr, del a300*180/ pi,'*")
(300 rpm

"del ta (degr ees
TOP: 1 O

i
i

?3 TOM 300 rpm)

e
‘D

g_to_printer==

o—
S S—h!m
= -

,._.
«Q
'
Q_’-'-
[)e}
he]
w—h

| e==1
D: / 1_PEMSWECS/ Fi gur es/ PMgenDel t a. eps

S =SS -y

| ot (221), plotg 50 |d50 |
kas. m’)

] %’ ,fil enaam date))
p tg 100 i d100,"*")
n rpm’)

X< X0 OT~0OTC T

=

——gc————Cc SShSShgS——— S ———cS——— ————

r below 100r m
tgp 200|d2) ") pr)

rpm’

S<X 0

m  BOTTOM 200 rpm
?I g300 |d300 ") pr)
(300 rpm

e<X 0

CTOUTTTOTOTOFTOTO T QT

‘DTOOD T " DODD T DDD

a-—
5~ D*MHUU_O”CTCT_O”UU_C_UCTCD—C

to_file==1 ) o
deps D:/1_PEMSVECS/ Fi gur es/ PMgeni di g. eps

221), pl otgu 50, ud5§), |

as. nr rpm’
U ;

f('SVG %’ ,filen aamdate))
, pl otg 8100 ule )
nr. (1

-v—!-(/)N'\
s -

X0 X0 0T — T — 0O
n NS
N~

NTC
QOVNT OO

rpm bel ow 100r m
téu 200 ud200 ") P )

ww—"
—~— e~
o

oSS

S=Q -

-+,

o ~—~~—' o0O——

—_ =

BOTTOM 200 rpm)
ug300 ud300, " *")
pm ")

QJB%Q_QQJI\)CD

2R

),
18!
OP: 100 rpm BOTTOM 300 rpmi)

_to_printer==

-+,

4££§A4££§;;££

>0

CTOUTTTOTOTOFTOTO T QT

SSSxTogSxmoes

O T~ SIS~
FTOTOOD T T OO T T ODDTDDODD T

Q O———O0MD— 00 ——/-\o/-\——/-\

a—
S SO ToCO OO0 0O ToOO0O O OO O

H_.
«Q
'
Q_t—!-
@O
he]
w—h

| e==1
D: / 1_PEMSWECS/ Fi gur es/ PMgenudug. eps

0T — DT —

d=[u50’ 50’ ul00’ i100' u200' 200" u300" i300]

foP_en( tablLoad.tex’,’w);

tf id' 98.2f & 9B.2f & UB.2f & YB.2f & UB.2f & UB.2f & ...
. 2f &‘VB 2t ///]/n ,tabLoad )

e

S$Sez ag
—

C.2.1 Modd subroutine

% nodel eq. m
% cal cul ates the current and power for the
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% PM generated | oaded with resistors

% equi val ent i npedance:
F=Xsn* Xsn*ones( 1, 7) +Req. *Req;

% EFFECTI EVE GENERATOR PHASE CURRENT:

i g=En*Req. / F;

i a=-Xsn*iq./ Req;
is2=id.*id+iq.*iq;
is=sqrt(is2);

% out put power
Pl oad=3*Rl oad. *i s2;

% | oss in stator
Pl oss=3*Ra. *i s2;

% EFFECTI VE PHASE VOLTACGE and | oad angl e:
ud=Rl oad. *i d;

ug=Rl oad. *i q;

us=sqrt (ud. *ud+ug. *uq)

del t a=-at an2(ud, uq);

% current angl e:
eta=-atan2(id,iq);

% power factor:
phi =et a- del t a;
cosphi =cos( phi)

% out put to | abel ed vari abl es; ) ) )
% the | abel is changed each tine this files is eval uated

% P. .. nmod:

eval ([' P label 'nod=Pload']);
% P...loss:

eval ([' P label 'loss=Ploss’]);
% Xs. . .:

eval ([' Xs' label "=Xsn']);

% Req. . .:

eval ([' Req’ | abel '"=Req']);

% us. . .:

eval (['us’ label '=us’]);
%is...:

eval (['is’ label "=is’]);
%delta...:

g/val([‘delta‘ | abel ’=delta’]);
b phi...:

eval ([’ phi’ | abel ’'=phi’ ;
%cog[hlp...:_ P D )
gval( " cosphi’ | abel '=cosphi’]);
bud. . .:

eval (['ud’ label '=ud]);
%ulq.(.[.: | abel 1

eva ‘uq’ label "=uq']);
%id...;q _q

eval (['id label "=id1]);
%iq...: )

eval (['iq label "=iq1]);

C.3 Caculationof Permanent Magnet generator with diode

rectfier

% STEADY STATE SYNCHRONE MACHI NE MODEL W TH DI ODE RECTI FI ER

% cal cgl ates vol tages, currents and power as function of generator
spee ) i

gfofor scopi ng cal cul ati ons PEMSVECS

0

% VERSI E 1A: spanni ngscoor di nat enstel sel !!!
% DC vol t age const ant )

% no internal battery resistance
% 991214: vergl. gew jzi ?d,

% nu is delta wel de |oad angle

%

% i nput : n, ifh (of Psi_fh voor Pwgen), Udc

% par amet ers: ra=0, lq, 1d, npp ) ]

% dit staat per nachine in snparaneters

%
% VERSI E 2: aangepast_ voor Fortis Mntana ]
% in de netingen worden de effectieve waarden gebrui kt

% Ieergt onger ekend naar ster nodel van zowel generator als
oa
% dit nmodel rekent met topwaarden -> Phi_fh in nodel root2

maal zo hoog
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%
cl ear
snparaneters % het Matlab path npet %Aed st aan: Pat hbrowser Add to path
% deze staat I n MACH NEKAR (ER MOET MAAR EEN
snmparanmeter. m ZI JN')

o_pri nt er =0;
ofile O;
=180/ pi

filen
figt

figt

f r ;

r 2 =sqrt(2.0);

r 3 =sqrt(3.0);

r 3 / root 2;

2=r oot

gangsvarl abel en:

h| f h=r oot 2*0. 652/ r oot 3;
% r oot 3 omjat Eemsten waar de de gekopBeI de is
% di t nodel ent met topwaarden -> fh in nodel root2 nmamal zo hoog
% anpl i t udei nvarl ante trafo want 't is de fasewaarde,
% dus factor 3/2 in vernogens ) ) ] ) ]
%Accus[l)annl ng, of beter de tussenkringspanning, dit ziet de di odebrug
Wec=[ 110 125 143];
% t oer ent al berei k generatoras in rpm
nt ur =[ 100: 1: 4001
% maak | ege vectoren (ook ggen nullen) waarin de uivoer geschreven wordt:
% voor el ke Udc uit Wvec een nieuwe kol om
su=si ze(Wec)
numax=su( 2) ;
sn=si ze(nt ur)
nste =sn( 2)
pel kWec= zeros(nsteP
pel DCkWec=zer 0s ep ;
del t agrvec=zer os nste O ;
et opvec=zeros(nstep, 0
i topvec=zeros(nstep, 0
ut opvec=zer os nstep 0
udcvec=zer os( nste
checkvec= zeros(ns 8
| dcvec=zer os(nstep, %
Idc2vec zeros(nstep
f =nt ur *npp/ 60;

w=f * 2%
et op= =W phi fh;

for nu=1:numax % | oop voor de DC spanni ng

Udc=UWvec(nu);

ut op=pi *Udc/(S*root 3); %fasesPanm ng, zie paper Martin & JandeB
% nu vol gt ber ekeni ng op basis van

spanni ngscoor di nat en
% voor varierend toerental:

for nn=1:nstep
i f etoP(nn) > ut op
cosdel a-utop/etoE(
% bl i Lkbaa noet ar ot er zijn dan Utop (overbekrachtigi ng)
% 1ijkt |ogisch ivminductieve karakter stator
del ta(nn)=acos(cosdel ta);
i top(nn =etop(nn) si n(de[ta(nn))/(v\(nn)*lq) _

% control e dmv vergelijking voor lg Uit artikel Martin/Jan:

0/<aalleen vo%r S¥h I’I?((:Iz‘ll-e Eotor't / (etop(nn) *et op(nn)))/ (2 3%

c i *Psi *sqr ut op*ut op/ (et op(nn)*et op(nn *r oot 3*

% was Ich 3 Bl*la |fh’gsqrt 1- uPo Po / (et op( nn *ePop(nng))/(Z*root39?q)'

/ormet_hler Id staan of la nbi nati e van
I dc2(nn% pi *i top(nn %/(2*root3)
% anpl i tudei nvari an
el (nn) =3*ut op*i t op(nn ;
p I 3* * /2
/overn”ogen5| nvari ant :
%Ioel nn) =ut op* i top(nn);

nn) =Udc*| dc2(nn);

check( nn) =pel (nn)/ pel DC( nn)
deI ta(nn) =0;
|t0P(nn) =0;

dc(nn) =
Idc2(nn) =0;
pel (nn) =0;
el nn ;
check(nn —0,
end
enIde\#t el /1000;
€ ;
B 6\# | DC/ 1000;
deI tagr—del ta*180

/ pi ;
% UI tvoervari abel eﬁ: vul een matrix
pel kWec=[ pel kWec pel kW

pel DCkWec= Lpel DCkW ec Ee DCkW]
checkvec=[ checkvec chec 1

del t agrvec=[ del t agrvec de tagr'];

i topvec=[itopvec itop’
et opvec=[ et opvec et op’
ut opvec=

ut opvec ut op* ones (nste 1)5'
udcvec=[ udcvec Wec(nu)* ones(ns
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Idcvec=[ldcvec Idc’'];
| ngvec =[ I dc2vec |dc

N

% van sloanm ngs- lOOP nu
% nu vol gen de pl aatj

% vaste aantal plots:
c
subpl ot(221) p! gt (ntur, pel kWec(:, 1), ntur, pel kWec(:,2), ntur,

pane e k)

tItIe sprlntP( ‘Qs (PMtDi ode)’ , naam))

x| =3

text(xl, 4. 5,‘H'v?

text(360,4.1,’

t ext xI,3.8,‘L‘)

x| =250;

y=0; 5

text(xl,yl, H =143 V)

t ext xI,yI-d¥,‘M: 125 \f{f

t ext xI,gI-Zd,‘Lzllo ) ) ]

subglot,(_ZS),p ot (ntur,itopvec(:,1),ntur,itopvec(:,2),ntur,itopvec(:,

gl bt ()

subpl ot(22g),p ot (ntur, etopvec(:, 1), ntur, udcvec(:,1),". ", ntur,
udcvec(:,2),’.", ntur, udcvec(:,3),".")

yl abel (' E_t_o_p, _c M)

x| abel (" nT(T n{)

titIe(spnntP( %6 %', filenaamdate))

subpl ot (224), pl ot(ntur del tagrvec(:,1), ntur,del tagrvec(:,2),ntur,
del taPrvec(. , 3

yl abel (' delta (deg) --")

Xl abel ("n (rpm")

ause

Pf_fig to_printer==

prldnt

en

if fig_to_file== .

prldnt -deps D:/1_PEMSWECS/ Fi gur es/ Forti sPMli ode. eps

en

O3 = = = m s e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e m— =

O3 = = = m s e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e m— =

% aantal plots variabel:
nu_pl ot s=0

if nu_plot=

cl
for nu=1:numa

ﬁu|b8| ot (221), pI ot (ntur, pel kWec(:, nu), ntur, pel DCkWec(:,nu),’ --")
old on

| abel (' P_e k
¥! abelg n (r_Prr§ )W )

title(sprint % (PM+Di ode)’ naan);

ﬁqul ot (223), pI ot (ntur,itopvec(:,nu))

old on
e (4

Ysubpl tot(zgzg) pI ot(nt ur et opvec(:, nu), ntur,udcvec(:,nu),’.’,ntur,

ut opvec

ﬁqul 0t(822) pl ot (nt ur et opvec(:, nu), ntur,udcvec(:,nu),’.")

old on
el £ o Udo (V1)

title(spri ntP( % 9%’ ,filenaam date))

ﬁqul ot (224),plot(ntur,deltagrvec(:,nu),’--")

old on

| abel (' delta (de

%Iabeli’n(rrmj’() 9 )

end % of nu | oop

ause

Pf_fig to_printer==1

print

_e]pdf fi

i i o_fi

prhn g-_deps D /1 PEMSWECS/ Fi gur es/ For ti sPMli ode. eps

en

Sz/nd % of nu_plots

B - = — o m e e o e e e e
nor epl ot s=0;

i f noreplots==

for nu=1;

or nu=

ﬁu})gl 0t(321) pI ot (ntur, pel kWec(:, nu), ntur, pel DCkWec(:,nu),’ --")
old on

yl agel gz Pe | (kW)

x| abe r

title(spri nt W) )s (PMtDi ode) ' , naam))
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%suPpI ot (322), Fl ot (ntur, etopvec(:, nu),ntur,udcvec(:,nu),’.’,ntur,
ut opvec(:,nu),’--’
ﬁngl gt(3g25 , pl ot (ntur, etopvec(:, nu), ntur,udcvec(:,nu),’.")
0 on
yraBel {1 Bt ooy Uide (V)
title(s rlnt?( % %’ fllenaamdate;)
ﬁngl ot ?323) ,plot(ntur,itopvec( ntur, del tagrvec(:,nu),’'--")
0 on
yI aBeI E’i t_o_ (A) delta (deg) --")
x| abe n
ﬁulbgl ot(325l) p ot(ntur checkvec(:, nu))
0 on
yI aBeI E Pdc1/ Pdc)2‘ )
xlabel ("n (r ’
ﬁulbgl ot(32$5) r[;?ot(nt ur, ldcvec(:, nu), ntur,ldc2vec(:, nu))
0 on
yI aBeI E I dc, Ichartl n)
xlabel ("n (rp
ﬁulbgl ot(3223) p ot(ntur pel kWrec(:,nu)./ntur’)
0 on
yl abel (* Pel kKW nt ur’)
Xl abel (" n (rpm’)
end
e
gheckvec(nstep 1)
clf
nu=3
ﬁl ot(ntur pel kWrec(:, nu), ntur, pel DCkWec(:,nu),’--")
yI aBeIE P ?_I (kW)
x| abe r
title(spr mt??? )a; (PMD ode{f , naan) )
% gtext (' Udc = 110 and 143
end % norepl ots

C.4 Binroutine

gﬁ; bi NANDpl ot . m

0

% Doel : bint een vector Y tegen een vector X

% Bl ot evtl. ter controle de waarden per bin
% erekend geni ddel de, min en max per bin

%

% input: nb aantal bins

% Xb vector met de bi ngrenzen
% bijv. [01 2 3 4 10

% X = de var| abel e waartegen gebi nd wor dt

% Y = de te binnen variabel e

% np = lengte van de X en Y vectoren (geen input)
% Ys = string nmet naam van de gebi nde var

% ] (voor ui tvoer naar var

% filenaam = naamvan de file die X en Y berekent
% wordt gebruikt intitle van pl ots

% VARI ABLES = tekst string nmet naam va

% gebi nde var (Y) en de onafh var (X)
Ofo bijv: b

0 n =

gfo §b 95 10% 932

() = )

gfo ¥ = 8 9 8 3];

0 S =

% fil enaan¥’ b|nAn lot. m

féo VARI ABLES=" TURB POVER agai nst W NDSPEED

0

% output: Yb_n | = vector nmet waarden die vallen in Xb( g(
gﬁ; Xb”n = vectoren net waarden X die vallen in Xb(n)
0

% YbAv = gemni ddel de Y per bin

% YbM n = m ni mum Y per bin

% YbMax = maxi num Y per bin

% XbAv = gem ddel de X per bin

%

% pl ots: Yb waarden per bin )
gﬁ; average, mn and max Y per bin
0

showf_l 9=1;

Itgcgl fil enaane’ bi nANDpl ot . ni ;

if test==1
%testen zonder input waarden
Xb [0 5 10];
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X=[125376489 3 2];
Y—[42356328983]
plot (XY, *")

pause

end

% | egen bins:
cl ear Yb* )
% maak bins met size O:
for n2=1:nb )
eval (['Yb’,int2str(n2),
deval "Xb',int2str(n2),

S

% ber eken aantal dat apunt en np
tenP—S|ze(
enP(1)>1
elself tenp&£)>l
np=t enp(
se

war ni ng(’ aantal datapunten np niet > 1')
st op
end

% het bi nnen:

for nl=1: np
for n2=1:nb

i f X(nl%> =Xb(n2) & X(nl{(<xb(n2+l
% zet de waarde van in vectoren Yb
% de Yb hebben een ongel %ke | engt e!
eval ([’ Yb ,int2str(n2),
% zet ook de X waar den’ |n vectoren omla

t
deval([ Xp',int2str(n2),’ =[Xb’,int2str(n2),’ X(nl

|f n2==nb & X(nl)==Xb(n2+1)
% al | een een waarde d
%wordt bi j onderli ggende bin geteld
eval Yb‘ int2str Yb',int2str(n2),’ Y
deval "Xb',int2str(n2 Xb’ int2str(n2),’ X
en

end

if X(nl) >Xb(nb+1)
% X buiten bereik:
war ni ng(’ X bui ten berei k:")
rel powerl evel =

end
end
if showfig==
% pl ots van de inhoud van el ke bin:
star="*";
for n2=1:nb ) )
% control eer per bin of er iets in zit
eval (['sY=size(Yb',int2str(n2), ’), 1);
if sY l)>0
eval ( Iot( int2str(nb/2), ",int2str(n2),’),...
pl ot (Yb’ |nt25tr( 2) , star
% de Yb's hebben’ een’ onge i]ke Iengte!
% ni et als matrix te plotten!
x| abel D)
y!‘abel sprlntf( Y bin= %", n2))
] n ::
dtltle(sprintf(’o/cs’,VARIABLES))
en
if n2==2 ) )
dtltle(sprlntf(’%; %’ ,local fil enaam date))
en
end
end
pause

end % of showfig

0fovoor | atere plots buiten bi nANDpl ot :

0

% cal cul ate average Y per bin

% de |l engte van de Yb_i1's is verschillend, dus
YbAv=zeros(1, nb);

% waar den hal verwege de x-bins voor plots:
XbAv=Xb+( Xb(2) - Xb( ))/2

% de gem ddel de waarden van de variabele X
% waart egen gebi nt wordt

% wor den ook “ber ekend

for n2=1:nb

% control eer per bin of er iets in zit

eval (['sY=size(Yb' ,int2str(n2),’);'1);

if sY(1)>0 .
evaI YbAv( n2) = nmean(Yb' int2str(n2) ');’])
eval (['YbM n(n2) = min(Yb int2str(n2) ');’
eval ([’ YoMax(n2) = max(Yb' int2str(n2) ');’

i nt 25tr(n22 Y(nl
er

ie op |aatste bingrens valt
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std(Yb' int 2str(n2£
mean( Xb' i nt2str(n2) 5
std(Xb' int2str(n2)

1

end
end

clf

C.5 Estimation of transfer function

% Transferfunction fromw nd to power
gﬁ; from Pemswecs dat a

0

% PeniTr ansf er Fun. m

| oaddat a=0;

i f | oaddat a==1

cl ear ) ) o
eval (['load ' dir '/’ neetfile '.dat -ascii’])
eval (['data=" neetfile ";']);

t=dat a(: 1)
vwi=data(:, 2
ww2=data(: 3
Vd=data(:, 4);
Pai r =dat a(
Pr eci p=dat
Tenp= data
Pgen= data

Pbat =Udc. *
di=t(8)-1(7);

neetfreq=
st S|ze(t),
meettl{d =st
nmeeti nterva
tm n=t/60;

sanpl ef req=neetfreq;
end

"=~

progfil e=" Pemlransfer Fun. mi ;
8WI nt 2eps=1;

to_P=1,
N To_P=1;

dir="D/1 Penswecs/ Meetdata/ Meetfiles’
meet file="jan30;
plotdir="D:/1_ Penswecs/ Meet dat a/ Tr ansf er Fun’

% aant al punten NFFT voor de FFT bepaald de mininmale freq
% NFFT npet een veel voud van 2 2|an
% sanpl efreq bepaal d de maxi male freq:
% f max=0. 5* sanp efreg 16Hz

% f m n=sanpl ef r eq/ NFFT

NFFT= 64*sanplefreq,

NEFT=64*3

NEFT= 16*32

NFFT=8*8* 32;

NFFT=4* 8* 32;

NFFT=2*8*32;

sf| abel =nunpst r r(s anEIefreq 2);
nf ftl abel =i nt 2st r ( NFFT)

if W to P==1
[ Txy T]=tfe(Wnl, Pgen, NFFT, sanpl efreq, ' mean’)
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magTxy=abs(Txy);
anng¥ angfe(¥xy)*180/ pi;

% in db:
ma]ngy db=20*1 0g10( magTxy) ;

subgl ot (121), seni | ogé(f nmagTxy_db)
el (7 frequency )
yl abel (* | Pel /W (db)’

Y%title(sprintf('% sanplefreq= % Hz Nr of FFT points= % %’ ,
_progfile,sflabel,nfftlabel,meetfile) )
title(sprintf('% sanplefreq= % Hz, ', progfile,sflabel))
axis([le-3 lel -70 0]);
Sl'Bbel | fraquency (Fay ) onaPY)
Xl a_belg’ang! e(Pe Y/Vw) (de rees) ) )
/otlt!e(sprlntff % " sanplefreq= % Hz, N of FFT points= % %',
rogfil e, sflabel,nfftl| abel, rreetflle )
itlfe(sprintf(’ Nr of FFT’ poi nts= % %' ,nfftl abel, nmeetfile))
pause
%Ioglog
sublot 121), og(f, magTx
o et B T
yl abe e
%title(sprintf('% sanplefreqg= % Hz, N of FFT points= % %’
rogfile,sflabel,nfftlabel, rreetflle))
it (eﬁprl?,n&f ‘i/s 4szlan8I )ef eq= % , progfile,sflabel))
axi s e- el le- e ;
%sgb ?E S%%)Z) , se_rr} I og?g , unwr agi( angTxy));
subpl o , sem | ogx(f,angTxy);
x| a elg’frequenc (E!z)’) Y
Xl abel (’ angl e(Pel /W)  (degrees)’) )
title(sprintf(’ % saer efreq= % Hz, Nr of FFT points= % %',
rogfil e, sflabel, nfftl abel rreetflle) )
it eEsprlntf " 'Nr of FFT points= % ,nfftlabel, meetfile))
axi s([ le-3 1e0 -200 200]);
pause
if print2eps== ) )
deval([ print -deps ' plotdir '/PemiransferFun_PV_' neetfile '.eps’']);
en
end % VW _to_P
if Nto P==
Xy e gen, sanpl ef req, ' mean
[Txy f]=tf (NP NFFT, | ef )
magTxy=abs( x¥ ; .
angTxy= angl e( Txy) *180/ pi ;
% in db

na]ngy db 20*1 0g10( magTxy);

subpl ot (121), seni | ogx(f, magTxy_db
x| aBeI ((freauency (E!z)( ) gTxy_db)
yl abel (" | Pel /' N (db) )

%tltle(sprlntff % sanplefreq= % Hz, N of FFT points= % %',
rogfile, sflabel, nfftlabel, meetfile)) )

ithe(s rlntfi % _sa |l efreq= % Hz,', progfile,sflabel))
%ams([)le-s el -70 0]);

subpl ot (122), seni | ogx(T, angTxy);

XI Zbglf'%gﬁgfgg/ (degrees) )

g/otit!e(sprintf ' Us ampl efreq=_ % Hz, N of FFT points= % %’
rogfile,sflabel, nfftlabel meetflle) )
ithe(sprintf(’ Nr of FFT’ poi nts= % %’ ,nfftl abel, meetfile))
pause

°/c|>Ioglog

sublot 121), | ogl og(f, magTx

b ety e T

y abe e

%tltle(sprintff % sanplefreq= % Hz, N of FFT points= % %',
rogfil e, sflabe ,nfftlabel,rreetflle))

it e[ipréntlfg’ Ol/as 6sriurplze}‘)req: % Hz,',progfile,sflabel))

axi s e- el le- e- ;

%subpl ot &122) ,sem | ogng ,unwr ap(angTxy));

subpl ot (122), seni | ogx(f, ang 53;

XI Sbglf'%gﬂgf%/ %d?egrees)’

title(sprintf(’' % sanplefreq= % Hz, N of FFT points= % %’ ,
rogfile,sflabel,nfftl| abel, metflleg) )
ithe(sprintf(’ Nr of FFT’ poi nts= % %’ ,nfftlabel, meetfile))
axi s([le-3 1le 200 200]);

if print2eps==
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deval (["print -deps ' plotdir '/PenmlransferFun_PN_' neetfile '.eps’']);
en
end %N to_P

C.6 Power performance estimation

gfoq)br engst ber ekeni ng voor Small W (tbv PEMBVECS)
0

% vergelijkt de invloed van de DC spanni ng op de opbrengst

% 1. voer \F;évz) curve in als tabel

% 2. Kies i bul | paraneters ) )

% 3. bereken Weibull verdeling voor te kiezen interval

% 4. interpoleer P(V) voor de uitvoervector van de Wi bul |
ber ekeni ng )

gﬁ; 5. bereken energi eopbrengst

0

cl ear

rho=1. 225;
D=5;
Pr at ed=4;

V_nmean=7;
s_wei b=2;

% | aad de P(V) curves uit de netingen,
% voor 3 waarden van de DC spanni ng

| oad U_Vw_bi nned_P30. dat

dat a=U_Vw_bi nned_P30;

Vi=data(:;1);
Pl=dat a(:, 2);
V2=data(:, 4);
P2=dat a(:, 5);
V3=data(:,7);
P3=dat a(:, 8);

% di rectory voor plots:
lotdir="D:/1_Penmswecs/ Mdel _%)br engst’;
i | enaan¥’ opbrengst PEMSWECS3:

% pl ot s van tussenresultaten:

i ntermedi at e_pl ot s=0;

% 3 Udc bins en alle bins tesanen
% wor den et el kaar vergel eken:

for Uchoise=1:4

i f Uchoi se==
VW=V
Pt ur =P1;
U abel =" Ul ow ;
end .
i f Uchoi se==2
VW=V2;

Pt ur =P2; )

U abel =" Unedi un ;
end .
i f Uchoi se==3

VW=V3;

Ptur=P3;

Ul abel =" Uhi gh’ ;
end

i f Uchoi se==
| oad D:/1_Penmswecs/ Meet dat a/ Bi nned_dat a/ Pvbi nnedTav30. dat
V4=PVbi nneHTavSOE: , 1) ;

P4=PVbi nnedTav30(:, 2);
VWw=V4;
Pt ur =P4;
U abel =" Al U ;
end

Paer 0=0. 5*r ho* Vw. * Vw. * Vw* pi *D* D/ (4*1000) ;
Of)f:Pt ur./ Paero;
[

subpl ot (2,2, 1), pl ot (W, Paero,’ *")

x| abel (" w ndspeed (nm's)’)

| abel ’Pearo(kV\)’g ]
itle(sprintf("D=96.2f m %’ D filenaan))
sub |ot?2,2,2),p|ot(vw,Ptur,'*')

x| abel ("w ndspeed (m's)’)

yl abel (' Ptur Fk )

subpl ot (2,2,3),plot (W, Cp,’ *")

x| a eIE:wnds;:),eed (ms)’

ylabel ("Cp (-)")
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if internedi ate_pl ots==
pause
end

gfo 2. Opbrengst ber ekeni ng

0
% ber eken de opbrengst voor de waarden in de P(V) tabel
gjodan is geen interpolatie nodig

0

% i nvoer voor Weibull berekening: "Continue w ndvector”
VWi ndCont = [0, 1:0.1:20]"; )

% deze vector is anders dan de vector VwH s

% waar voor de urenverdeling

% wor dt ui t ger ekend;

% maxi mum van VWwHi s:

VWwWH s_max=max( W) ; o

% event ueel begrenzen: noet |ager zijn dan max Vw

% anders kan ni et geinterpoleerd worden in de P(V) curve
% en is de opbrengst NaN

VWH s_interval =0. 5;

% 3. Wi bull berekening ] )

% ber eken het aantal uren in een bepaal de w ndkl asse:
% VwHi s, Nnour Hi s

wei bul | 2

% P(V) curve uitbreiden nmet nullen aan onderzijde )
%dit moet omiets te laten uitrekenen in | age Vw gebi ed
extra_nul | en=0;
|Vf ) ex’{‘r a_nulvll\gn==
start=nTn ;
if ?j/\s/tart; Vi 1)
Va=¥\\l\,%\l}-dv;
W=[0 Va W ] ;
Ptur=[0 O Ptur’]’;
end
end

% het vol gende dient omde P(V) curves voor 3 Udc
% net dezel fde Vw te | aten begi nnen )
% voor hoge Udc nl geen Vw waarden in | age bins
renove_| ow_Vw=0
if remove T'ow Vw==1
% all es onder 5 ms nul:
si zeVwssi ze(Vw, 1)
for. P:\l/\:/v(SI )ze\5/w
i n) <
Pt ur (n) =0;
end
end
end
% OPMERKI NG
% dit geeft randeffecten rond V=5
% di e de vergelijking van de verschillende opbrengsten vertekenen
% daaromis het beter omhet volledige Vw bereik uit te rekenen
% en |ater alleen voor dezel fde Vw range en waarden
% de Etur op te tellen!

ext end_t o_cut out =0;

if extend_to_cutout==1

% en Prated aan bovenzijde
We=[ W  v_cutout]’;
Ptur=[Ptur’ max(Ptur)]’;

end

% 4. Interpolatie van de P(V) curve voor de WwH s

% ~_windsnel hei dswaarden uit Wi bul |

Ptur Hi s=interpl(Vw, Ptur, VwHi s,  linear’);

Paer oHi s=0. 5*r ho*VwHi s. *VWwHi s. *VwHi s*p1 *D* D/ (4*1000) ;
H s=PturH s./PaeroHi s;

pl ot (Mw, Ptur, Wi s, PturHis,’ *’")

x| abel (" wi ndspeed (m's)’)

| abel (" Ptur (kW’) ]

itle(” Power curve interpolation)

if internedi ate_plots==1
pause

end

uj aar =8328;

% verschil nmet 8760: onderhoud en beschi kbaar hei d
avai | =8328/ 8760;

uren=avai | *Nnhour Hi s;

Etur=uren. *PturHs;

Eaer o=ur en. * Paer oHi s;

Er ati o=Et ur./ Eaer o;
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%dit is weer de Cp

Et urt ot =sun{ Et ur)

Eaer ot ot =sum Eaer o) )
control et abel =[ i s NhourH| s uren PturHi s Etur Eaero Erati o]
% gem ddel d conti nu gel everde vernpgen in

% otaal aantal _kWh/jaar*jaar/ uur=k

Pnean=Et urt ot/ 8760

CF=Pnean/ Pr at ed;

Extr—Eturtot/Eaerot ot ;

subBI ot(321 bar (VwHi s, Nhour Hi s)

itl e(s ri nt?( V_a =9%.2f, Swe_i_bul =9%. 2f ',v_nmean,s_weib))
SIUb Ilot ?%25) bar(V\Tﬂ/@ Eaero§
abe aer
¥I abels Wndspeed (m's
subpl ot (326) , bar (VwHi s, Et ur)
x| a eIE Wndspeed (ms)’

"Et_ur EkV\h)’
subBI ot (323), bar | s, Paer oHi s)
’ 2 e r_? (kW' H s)
ar(Wis, PturHi s

t

g/ﬁ of kWh/y', Eaer ot ot)y
/.55 of kwh/ -> EF %) , Eturtot, Extr)))
= 9%6. 2f k -> CF=%l. 2f ' | Pnean, CF)))

<11

i f Uchoi se=
shi s=si ze(VV\H S
Wec=zeros(shi s
Pvec=zeros(shis
Evec=zeros(shis
end

Wec=
Pvec=

Wec VwHi IS—|]
I s];
Evec=

Pvec Ptur
Evec Etur];
eval (['print -deps ' plotdir '/ Opbrengst_' U abel ’.eps’]);

end % of Uchoi se

clf
Elot VVec( 1) Evec( 1), Wec ( ,Evec(:,2),’*" ,Wec(:,3)
vec Wec 4 Evec( ,4), ;
x| abei { ndspeed s)’)
label ("E_t_u_r ]
itle sBrlan( % %' ,fil enaam date))
ynmax=
i f v_mean==6
ymax=700
end
i f v_mean==7
ymax=800
end
ﬂXIS([4 12 0 ynmax])
ol
% | egenda:
X1=9,
Xx2=x1+0. 5;
y1=150;
dy=30;
P ot(x1,yl-dy ,’'0")
ext x2,y1-d¥ ,Udc < 125 V ')
lot(x1,yl-2 dy,’*'%
ext (x2,yl1-2*dy,’ 125 < Udc < 135 V')
lot(x1,yl-3*dy,’ +')
ext (x2,y1l-3*dy,’ Udc > 135 V)
| ot xl,y1-4*dy,’d'?
ext (x2,yl1-4*dy,” All Udc’)
x1=10;
y1=450;
i f v_nmean==6
yTI=650;
end
if v_mean==7
yTI=650;
Xx1=5;
end
dy=30;
text(x1,yl,sprintf("V_a v = %.2f ', v_nean ?
text(x1, yl-dy,sprintf("Swe i b ul = %. ,s_wei b))
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VavLabel =i nt 2str (v_mean) ;
eval (['print -deps™ pl otdir ° / Opbr engst _Conpar eVav' VavlLabel '.eps’']);

% opbrengst in het gebied waar alle P(V) waarden hebben:
% z1 e vol gende tabe voor de keuze:

Nurmer s= [\I shi s]

Totvec=[ Nunmers” Wec(:, 1) Evec]

%thusse 5 en 11 ms:

n2 22
El ow=sun( Evec(nl: n2, 1
Erred su Evec(nl: n2, 2
Ehi Evec(nl:n2, 3
Eal Evec(nl: n2, 4
fid = fopen br engst ConpTabel . tex’,’ w
fprintf PI ¢ \c/?av: erSWElbuI = 04. 22 [1In v_nean, s_weib)
fprintf fld,‘ |0W & 8. Of [111In TE o
fprintf(fid,” U medium & %30f [11]In, Emred
fprintf(fid,’ Uhl%h & 9%8. Of /////n’,EhlP
fprintf fld,‘ al | & 8. Of [111/n, Eal
fclose(fid);
C.7 Welbull routine
% wei bull.m
%
% i nput: . .
% Wi ndCont = "continue" wi nd vector, kleine stapgrootte
% s weib en v_nean
% VWH s_max . o
gjo VWH s”interval = windsnel heidinterval grote stap
0
% uit v_cutout en interval wordt VwHi s bepaal d
% voor de Wi s wi ndvector wordt aantal uren bereken
gjo WH s hoeft niet gelijk te zijn aan wi ndvector in PV curve
0
% buiten deze routine wordt Pel geinterpol eerd voor VWwHi s
gjo en de j aaropbrengst berekend
0
% bereken uit Weibull kansdichtheid:
% 1. aantal uren in w ndsnel heidsintervallen van Vw ndCont
% 2. sommtie van aantal uren in grotere intervallen
gjo van WH s voor opbrengst via powercurve
0
% out put: )
% VwHi s, Nhour Hi s
gjo
6 W jzigin en
o "7 9500t _ |
% int erval VWwi ndCont wordt nu uitgerekend (was 0. 1)

P m n(find( Vi ndCont >=VwWHi s_max));
fix= |up 1;

nhour =zeros(ncl fix, 1

vband=zer os nclflx

vcent r=zeros(ncl fi x, 15;

% EERSTE DE KLEI NE | NTERVALLEN:

for i=1:nclfix,

nhour (i, 1) = exp(-(WindCont (i) / c_weib) s _weib) - ...
exp(- (VWi ndCont (i +1)/c_weib)"s V\BI b) * 8760;

vband(i, ) = VWi ndCont (i +1) - Vwi ndCont (i );

veentr (i, 1) = 0.5*(WindCont (i +1)+VWi ndCont (i));

end

% CONTROLE CP V\AT ER GEBEURT:
Vcen=vcentr(:,1 ;

Nhour =nhour ( : 1 ;

clg
pl ot ( Vcen, Nhour)
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1

x|l abel (*wi nd speed [m's]’
| abel (' nunber of hours’ i
title("Weibull Continu &k
if intermediate_pl ots==
pause
end

% AANTAL DATAPUNTEN DAT WORDT SAMENGENOVEN PER | NTERVAL:
% 0.1 1S NL. DE OORSPRONKELI JKE STAPGROOTTE:

Wi ndCont _i nt er val =Vwi ndCont ( 2) - Vwi ndCont (1) ;
nsunFVwHi S_i nt er val / Vwi ndCont _iI nt erval ;
i stop=vwHi S_max/ WHi s_i nterval;

% NU DE GROTE | NTERVALLEN DOCR OPTELLEN:

%1 production wind class [-]");
leln interval)’)

for i=1:istop-1, ) )
WwHi s(i, 1) = 1/ nsum*surr(vcen_tr&(l -1)*nsumtl:i *nsun) );
Nhour Hi s(1, 1) = sun(nhour ((i-1)*nsumtl:i*nsum);

end;

clg .

| ot (WwHi s, NhourHis,” *");

x|l abel (’wi nd speed [nfs]’); ) )

%/! abel (' nunber of hours’in production wind class [-]");
itle("Weibull gesomeerd (groot interval)’)

ynmax=max( Nhour H's) ;

xmemean( VWHi s) ;
dy=¥nax 10 . : o
text (xm ymax, ' Wi bull w ndspeed distribution:’ %;
t ext (xm ynmax- d;/, sprintf(’ mean wi ndspeed = %}. 1fm' s’ , v_nean));
text (xm ymax-2*dy, sprintf(’shape factor 9%3. 1f' , s_wei b)) ;
text (xm ymax- 3*dy SPI’I ntf(' scale factor 9%3. 1f' ,c_wei b
i f intermediate_piots==1

pause
end

t abel =[ WwHi s Nhour Hi s] o
save vwireqgWB. dat tabel -ascii
%st op

% DELEN DOOR AANTAL UREN MAAL | NTERVAL BREEDTE GEEFT WEER
DE KANSDI CHTHEI Dt

NhBc=Nnhour Hi s/ (8760*VwHi s_i nterval ) ;

% Bl J NORVEREN NI ET ALLEEN AANTAL UREN PER JAAR MAAR OOK
DE_| NTERVALBREEDTE .
% CEEFT ZELFDE WAARDEN ALS DE CONTI NUE VERDELI NG (wei bul | 3. m

P!ot(VWHis NhBc,’ *');
|tIe§’Vé!buII kansdi cht hei d’)
x|l abel (' wi nd speed [nfs]’); ) .
yl abel (" nunber of hours in production wind class [-]");
i f intermediate_pl ots==
pause
end
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