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Abstract

Simulations of vertical axis wind turbines with PMSG
and diode rectification to a mutual DC-bus

Christoffer Fjellstedt

Transient simulations were performed with MATLAB Simulink on a mutual
wind park topology, where three vertical axis wind turbines equipped
with permanent magnet synchronous generators were connected to a
mutual DC-bus through passive diode rectification. The aim with the
work was to show the effects of two different kinds of loads on the
system in respect to generator torque, rotor speed, produced power by
the generators and the power on the DC-bus. The loads were a variable
voltage source and a resistance with the value 2.0 ohm. It was shown
that the transient behavior of the system in respect to both kinds of
loads exhibited a high level of stability when the wind speed was

altered. It was also shown that the system when equipped with a
voltage source load began to oscillate with the natural frequency of a
two mass rotating spring system if a sudden increase of the voltage
made the DC-bus voltage larger than the peak of the internal induced
voltage of the generators. Small variations of the DC voltage however
exhibited a stable behavior.
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1 Introduction

Wind power is a very old technique of converting energy. The rst known reference to a windmill is from
the writer Hero of Alexandria, who is believed to have lived either in the 1st century B.C or in the 1st
century A.D. The next important historical reference is from around 900 A.D., and it can be concluded
that windmills were used by the Persians around that time. The earliest example of using wind power
to generate electricity can later be found in the United States at the end of the 19th century. [1] It
can however be noted that even though wind power has an old history, it today takes up a comparably
small part of the world's total energy production. The installed wind power capacity worldwide covered
mid-2016 about4:7 % of the world's electricity demand [2]. Tough, with more global focus on decreasing
the emission of green house gases and therefore an increased search after more environmentally friendly
ways of producing electricity, wind power has begun to be seen as a possible option. However, to make
wind power a reliable option it is necessary to continue to work on increasing its reliability and cost
e ectiveness.

Most of the wind turbines constructed today are of the type horizontal axis wind turbines (HAWT).
That this is the case is according to some more a question of investment priorities than any technical
advantage compared to other solutions [3]. In a study with focus on failure statistics expanding between
1997 and 2005, it is reported that the most critical source to downtime (the time when the wind turbine
does not produce power due to failures) is the gearbox [4]. Other signi cant sources to downtime were
also linked to the electrical system and systems for blades/pitch and yaw. It can therefore be noted that
a large part of the down time of wind turbines is directly connected to problems with the gearbox and
systems to adjust the turbine after the direction of the wind.

In another article, presenting results from a study conducted in 2011 on failure rates for a wind park
in China, it was also shown that the majority of failures were linked to the pitch system (system for
changing the angle of the blades) with32:25 % followed by the control systems with 15:64 % and sensors
with 12:7 % [5].

One way to decrease the down time of wind turbines is to develop technologies that do not have the
same dependence on components that give rise to failures. It is due to this reason that vertical axis wind
turbines (VAWTS) become interesting alternatives. VAWTs can here be said to have a few signi cant
advantages [3]. Firstly, a VAWT can take in wind from all directions and consequently eliminate the
need of a system for yaw (adjusting the turbine after the wind). Secondly, the generator can be placed
at ground level allowing for a larger, more robust and e cient construction. That the generator can be
placed at ground level also simplies a directly driven design (a design without a gearbox). Another
advantage with VAWTs compared with HAWTs is that a VAWT experiences constant gravitational
force [6]. The consequence of this is that a VAWT should be exposed to less stress for large turbine
designs compared to the HAWTs. All these factors can contribute to a decreased failure rate and lower
downtime.

1.1 Wind farm topology

Concerning the electrical system of a wind farm, there are multiple possible systems. One common
solution is to use a system where each wind turbine is equipped with a recti er for AC-DC conversion
and a converter for DC-AC conversion. The turbines are after DC-AC conversion connected to a local
AC-grid or directly to the distribution grid. An advantage with this system is that it is possible to have
individual control of the turbines. Each turbine can be controlled independently of the other turbines
when it comes to factors such as the rotor speed of the generator. Therefore it is possible to extract the
optimal level of energy from the wind. A not insigni cant disadvantage with this system is however that

it can have higher complexity than other systems.

Another way to connect multiple wind turbines is to use a mutual topology [7]. In this system the
turbines are equipped with a passive recti er (AC-DC) and are then connected to a mutual DC-bus
equipped with one central inverter for DC-AC conversion. One signi cant advantage with this topology
is that it has lower complexity than other systems. A signi cant disadvantage with the mutual topology
and passive recti cation is that individual control of the turbines is lost. This means that the turbines
would be forced to operate in a mode that does not extract the optimal level of energy from the wind.

When comparing the mutual topology with a separate topology (a system where each turbine is
controlled separately) a study [7] based on simulations has indicted that unless the variation in wind



speed among the turbines is very large, the total extracted power from a wind farm is comparable
between the two topologies. At larger wind speeds and when the wind turbines are aerodynamically
independent, the total delivered power is expected to be a bit lower for the mutual topology than the
separate topology. However, in the case where the di erences in wind speed are due to the interaction
among the turbines, the total delivered power is expected to be almost equal for the mutual and the
separate topology.

Since the mutual topology can have a lower complexity than other solutions but still perform well in
respect to delivered power when compered to other solutions, there exists an interest to further study
this system.

1.2 Aim of the work

The aim of this work is to investigate the dynamics of the mutual topology when three vertical axis wind
turbines, equipped with permanent magnet synchronous generators, are connected to a mutual DC-bus
with passive diode recti cation. It will be shown how the transient behavior of the rotor speed of the
generators, the torque applied to the generators, the produced power by the generators and the power
on the DC-bus are a ected by di erent loads connected to the DC-bus and changes in wind speeds. Two
loads will be used to simulate a DC-AC grid converter: a voltage source and a resistance.



2 Theory

2.1 Aerodynamics

The kinetic power of wind, Pying , passing through an areaA can be described by the following expression
1
Puing = 5 AV %, @)

where V is the wind speed and is the air density. The mechanical power,Pnech , absorbed by a wind
turbine can be described by the following expression

1
Pmech = EAV 3Cp( ); (2)

where the power coe cient C, shows how much of the power in the wind a speci ¢ turbine can absorb.
For a xed blade turbine, C, is a function of the tip speed ratio , which is de ned as

_ R,
A ®

where  is the rotational speed of the turbine, R is the radius of the turbine and V is the wind speed.

The power coe cient C, is unique for every wind turbine design and the relationship betweenC,
and gives vital information on how to optimize the operation of the wind turbine. Figure 1 shows a
typical Cp( )-curve for a VAWT and, as can be seen, the curve has one maximum value. To optimize
the power absorbed by the wind turbine it is therefore desirable to keep operation as close as possible to
this point. For a xed blade turbine the tip-speed ratio can be changed by altering the rotational speed
of the turbine in compliance with equation 3.

Figure 1: Example of a typical Cp-curve for a three bladed vertical axis wind turbine. The vertical axis shows
the power coe cient C, as a function of the tip speed ratio . Observe that the curve only has one maximum
value.

2.2 Power and shaft dynamics

For a system that experiences a torque and an angular velocity, the power is given as
P= (4)

where is the torque and is the roational speed. If more than one torque source are acting on a body
undergoing rotation about a xed axis, the torque on the body is given as

net = J 5 (5)



where e is the net torque acting on the body and — is the angular acceleration. The torque, g, from
a torsional spring can with Hooke's law be expressed as

s= k; (6)

wherek is the torsional sti ness with the unit [ Nm=rad] and is the angle of twist from the equilibrium
position of the spring in the unit [rad].

A simple but often su cient model of the mechanical system of a VAWT is illustrated in gure 2.
The power that the wind turbine absorbs according to equation 2 is transmitted to the generator through
a shaft system. The wind turbine and the generator are modeled as cylindrical masses connected with
a torsional spring. When a torque is applied to one of the bodies the spring connection gives rise to
torsional vibrations that well describe the behavior of a VAWT.

Figure 2: Model of the mechanical shaft system for a VAWT. J; is the moment of inertia of the turbine, Jg is
the moment of inertia of the generator, is the torsional sti ness of the shaft, : is the turbine torque, ¢ is the
generator torque,  is the rotational speed of the turbine and ¢ is the rotational speed of the generator.

Using equations 5 and 6 the mechanical system can be described as

N ss (7)
Jg—g= s g (8)
s= (t ) 9)

where J; is the moment of inertia of the turbine, Jq is the moment of inertia of the generator, is the
torsional sti ness of the shaft, . is the turbine torque, 4 is the generator torque, s is the torque of the
shaft and  and 4 are the rotational speeds of the turbine and generator respectively.

It can be shown that the natural frequency (eigenfrequency) for a two mass system as the one in
gure 2 can be determined from

Ji+ Jg.
Jt\]g '

nf =

(10)

2.3 Generator

The basic principle of a generator is that it transforms mechanical energy into electrical energy. There
are many di erent kinds of generators: DC-generators, asynchronous and synchronous generators to



name a few. This report will however only consider the basics and function of the permanent magnet
synchronous generator (PMSG) with a non-salient rotor.

A generator basically consists of two parts: a rotor and a stator (armature). A PMSG is as the name
implies equipped with permanent magnets that create a magnetic eld. The magnets are installed on the
rotor and the operation of a PMSG work on the principle that an applied torque gives rise to a rotation
of the rotor which exposes the stator to a rotating magnetic eld. This induces an electromotive force
(emf) in the generator.

A simple but su cient model of a PMSG is illustrated in gure 3. The model consists of three
electrical phases. The induced emf is represented bi,, B, and E. and if the ux linkage is assumed to
vary sinusoidally and the phases are assumed to b#20 apart, the emf's can be described as

BEa= g cos(Npp g); (11)
2

Bo= g cos(Npp ¢ 3); (12)
4

Ec= ¢ cos(Npp 4 3); (13)

where 4 is the rotational speed of the rotor, is the ux linkage of the generator, 4 is the mechanical
rotor angle and Npp is the number of pole pairs of the generator. What can be seen is that the induced
emf is proportional to the rotational speed of the generator. In the model each phase also has an internal
resistanceR and a self inductanceL. The emf cannot be measured when a load is connected to the
generator. But the phase voltagesv,, Vp, and v; on the generator can be measured. This means that the
emf for one phasea can be evaluated from the following expression

Ei= vyt L%a+iaR; (14)

where i, is the current through phasea. The same applies for phasd and phasec with the currents iy,
and i, respectively.
If equation 4 is employed the electrical torque, ¢, on the generator rotor shaft can be expressed as

— Eaia+ Eoib"' Ecic_
g

where the fact that the electrical power is the product of current and voltage is used. It should be
observed that the electrical torque will work in the opposite direction of the generator torque (4). The
speed of the generator is consequently controlled by altering the current. An increased current will impose
a breaking torque on the rotor and the opposite for decreased current. If the current becomes zero no
torque from the generator will counter the torque from the turbine and the turbine will consequently
behave as a free system.

(15)

el

Figure 3: An equivalent electric circuit for a PMSG.



2.4 Diode rectier

A diode recti er is a power electronic component used to rectify AC-power to DC-power. Diodes are
nonlinear components designed to completely block all currents until the voltage over the diode reaches
a speci ¢ positive value and at that point conduct very well in one direction. The diode can only conduct
in this one direction, which means that it ideally completely blocks currents in the other direction.

Figure 4 shows an illustration of a three-phase full-wave passive diode recti er with a resistive load
and gure 5 shows the voltage waveform for the same circuit under the assumption that the diodes are
ideal. Vi, Veca and Vg, are the line-to-line voltages between the three phases and as can be seen the
voltage over the resistance Vqc) is constantly non-zero.

The diode recti er has low internal losses but introduces a harmonic content in the phase currents,
which gives rise to a ripple in the power. Each of the three line-to-line voltages introduces two recti ed
peaks. This causes the frequency of the power ripple to be six times the electrical frequency.

The ripple that is introduced in the power by the diodes can give rise to a ripple in other parts of a
system. In the case where diodes are used to rectify the voltage from a generator, the ripple in the power
will cause an electrical torque ripple in the generator. The frequency of this later ripple will depend on
the number of pole pairs of the generator. IfN,, is the number of pole pair the frequency of the electrical
torque ripple will be given as6Np, 4.

Figure 4: A three phase passive diode recti cation circuit.

Figure 5: Voltage waveforms for a three phase passive diode recti cation circuit with a resistance as load. vqc
is the recti ed voltage over the load.

2.5 Turbine torque ripple

When studying a VAWT it is important to take account of the turbine torque ripple. These are time
variations of the torque, which for a VAWT are due to changing angles of attack between the wind and



the blades of the turbine during operation. [8] For a VAWT exposed to a constant wind speed this causes
the turbine torque, , to change periodical according to

= 1+ ~n COs ¢+ ) ; (16)
n=1

where is the torque that acts on the turbine, . is the angle of the turbine, ~, is the relative amplitude
of the nth ripple component and |, is the phase shift of the same ripple component.

2.6 Ripple de nition

In this work ripple will simply be de ned as the maximum peak-to-peak value for a signal. For a time
series signal x this can be expressed as

pp(X) = max(x) min(x): (17)
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3 Method and model

To achieve the aim of the work the whole studied system was reduced to a one dimensional model with
rotating mechanics and electrical circuits. This section will show how the model of the system was
constructed and with which input parameters.

3.1 Turbine

The selected test subject was thel2kW VAWT at Marsta, Uppsala, built and maintained by The
Division of Electricity at Uppsala University. The wind turbine was constructed in 2006 and was run for
the rst time in December the same year. The turbine is a straight-bladed Darrieus turbine, also called
H-rotor. The turbine is equipped with a permanent magnet synchronous generator. Figure 6 shows a
picture of the turbine.

Table 1 shows electrical and mechanical system parameters at nominal speed and power for the
turbine. The parameters are taken from [9] and [10]. The value of the inertia of the turbine,J;, is
approximated with data received directly from the Division of Electricity at Uppsala University.

It would have been possible to achieve the aim of the work selecting another turbine or using arbitrary
system parameters. However, to ensure that the results obtained during the simulations would re ect
what could be expected if a real experiment was conducted, a real turbine was selected as the basis for
all system parameters, presuming that the results in this case would re ect the reality more correctly.
The choice of the selected test subject was then made because the turbine has been well studied and
necessary system parameters therefore more easily could be accessed.

Figure 6: The 12kW VAWT at Marsta, Uppsala.
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Electrical and mechanical system parameters at nominal speed and power for the 12kW VAWT at

Marsta, Uppsala. [9, 10]

Power 12 kW
Rotational speed 127rpm ( 13.3 rad/s)
Electrical frequency 339Hz
Torque 0:9kNm
Number of generator pole pairs 16

No load voltage, line to neutral 161V
Generator inductance, L 1:8 mH=phase
Resistance,R 0:2 =phase
Rated wind speed 12 mes
Number of blades 3

Turbine radius, R; 3m

Hub height 6m

Swept area,A 30n?

Shaft torsion spring constant, 29300 Nn¥rad
Inertia of generator rotor, Jg 16:9 kgm?
Inertia of turbine, J; 500 kgn?

3.2 Simulations

Transient simulations of the system were performed using MATLAB Simulink (version R2017a). Only
prede ned functions and building blocks in Simulink were used. Simulink was selected because it contains
a wide variety of building blocks for both electrical and mechanical systems and that it o ers a graphic
work environment. An alternative approach would have been to de ne equations for all parts of the
model and then to use an ODE-solver and a numerical solver to solve the system. This approach would
however increased the risk of errors during the implementation.

Multiple simulations were performed on the system. The simulations were however limited to three
cases:

voltage source load with constant wind speeds and changing DC voltage,
voltage source load with constant DC voltage and changing wind speeds and

resistive load with changing wind speeds.

Simulations were performed both with initial values set to zero, and with chosen initial values for
the simulation parameters rotational speed and torque. To nd suitable initial values simulations were
performed without initial values and the system was given enough time to reach steady state operations.
When no signi cant changes could be observed, the simulation parameters were noted and used as initial
values.

All simulations were performed with variable time step size and with the ODE-solver ODE15s. This
ODE-solver was selected because it was observed through trials that other solvers had di culties in
producing a stable solution. The solver ODE15s can solve sti equations and the di culties with the
other solvers could possibly have come from that the constructed problem is sti and therefore required
another solver.

The maximum time step size was unique to each simulation. If Simulink could not perform a simu-
lation for a speci ¢ step size the size was decreased until Simulink could simulate the system.

3.3 Model

The model of the system is illustrated in gure 7. In short it consist of three parts: the wind turbine with
the generator and a simpli ed wind model, the diode recti er and the DC-bus with a load connected.
Each part of the model will be described below. The description will include assumptions, simpli cations
and how the model was implemented in Simulink.
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Figure 7: lllustration of the studied system. The system consists of three wind turbines with generators and
passive AC-DC recti ers. The turbines are connected to a DC-bus to which a load is connected. The moments
of inertia of the turbines' are not included in the illustration.

3.3.1 Turbine and wind model

The shaft of the wind turbine was modeled as an ideal two mass rotating system (see section 2.2). To
implement this in Simulink, Simscape bulding blocks were used. These components allow the user to
simulate a mechanical system.

Figure 8 shows an illustration of the shaft and wind model implemented in Simulink. The torque
supplied by the wind were calculated by combining equations 2, 3 and 4, resulting in the following

expression
- S0) arA ; ar A2, (18)

The torque calculated from equation 18 was presumed to be the only external torque acting on the
turbine for specic values of the wind speedV. This can be said to be quite a large simpli cation,
because it can be presumed that the wind speed and its interaction with the turbine in reality is more
complex. But because the primary aim with this work not was to investigate the torque acting on a wind
turbine, this simpli ed model was believed to be su cient.

The value of the tip speed ratio was calculated with equation 3, where the rotational speed ; of
the turbine at every moment was extracted from the mechanical system. This was achieved with building
blocks found in Simulink. The value of the power factorCy( ) was approximated from an article [9] with
measurements on the power factor for the selected test subject. The power factor was with these data
constructed as a mathematical function

Cp =0:01329*4 0:1939 *+0:9128 > 15676 +0:9169 (19)

de ned on the interval 2215< < 4:5. If the value of was outside this interval, which can arise due
to a change of the rotor speed (see equation 3), the value of the power factor was xed tG,(2:15) or
Cp(4:5) respectively.

The torque acting on a vertical axis wind turbine is also expected to experience a turbine torque
ripple (see section 2.5). To account for this ripple, equation 16 was used giving the following expression
for torque on the turbine

t = (1+0:44cos(3;)+0:045cos(6y)); (20)

where -3 = 0:44 and ~¢ = 0:045 The values were taken from a paper investigating the torque ripple
on the test subject [11]. The paper showed through simulations that mainly the~3z and ~s components
should have a real e ect on the turbine. The paper also included measured values for the components.
The measured value of thex3 component was however signi cantly smaller than the simulated value. This
work therefore used the simulated values from the paper, because it was believed that larger values could
have more signi cant e ects on the system and therefore reveal more information about the dynamics of
the system.
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Figure 8: lllustration of how the turbine and wind model were implemented in Simulink.

3.3.2 Generator

In the model of the turbine the selected generator was of the same kind as the one installed on the
test subject: a permanent magnet synchronous generator. The generator was implemented using the
Simulink building block Permanent Magnet Synchronous Machingin which all necessary equations are
prede ned. The utilized system parameters are found in table 1.

3.3.3 Diode rectier

The diode recti er was modeled as an ideal passive three phase recti er and the Simulink building block
universal bridge with diodes was used for the implementation. The forward voltage drop was put to
0V. This value was selected to simplify the model and because it was believed that this choice should
have low impact on the results of the simulations. An alternative approach would have been to put the
forward voltage to some small value like the commonly used:7V. But because the aim only was to
achieve recti cation and not a deeper study of the e ects of the diode's forward voltage the valueOV
was believed to be su cient.

Implementation of the diode recti er in Simulink also required the use of a snubber resistance and
a snubber capacitance. A shubber is an electric circuit used to suppress voltage transients (sudden
increases of voltage) in electrical systems. For a diode reacti er this consist of a resistanc&kf and a
capacitor (C) connected in parallel with the diode. Simulink required that these two components should
be included to be able simulate the system as a closed circuit. To minimize the e ects that these two
components could have on the system the resistance was put to a very high valu®:L M ) while the
capacitor was given an ini nte value (inf ). By giving the capacitor an in nite value Simulink interprets
the snubber as a completely resistive component. If the snubber is completely resistive, a very large
value on the resistance means that almost no current will pass through the snubber and therefore remove
any signi cant impact the component could have on the system.

3.3.4 System

The studied system is the one illustrated in gure 7. As already mentioned, it consists of three wind
turbines and one load. The system was limited to three wind turbines to keep down simulation time. All
three turbines were modeled in exactly the same way, in accordance to what is described above. The only
di erence between the turbines was that di erent initial values were used. If simulations are performed
with di erent wind speeds on the turbines, the turbines will experience di erent torques and rotational
speeds. Therefore it is necessary to use initial values adjusted after the wind speeds.

3.3.5 Loads

Two load were used: a voltage source and a resistance. The purpose of the loads was to simulate the
DC-AC grid converter that would be present in a complete system. The voltage source load can for this
purpose be interpreted as a model of a very large capacitor bank with a variable converter (DC-AC)
adjusted to keep the voltage of the DC-bus at a constant value. One possible interpretation of the
resistive load is that it represents the opposite situation, when no active control of the DC-bus voltage

is achieved.
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The values of the loads were selected by trial and error. Simulations were run with constant wind
speeds on the turbines: turbine 1 with13 m=s, turbine 2 with 12 m=s and turbine 3 with 11 m=s. The
voltage source and the resistance were then respectively adjusted until turbine 2 reached values for its
system parameters near to the rated electrical and mechanical system parameters found in table 1. This
was achieved for a voltage of abouR29V and a resistance of about2:0
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4 Results

In this section the results from the simulations will be presented.

4.1 \oltage source load

In this section the results from the simulations with a voltage source as a load will be presented. First
the results from simulations with constant wind speeds will be presented and after that the results from
simulations with a constant voltage on the DC-bus.

4.1.1 Constant wind speed and smaller voltage variations

Figures 9, 10, 11 and 12 show the result from one simulation in which all turbines were exposed to
constant wind speeds and where the voltage on the DC-bus was changed in di erent sized steps. The
wind speeds werel3m=s, 12 m=s and 11 m=s for turbine 1, turbine 2 and turbine 3 respectively. The
simulation was performed over30 sand with initial values for the torques and rotor speeds. The voltage
on the DC-bus was changed eveng sin the following pattern, including the initial value: 229V, 234V,
239V, 231V and 220V. The size of the voltage steps were arbitrarily chosen. The simulation was
performed with variable time step size but with a maximum size of10ps.

Figure 9 shows the e ects of the changes to the DC voltage on the generator torquey. Firstly it
should be noted, that the ripple that is clearly visible during the whole simulation, is the turbine torque
ripple described in section 2.5. Furthermore it can be observed that each change of the DC voltage
results in a sudden change of the torque. This more sudden e ect on the torque is later stabilized as the
simulation continues but at a di erent mean torque level. Increased voltage results in a somewhat lower
mean torque while decreased voltage results in a higher mean torque. Changing the DC voltage does not
seem to have any signi cant permanent e ects on the ripple.

Figure 9: Simulated generator torque, 4, for three wind turbines with constant wind speeds and a voltage
source load on the DC-bus. Wind speeds werel3 m=s for turbine 1, 12 m=s for turbine 2 and 11 m=s for turbine
3. The voltage of the DC-bus was changed every6 s in the following pattern, including the initial value: 229V,
234V, 239V, 231V and 220V.

The e ect on the rotor speed of the voltage variations are somewhat di erent compared to the e ects
on the torque. The rotor speed can be seen in gure 10. It can be observed that the rotor speed
experiences a clearly visible turbine torque ripple in the same way as the torque in gure 9. At the
moment the voltage is changed there is a momentarily increased ripple. But after the initial increase the
rotor speed is adjusted to a new mean level under a stable transit, that is without a signi cant increase
of the ripple. It can however be observed that there are di erences in the ripple during the simulation,
in the sense of ripple as the peak-to-peak value of the maximum and minimum values during a speci c
period (see section 2.6). If the ripple of turbine 3 over the period2 sto 5sis compared with the ripple
over the period 27 sto 305 the increase is around37 % However, because the size of the ripple overall is

16



small, this only represents a nominal value 0f0:023 rad=s. The increased ripple can however not directly
be attributed to the change of the voltage. If the result from this simulation is more thoroughly studied

no clear pattern appears in e ect to the ripple. An increased voltage does not mean that the ripple
increases or decreases in a distinctive pattern and the same applies to when the voltage is decreased.
It can however be observed that an increased DC voltage results in a higher rotational speed while a
decreased voltage results in a lower rotational speed.

Figure 10: Simulated rotor speed, ¢, for three wind turbines with constant wind speeds and voltage source
load on the DC-bus. Wind speeds were 13 m=s for turbine 1, 12 m=s for turbine 2 and 11 m=s for turbine 3. The
voltage of the DC-bus was changed every6s in the following pattern, including the initial value: 229V, 234V,
239V, 231V and 220V.

Figure 11 shows the power produced by each generator. The scale on the vertical power axis is
negative. This is because the gure shows the power delivered from the generators to the DC-bus.
Firstly it should be observed that what could appear to be some sort of noise ripple in the power is
actually the recti cation ripple caused by the diodes (see section 2.4). The produced power exhibits a
signi cantly stable behavior. Every time the voltage is changed the generated power takes a leap up or
down but after a few seconds the power stabilizes to a new mean level without any signi cant e ects on
the ripple. Remembering that the scale on the vertical axis is negative it can be noted that when the
voltage level on the DC-bus decreases, the produced power is increased, while the reversed e ect can be
observed for increasing voltages.
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Figure 11: Simulated delivered power by each turbine for a system with three wind turbines with constant
wind speeds and a voltage source load on the DC-bus. The value of the power is negative because the power
is delivered from the generators. Wind speeds were13 m=s for turbine 1, 12 m=s for turbine 2 and 11 m=s for
turbine 3. The voltage of the DC-bus was changed every 6 sin the following pattern, including the initial value:
229V, 234V, 239V, 231V and 220 V.

Lastly, gure 12 shows the output power on the DC-bus. As can be seen, the DC power show a
similar pattern to that of gure 11, which is reasonable because this should simply be the sum of the
produced power by the individual generators. The recti cation ripple can consequently also be observed
in the DC power. It can be noted that, except for the three rst seconds of the simulation in which
the turbines are settling in towards a steady state operation, the DC power shows a stable pattern. At
the moment when the DC voltages are changed the total power produced either shows a sharp increase
or decrease. This initial surge is however later erased as the power is stabilized to a new mean level
without any signi cant permanent e ects on the size of the ripple. The pattern that can be observed is
that when the DC voltage is increased the mean level of the DC power is decreased while it is increased
when voltage is decreased. It can however be noted that the changes are quite small. If the mean of
period from 2:5sto 5:5sis compared with the mean of the period from14:5sto 17:5s which represent
an increase ofl0V, the decrease of the DC power is only around one percent.

The e ects on the studied parameters by increasing or decreasing the voltage level of the DC-bus are
summerized in table 2.

Figure 12: Simulated power on the DC-bus for a system with three wind turbines with constant wind speeds
and a voltage source load on the DC-bus. Wind speeds werel3 m=s for turbine 1, 12 m=s for turbine 2 and 11 m=s
for turbine 3. The voltage of the DC-bus was changed every 6s in the following pattern, including the initial
value: 229V, 234V, 239V, 231V and 220V.
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Table 2: The e ects on the studied parameters for each wind turbine for an increased or decreased voltage level
on the DC-bus. The wind speeds on the turbines were constant.

E ects on the studied parameters by changed DC-bus voltage

Parameter Turbine | Increased DC-bus voltage| Decreased DC-bus voltage

1 decreases increases
Torque, 4 2 decreases increases

3 decreases increases

1 increases decreases
Generator speed, g 2 increases decreases

3 increases decreases

1 decreases increases
Power, generator 2 decreases increases

3 decreases increases
DC power - decreases increases

4.1.2 Constant wind speed and larger voltage variations

Several simulations were conducted with di erent sizes of the voltage steps and for di erent step dura-
tions. Figures 13, 14, 15 and 16 show the result from one of these simulations where the DC-bus was
exposed to a larger step in voltage. The amplitude of the step was abou20 % of the initial value of the
voltage on the DC-bus, that is the voltage made a step from229V to 275V. The step was applied at
the time 10sand had a duration of 0:5 s after which the voltage fell back to the initial value. The total
simulation time was 25 sand the time step size was again variable but with a maximum size o us. The
simulation was started with initial values for the torques and the rotor speeds.

Figure 13 shows the generator torque. When the step is applied at the time.0 sthe torques for all
three turbines take a signi cant leap downwards after which an oscillation arises. At the time10:5swhen
the voltage level falls back t0229V, the torque jumps upwards and begins to return to its original level.
The frequency of the oscillation for the three turbines is calculated to be arounds:7 Hz. If equation 10 is
employed to calculate the natural frequency of the system, the value with one decimal is determined to
be 6:7 Hz. Therefore it can be concluded that a sharp increase in the voltage makes the system oscillate
with its natural frequency and that this a ects all the turbines in the system. It can also be observed
that the oscillation a ects all the turbines in a similar way. One notable di erence is however that the
turbines with the higher wind speeds have a faster decrease in the amplitude of the oscillations but on
the other hand reach a higher peak when the voltage falls back to its initial value.

Several simulations were also performed with other sizes of the voltage steps but with the same
constant wind speeds and initial DC-bus voltage as above. The purpose was to nd at approximately
which size of the voltage step the oscillations began to appear and if any interesting tendencies could
be observed. It was observed that the oscillations decreased in size when the the size of the voltage
step was decreased and reversely when the size of the step was increased. The oscillations could be
clearly observed on all turbines down to a size of the voltage step of arounti7 % of the initial value. At
voltage steps below this value the oscillations began to disappear. This however a ected the turbines
in di erent ways depending on the wind speed. The oscillation of the turbines with the higher wind
speeds disappeared before the oscillation of the turbine with the lowest wind speed. The oscillation of
the turbine with the lowest wind speed (11 m=s) could be observed down to a size of the voltage step of
around 12%to 13% At this point the other turbines no longer showed any distinct oscillations.

If equations 14 and 15 are studied it can be understood that the oscillations appear when the voltage
of the DC-bus is increased to a value greater than the peak of the internal induced emf. If the DC voltage
at every instant is larger than the induced voltage this has as e ect that the phase currents become zero.
This was also observed in the simulations when the system began to oscillate. When the currents are
zero the electrical torque is zero, which also could be observed in the simulations. At this state the shaft
system behaves as a free system with two masses and the oscillations can arise.
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Figure 13: Simulated generator torque, 4, for a system with three wind turbines with constant wind speeds

and a voltage source load on the DC-bus. Wind speeds werel3 m=s for turbine 1, 12 m=s for turbine 2 and 11 m=s
for turbine 3. A voltage step was applied to the voltage on the DC-bus at the time 10s which raised the voltage
from 229V to 275V. The duration of the step was 0:5s, after which the voltage fell back to its initial value.

The rotor speed in gure 14 shows a similar pattern to that of the torque but with an increase of the
rotor speed at the moment when the step is applied instead of a sudden decrease. The oscillations of the
rotor speed that appear during the voltage step also have frequencies near &7 Hz.

Figure 14: Simulated rotor speed, ¢, for a system with three wind turbines with constant wind speeds and a
voltage source load on the DC-bus. Wind speeds werel3 m=s for turbine 1, 12 m=s for turbine 2 and 11 m=s for
turbine 3. A voltage step was applied to the voltage on the DC-bus at the time 10s which raised the voltage
from 229V to 275V. The duration of the step was 0:5s, after which the voltage fell back to its initial value.

Figures 15 and 16 show the power delivered from the generators and the power on the DC-bus. When
studying the time period of the voltage step it can be observed that the power also oscillates with the
natural frequency of the system, which seems reasonable because the power of a rotating system is the
product of the torque and the rotational speed (see equation 4). What appears to be noise in the power
is just the smaller ripple that is due to the diode recti cation. It can be observed that the delivered
power during the step decreases signi cantly and even becomes zero for some instances.
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Figure 15: Simulated delivered power by each turbine for a system with three wind turbines with constant
wind speeds and a voltage source load on the DC-bus. The value of the power is negative because the power
is delivered from the generators. Wind speeds were13 m=s for turbine 1, 12 m=s for turbine 2 and 11 m=s for
turbine 3. A voltage step was applied to the voltage on the DC-bus at the time 10s which raised the voltage
from 229V to 275V. The duration of the step was 0:5s, after which the voltage fell back to its initial value.

Figure 16: Simulated power on the DC-bus for a system with three wind turbines with constant wind speeds
and a voltage source load on the DC-bus. Wind speeds werel3 m=s for turbine 1, 12 m=s for turbine 2 and 11 m=s
for turbine 3. A voltage step was applied to the voltage on the DC-bus at the time 10§ which raised the voltage
from 229V to 275V. The duration of the step was 0:5s, after which the voltage fell back to its initial value.

4.1.3 Constant DC-bus voltage and altering wind speeds

Multiple simulations with xed DC voltages and varying wind speeds were also performed. The results
from one of these simulations is presented in gures 17, 18, 19 and 20. In this simulation the DC-bus
was kept at a constant voltage of229V. Turbines 1 and 2 were exposed to a constant wind speed of
13 m=s and 12 m=s respectively while the wind speed of turbine 3 was changed everysin the following
pattern, including initial value: 11 m=s, 8 m=s, 9m=s, 14 m=s and 12 m=s. The simulation time was 30s
and the simulation was allowed a settling time of 10 s before the rst change of the wind speed. The
time step size was variable but with a maximum size o@us. The gures shows the simulation from the
time 5sto the end at 30s

When the wind speed applied to turbine 3 was decreased this had the e ect that both the mean level
of the torque and the mean level of the rotor speed were decreased. Increasing the wind speed had the
opposite e ect. This seems reasonable if equation 18 is observed, where it is stated that the torque is
proportional to the wind speed. The e ect on the rotor speed (see gure 18) was as before analogous
to the e ects on the torque. Interesting was however that the changes in turbine 3 had no apparent
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e ect on either turbine 1 or turbine 2. In this case when the load was a voltage source they operated
independent of turbine 3. As can be seen in gure 18 this was naturally also the case for the delivered
power. The DC power in this respect also behaved as expected: the total power decreased when the
power delivered from turbine 3 decreased and increased when turbine 3 produced more power. As can
be seen in gure 20 the changes in the total DC power was achieved without any disturbances like large
peaks and without any signi cant e ects on the ripple. In table 3 the e ects on the studied parameters
are summarized.

Simulations were also performed with larger changes to the wind speed, up to aroun80% of the
initial values, both up and down from the initial values. Simulations were performed with these steps on
both one turbine and on all the turbines at the same time. This was performed with the aim to see if any
oscillation like the one found for a larger steps of the DC voltage could be observed. These oscillations
were however not found in the simulations.

Figure 17: Simulated generator torque, 4, for a system with three wind turbines and a voltage source load
on the DC-bus. Wind speeds were held constant for turbine 1 with 13 m=s and for turbine 2 with 12m=s. The
wind speed of turbine 3 was changed every5 sin the following pattern, including the initial value: 11 m=s, 8 m=s,
9m=s, 14 m=s and 12 m=s. The voltage source was kept constant at 229 V.

Figure 18: Simulated rotor speed, 4, for a system with three wind turbines and a voltage source load on the
DC-bus. Wind speeds were held constant at 13 m=s for turbine 1 and at 12 m=s for turbine. The wind speed of
turbine 3 was changed every5sin the following pattern, including the initial value: 11 m=s, 8 m=s, 9 m=s, 14 m=s
and 12 m=s. The voltage source was kept constant at 229 V.
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Figure 19: Simulated delivered power by each turbine for a system of three wind turbines and a voltage source
load on the DC-bus. The value of the power is negative because the power is delivered from the generators. Wind
speeds were held constant at13 m=s for turbine 1 and at 12 m=s for turbine 2. The wind speed of turbine 3 was
changed every5sin the following pattern, including the initial value: 11 m=s, 8 m=s, 9m=s, 14 m=s and 12 m=s.
The voltage source was kept constant at 229 V.

Figure 20: Simulated power on the DC-bus for a system with three wind turbines and a voltage source load
on the DC-bus. Wind speeds were held constant at 13 m=s for turbine 1 and at 12 m=s for turbine 2. The wind
speed of turbine 3 was changed eveny sin the following pattern, including the initial value: 11 m=s, 8 m=s, 9 m=s,
14 m=s and 12 m=s. The voltage source was kept constant at 229 V.
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Table 3: The e ects on the studied parameters for each wind turbine for a constant DC voltage source load on
the DC-bus and increased or decreased wind speed on turbine 3. The wind speeds on turbine 1 and turbine 2
were constant.

E ects on the studied parameters by changed wind speed on turbine 3 for a constant DC voltage
Parameter Turbine | Increased wind speed turbine 3| Decreased wind speed turbine 3
1 no e ect no e ect
Torque, g 2 no e ect no e ect
3 increases decreases
1 no e ect no e ect
Generator speed, ¢ 2 no e ect no e ect
3 increases decreases
1 no e ect no e ect
Power, generator 2 no e ect no e ect
3 increases decreases
DC power - increases decreases

4.2 Resistive load

Multiple simulations with a resistive load were also performed. The results from one simulation are shown
in gures 21, 22, 23 and 24. The simulation was performed with a resistance ¢f.0 , with constant wind
speed on two turbines and changing wind speed on the third turbine. The wind speeds on turbine 1 and
turbine 2 were 13 m=s and 12 m=s respectively. The wind speed on turbine 3 was changed evefysin the
following pattern, including the initial value: 11m=s, 8 m=s, 9m=s, 14 m=s and 12 m=s. The simulation
time was 30 sand the simulation was allowed a settling time of 10 sbefore the rst change of the wind
speed. The time step size was variable but with a maximum size afOus and the simulation was started
with initial values for the torques and for the rotational speeds. The gures show the simulation from
the time 5sto the end at 30 s

The rst gure shows the result for the generator torque and as expected, keeping equation 18 in
mind, when the wind speed on turbine 3 decreases the torque also decreases and the opposite when the
wind speed is increased. Interesting is however that not only turbine 3 is a ected. A change to the wind
speed of turbine 3 also has a signi cant e ect on the torques of turbine 1 and turbine 2. The observed
pattern is that when the torque on turbine 3 decrease, the torques on both turbine 1 and turbine 2 are
increased. And when the torque on turbine 3 is increased, due to faster wind speeds, the torques on
turbine 1 and turbine 2 are decreased.

Figure 21: Simulated generator torque, ¢, for a system with three wind turbines and a resisitive load on the

DC-bus. Wind speeds were held constant at 13 m=s for turbine 1 and at 12 m=s for turbine 2. The wind speed of
turbine 3 was changed every5sin the following pattern, including the initial value: 11 m=s, 8 m=s, 9m=s, 14m=s
and 12 m=s. The resistance of the load was2:0
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The pattern is somewhat di erent when it comes to the rotor speed, as can be seen in gure 22. Here
the case is instead that when the the rotor speed on turbine 3 decreases, the rotor speeds on turbine 1
and turbine 2 follow and decrease. The same principle applies to when the rotor speed on turbine 3 is
increased, that is the rotor speeds of the other turbines increases.

It can be observed that the turbine torque ripple described in section 2.5 is clearly visible in both
gure 21 and gure 22. Interesting is that the ripple appears to be more signi cant when the load is
resistive compared to when the load is a voltage source. The increase and decrease of the ripple during
the simulation does not however appear to follow any clear pattern, at least not within the simulation
time of the performed simulation. The ripple does not appear to increase or decrease distinctively in
response to changes of the wind speeds. Even if there is a signi cant ripple it can therefore be noted
that the system has a stable response to the wind variations in that no large peaks or oscillations arise
and that there is no distinctive increase to the ripple.

Figure 22: Simulated rotor speed, 4, for a system with three wind turbines and a resisitive load on the DC-bus.
Wind speeds were held constant at 13 m=s for turbine 1 and at 12 m=s for turbine 2. The wind speed of turbine
3 was changed every5s in the following pattern, including the initial value: 11 m=s, 8 m=s, 9m=s, 14 m=s and
12 m=s. The resistance of the load was2:0

As expected, due to the behavior of the torque and the rotor speed, the delivered power by turbine
1 and turbine 2 is also a ected by turbine 3. The result is shown in gure 23 and as can be seen, the
delivered power of the other turbines at least initially behaves inversely to the delivered power from
turbine 3, that is when turbine 3 delivers more power, the power from turbine 1 and turbine 2 decreases
and the opposite when turbine 1 delivers less power. In the simulation it was observed that the values
of the power of turbine 1 and turbine 2 move towards their initial value over time. It could not however,
within the simulated time period, be observed that the power of turbine 1 and turbine 2 reached the
value it had before the wind speed of turbine 3 was altered. Similar inconclusive results were obtained
in simulations over longer time periods. It can therefore from these simulations only be concluded that
the behavior of turbine 1 and turbine 2 described above applies to the immediate time after the wind
speed on turbine 3 is altered.

Figure 24 nally shows the result from the simulation for the power on the DC-bus. For both the
power delivered by the generators and the power on the DC-bus it should be observed that what appear
to be noise in the signals actually is the recti cation ripple described in section 2.4.

In table 4 the e ects on the studied parameters by the increased or decreased wind speed on turbine
3 are summarized.
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Figure 23: Simulated delivered power by each turbine for a system of three wind turbines and a resistive load
on the DC-bus. The value of the power is negative because the power is delivered from the generators. Wind
speeds were held constant at13 m=s for turbine 1 and at 12 m=s for turbine 2. The wind speed of turbine 3 was
changed every5sin the following pattern, including the initial value: 11 m=s, 8 m=s, 9m=s, 14 m=s and 12 m=s.
The resistance of the load was2:0

Figure 24: Simulated power on the DC-bus for a system with three wind turbines and a resistive load on the

DC-bus. Wind speeds were held constant at 13 m=s for turbine 1 and at 12 m=s for turbine 2. The wind speed of
turbine 3 was changed every5sin the following pattern, including the initial value: 11 m=s, 8 m=s, 9 m=s, 14 m=s
and 12m=s. The resistance of the load was2:0
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