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Abstract

e In this work a robust generating system for a 5 MW PMSM wind turbine system
with diode rectifier and DC/DC converter connected to DC link has been investi-
gated. The design and efficiency have been studied using MATLAB Simulink and
SIMPLORER and the result shows that this system topology has high efficiency.

e The result found was that the same generator that can provide 5 MW using an
IGBT-Converter, can only give 2.5 MW using a diode rectifier and a variable DC-
link. However, with series and parallel compensations the same generator can pro-
vide an output power even more than 5 MW. It was also found that the efficiencies
of systems at rated operation with IGBT-converter, diode rectifier with series com-
pensation and shunt compensation are 97.6%, 98.6%, and 98.9%, respectively.
Moreover, the systems efficiency at 5% of load are 93.0%, IGBT-converter, 97.3%,
series compensation, and 95.3%, shunt compensation.

e The required reactive power for series compensation and shunt compensation to
provide 5 MW output power for the diode rectifier system, at rated operation, are
1.5 MVar and 2.8 MVar, respectively.

e To conclude, the diode rectifier with series compensation is more efficient for low
wind speed (4-11m/s) also it needs less reactive power; however, the shunt com-
pensation scenario has better efficiency at rated speed when the wind speed is high-
er than 12m/s.

Index Terms: Diode rectifier, DC/DC converter, PMSM, wind power generator, syn-
chronous generator, DC collection, HVDC.
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Chapter 1

1. Introduction

1.1 Problem background

Wind speed plays the most important role in wind power generation since the energy in the
wind is proportional to the cube of the wind speed. In a windy region the average wind speed
during a year is about 9.4m/s. Therefore, if the mean speed is lowered to 6m/s instead of 6.5m/s
the available power decreases by 21%. The average wind speed is higher offshore [1], also the
visual and noise impact of wind farms are mitigated within the sea, which makes sea based in-
stallations attractive. In addition, there is an upcoming shortage of space on land for wind energy
installation. Hence, an important certain future scenario of wind energy is as offshore wind
farms, which demands robust, highly efficient, economical designs and constructions.

In spite of the fact that higher wind speed, less turbulence, lower wind shear and possibility
to have bigger wind farms are advantages of offshore construction, more expensive installation,
construction and maintenance are the drawbacks. It is crucial to find a way to decrease the cost
of electricity generation to make it more interesting for both suppliers and consumers. Remote-
located wind parks with very long transmission lines need an effective transmission path to
transfer energy from offshore to consumers, so HVDC is more highlighted and instead of having
huge offshore platforms for HVDC equipment, high frequency dc/dc converters can be attached
to small platforms attached to the wind turbines. Due to robustness and low needed maintenance,
synchronous generators have been taking an important role in offshore wind farms. One of the
advantaged of using DC/DC converter is a possibility for elimination of huge construction for
large transformers [2].

As was mentioned, construction of large offshore wind farms are attractive due to the limita-
tion of available places for wind turbines on land, and together with the fact that the HVDC
might be used, it would obviously be of high interest to produce a DC-output from the generator
system instead of 50 Hz AC as usual. Therefore, there is a need to study large wind turbines with
high power output (in our case SMW) as well as high rectified voltage to transmit power from
long distances with low power losses.
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1.2 Previous work

This thesis work is a part of a bigger project which is designing the whole system for
wind farms. The concept of the primary project is to design a wind farm using HVDC
for the collection grid which includes designing generators, high frequency transform-
ers, diode/IGBT rectifiers, and DC/DC converters. The aim is to boost up the outputs of
the investigating generating system to 200 kV DC voltage. First the AC voltage should
be rectified, and then in two stages it will be reached to 200kV. In a previous Master
Thesis [2], a basic and robust system for wind turbine system connected to a DC link
has been investigated. The boundaries of the thesis are from Synchronous generator out-
put to about 5-10kV DC.

1.3 Purpose

The purpose of this thesis is to design a diode rectifier for a 5 MW PMSM. Moreo-
ver, to determine the efficiency of the system as well as the possible power extraction
that can be made from the generator. To utilize series and shunt compensation is fur-
thermore of high importance. Finally, a study shall be carried out to estimate which are
the key factors for making this system successful, then the losses of this system shall be
compared with those obtained using an active rectifier. However, to do the final eco-
nomical evaluation of the IGBT versus diode system is not a purpose; instead it will be
left for further work.
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2. Theory

2.1 Synchronous Generators

Synchronous generators are using permanent magnet or electrical excitation to pro-
vide the excitation field. Commonly, to convert the output mechanical power of hydro,
steam and gas turbines, reciprocating engines and wind turbines into electrical power,
these kinds of generators are used in constant speed operation when the speed of rotor
always matches the supply frequency (50, 60Hz) with some multiple. This multiple can
be solved using a gearbox and by adjusting the pole number of the machine. However,
thanks to power electronic converters, a power control is facilitated and these machines
can accordingly be used in variable speed applications. In this case, the output voltage
and frequency can be made to vary with wind speed. Fig. 2.1 shows a typical set-up of a
wind turbine with a gearbox.

Gearbox
Turbine blade

Highspeedshaft Lawspesdalish
Generator \

\ \ \

\
Main Carrier P
Tower

Fig. 2.1 Wind turbine scheme

2.1.1 Electrically magnetized synchronous generator

In this type of generator the DC flux is generated by a DC current in the rotor, pro-
vided either through slip-rings or with a brushless exciter with a rotating rectifier. Then
the rotor is driven by a turbine with a certain speed; consequently the rotating field flux
induces a voltage in the stator winding and the speed of the synchronous generator is ob-
tained according to the number of poles and the frequency.
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The EMSG is mainly used in hydroelectric and thermoelectric plants. However,
some investments have been put to utilize the EMSG in wind farms. For instance, EN-
ERCON is producing a gearless wind generator design with a low-speed synchronous
generator [3].

2.1.2 Permanent Magnet Synchronous Generator

The fact that the use of the PMSG has increased, is that the PMSG has some ad-
vantages which make it more desirable to be used in wind turbines.

First, the magnetic field is provided by the permanent magnet and there is no need
for additional DC supply for magnetization (excitation circuit). Therefore, without slip
rings, and brushes the machine becomes more robust and maintenance free.

Second, the efficiency of the PMSG in comparison with EMSG is higher. Since, the
rotor copper losses disappear as there is no rotor winding.

The Permanent Magnet Synchronous Machine as a wind generator operates in the
generator mode. The mode of operation is dictated by the mechanical torque (wind en-
ergy). By using a second-order state-space model, the electrical and mechanical parts of
the generator can be represented.

In a dg-model the windings are assumed to be sinusoidally distributed and producing
a flux from the permanent magnets so that they produce three-phase back EMF wave-
forms. The dg-model using amplitude invariant transformation of the PMSG is repre-
sented by

d 1 R L

. . q .

%ld = Evd —Zld +prrlq

d. 1 R. Lg . ypo @D
' T, T, T L P T L

T, = 1.5p(.ig + (Lg — Lg)iaiy)-

Here R is the resistance of the stator windings and accordingly L, Ly, va, vy, 14, and I,
are inductances, voltages and currents on d and ¢ axis. w,, Y, p, T, are the angular ve-
locity of the rotor, amplitude of the flux induced by the permanent magnets of the rotor
in the stator, number of pole pairs and electromagnetic torque, respectively [4].

The L, and L, inductances symbolize the relation between the phase inductance and
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the rotor position due to the saliency of the rotor. For example, the inductance measured
between phase a and b (phase c is left open) is given by

Lap = La + Lg + (Lg — La) cos(26 +3)
where 6 represents the electrical angle [4].

These equations are expressed in the phase reference frame (dq frame). Note that L, and
L, inductances represent the relation between the phase inductance and the rotor posi-
tion due to the saliency of the rotor. For a non-salient rotor L, and L, becomes equal
and the measured inductance is the projection of inductances on d and ¢ axis.

2.2 Wind turbine and wind energy

In order to reduce mechanical stress, and have less audible noise as well as better
power quality, variable speed wind turbines are designed to operate over a range of wind
speeds. A typical wind turbine rotor has a speed of 10-20 rpm and a normal generator
with low pole number operates with a speed of 1000-1500 rpm. The useful conversion of
wind energy to rotor speed is much lower than the needed speed for rotating a generator
with low pole number [5].

120 f
ng = (2-2)
Pnumber of poles
The relation between produced power and wind speed is
Prech = EpairAGCw\?v (2-3)

where pgir, C,, 4,, and w,, are the air density, the power coefficient, the area swept by
rotor, and the wind speed. P, is the mechanical energy on the shaft of the turbine
which can be extracted from the energy in the wind. C, is a function of the tip speed ratio
when w; is the rotor speed. A is tip speed ration and can be found as

Wy

A= (2-4)

wW
Considering the cubic relationship of wind speed and mechanical power, a gearbox
can be used to adjust the wind turbine rotor speed to the generator speed; however syn-
chronous generators with high number of poles can either eliminate the need of high
speed rotation or reduce the size and number of stages of a gearbox. The tip speed ratio
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is also an important parameter; as it is shown, the mechanical power is a function of the
tip speed ratio. Thus, the rotor speed should be adjusted in order to achieve the maxi-
mum mechanical power at every wind speed. It is important to operate the wind turbine
according to an optimal value of the tip speed ratio.

2.3 Diode rectifier

Technology development and the cost decrease of power electronic devices make
power converters be more common. The first conversion of AC output voltage of a gen-
erator to a DC voltage could be the duty of a diode rectifier. Since this kind of rectifier
is inexpensive and robust, a diode rectifier can be an interesting option where power can
flow from AC side to DC side [6].

2.3.1 Diode Characteristics

A diode which is shown in Fig. 2.2 is a semiconductor made of Silicon, Germanium,
Silicon Carbide or Selenium. The important property of a diode is its directional con-
duction which means that it conducts electric current in one direction, form anode to
cathode. When the anode is positively charged relative to the cathode and an applied
voltage over the diode is greater than a definite forward threshold voltage, the diode
starts to conduct and the current flows from anode to cathode. If the diode is reversed
biased or the voltage across the diode is less than forward threshold voltage, then the di-
ode blocks the current. The steady state i-v characteristic of the diode is shown in
Fig. 2.3

anode cath-

+ -
14

Fig. 2.2 diode symbol
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iD p
A A
1 -
|
1
1
1
3 VD ! >
>
0 o (7
1 Reverse
blocking
region

Fig. 2.3 i-v characteristic of a diode, left-hand is the idealized and right-hand is the actual

It is seen that the diode in its forward biased region start to conduct with a small
forward threshold voltage; this voltage drop over the diode is about 1 V. In normal op-
eration the diode works either in the reverse blocking region or in the forward biased re-
gion which is the conduction region. By neglecting the voltage drop over the diode, the
ideal i-v characteristic curve is obtained and then the diode acts like a switch.

Fig. 2.4 shows that the diode lets a negative current flow during the reverse recovery
time. The diode current reverses for a specific time at turn-off. The extra carriers sweep
out which makes a negative current flowing in the diode. Then the diode can block a
negative voltage. In other words, the reverse recovery time is the needed time for the
electrons to get back to the n-region and for the holes to be swept out to recombination
in the p-region; then the free carriers flowing across the junction are extinguished and
the diode blocks the negative current, Fig. 2.5. The charge flowing during reverse re-
covery time is reverse recovery charge which is represented by Q.

Reverse recovery time

Y

---- Ipy

Fig. 2.4 Reverse recovery
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The idealized characteristic can be used for analyzing the system, but for the calcula-
tion of the losses and also for the design of the system, the actual curve should be con-
sidered. Different types of diodes are available based on the application requirements.

e Line-frequency diodes.

These diodes are designed to have an on-state voltage as low as possible; conse-
quently they have larger reverse recovery time which is acceptable for line-
frequency applications. The blocking voltage rating of these diodes could be several
thousand volts with several thousand amperes as forward conductions ability. They
can also be connected in series and parallel for different voltage and current re-
quirements.

As the ideal diode was discussed, the cross sectional view of a pn-junction power di-
ode, the practical realization, is shown in Fig. 2.5.

anode

&

Drift region

d

n-

n+

[L cathode

Fig. 2.5 Cross sectional view of a power diode

For the diode in power application, the n-type layer is heavily doped and a light
doped n’ crystal layer is grown on it. Afterwards, a heavily doped p-type region, which
makes the anode to be diffused in, which forms the pn junction [6].

The reverse breakdown voltage of a diode depends on the thickness of the drift re-
gion. The n” -type layer (drift region), which absorbs the depletion layer of the reverse
biased junction, distinguishes power diodes from low power diodes. This layer could be
relatively thick or more than average width for large reverse voltages which results in a
high Ohmic resistance when the diode is forward biased. High voltage and large current
with considering high Ohmic resistance can lead to excessive power dissipation when it
is conducting current. However, by taking into account some mechanisms; this problem
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can be reduced [6].

Although, at a large current, the dissipation in the drift region of a power diode
should not be ignored, since these losses limit the final power capability, the resistance
of the drift region decreases because of the huge amount of excess-carrier injection into
the resistance of the drift region. At high injection level, since the hole space is very
large, the hole space can attract electrons from the n” region into the drift region. This
takes electrons from both the n” and n" region into the drift region with equal densities.
The diffusion of holes and injection of electrons lead to recombination into the drift re-
gion which is called double injection. This results in an increase of carrier distribution in
the drift region when the diffusion length is greater than the drift region. Therefore, the
drift region conductivity becomes higher [6].

In order to make the voltage drop across the drift region lower, the diffusion length
should be well-matched with the drift region length. This can reduce the dissipation
losses with the same current density.

e Schottky diodes.

These diodes have a low forward voltage drop in very low output voltage circuit, 50
to 100 V. The structure of Schottky diode is a thin metal film, usually placed on n-
type semiconductor, in direct contact with a semiconductor, as shown in Fig. 2.6.

Anode
Si10, Metal Barrier

N\

Guard ring = eereseeseerasneeninsn,, !

Cathode
Fig. 2.6 Cross sectional view of a Schottky diode

The metal film, anode, can be Aluminum and the cathode is the semiconductor. As it
was mentioned, Schottky diodes have a significantly low on-state voltage, 0.3-0.4 V.
However, they have high reverse current in comparison with a silicon pn-junction



Chapter 2. Existing theory
diode.

e Fast recovery diodes.

These diodes are designed to operate in high-frequency applications where a small
recovery time is required. These kinds of diodes have reverse recovery time of less
than a few microseconds for several hundred volts and amperes output. Although
fast diodes are optimized for fast transmission from conducting to blocking state,
they have higher conduction losses compered to line-frequency diodes. They can be
used as a complementary diode for IGBTs, GTOs, or IGCTs [7]. Reducing the
reverse recovery time has a bad effect on the on-state losses, due to the increase of
forward drop voltage. However, to obtain the optimal dynamic behaviour for high
dynamic changes in both voltage and current, the efficiency of doping profile (the
emitter) and carrier lifetime in high and a low doped region should be optimised.

2.4 Full bride DC/DC converter

A full bridge converter is a dc-dc converter where the output voltage and current of
the converter can be controlled and this ability provides it to work in all four quadrant of
the i,-v, plane, therefore the power flow of the converter can be either positive or nega-
tive [6]. However, by having a diode rectifier before the converter, it is not possible to
have a negative current.

The input of the full bridge converter is the DC voltage formed by a diode rectifier.
Then the full bridge provides a high frequency voltage square wave for the input of high
frequency transformer. The full bridge converter can be controlled in two different
ways:

e Duty cycle control
e Phase shift control

Since, the output voltage of the converter is proportional to the duty cycle, control-
ling the full bridge by altering the duty cycle can be the first option. However switching
losses are high when using this method [8]. In phase shift control, the two switching legs
can be controlled independently which gives lower switching losses. The responsibility
of the leading leg is to change the converter to active phase and the lagging leg changes
the converter to passive phase.

Fig. 2.7 shows a full bridge converter which has two legs and each leg has two
switches and two diodes.

10
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Diode
S1 4 S3 ] rectifier

Transformer

Vi __ uhn (O ::f::: §|§ Vou"
i o
2 S4 JQ}

Fig. 2.7 Full bridge converter

2.5 Loss calculation

In this thesis, the focus of the loss determination will be on the comparison of the di-
ode rectifier and the IGBT-converter. The diode loss calculation and the losses in IGBT
model will be presented in this part. In addition to the semiconductor losses, the losses
in the generator should also be determined.

2.5.1 Diode loss Calculation

The diode losses involve both static and dynamic losses where the static losses are
conducting losses and dynamic losses are referred to as switching losses.

The conduction loss of a diode can be expressed as function of forward drop voltage
versus current. Since the leakage current in the pn-junction diodes is very low, it can be
neglected. The static dissipation losses can be calculated by

1 .
Pstatic = ?J. Vdiodeldiode (2-5)

For the dynamic losses, the turn-off losses are dominant compared to turn-on losses.
Thus, the switching losses of a pn-junction diode is almost practically the same as turn-
off losses which depends on the reverse-recovery time of the diode when the state of di-
ode is changing from conduction to blocking state. The charge stored during the forward
conduction in the diode produces the energy dissipation during transition from conduc-
tion to turned-off condition. When a reverse voltage is applied to the diode, the stored
charge in the diode should be removed by a reverse current [9]. Then a negative current
spike occurs in the diode while the diode is still forward biased which results in dynamic
losses. As it is shown in [10] the switching losses of a pn-junction diode can be calculat-
ed as

11
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Py = JrtaVsfs (2-6)

where J; 1, V; f; are current density (A/cm?), ambipolar carrier life time (s), forward
operating voltage (V), and switching frequency respectively. The recent equation can be
expressed as E, which is reverse recovery energy multiply with switching frequency. E,
is related to operation voltage, di/dt, temperature and stray inductances. Fig. 2.8 shows
the current, voltage wave forms and corresponding switching losses.

Reverse
recovery time, t,,

I Forward | - === == >

V Forward

s

| PSwitching losses

VReverse

Fig. 2.8 Current and voltage of diode in switching

2.5.2 1GBT-converter loss calculation

The most dominant losses in the IGBT-converter, in its steady-state operation, are
conduction and switching losses. The other losses such as gate driver losses, auxiliary
circuit losses, capacitor losses and snubber losses are not considered in this work. It is
assumed that there is sufficient heat transfer for the converter to operate at the rating
temperature. The equations originating from [11] have been used in order to calculate
the losses in the IGBT-converter [12].

12
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1 Mcosop R 1 Mcosg ~
Peona_icer = (% + 3 ) Vepol + (g + T) Tep- 17 (2-7)

1 Mcosg . 1 Mcose N
Peona_p = <—n - —) Vroly + (— - —> 15 I}

8 3 (2-8)

where P onq igar and Peynq p are the conduction losses in the IGBT and diode, respective-
ly. M is the modulation index, cos ¢ is the power factor, I; is the peak value of the stator
current, Vg is the voltage of the IGBT and Vg is the voltage of the diode at the very

low current.
NS Ky
Psw p = fswEsw.p (% I::f) : <‘ZC;> (2-9)
Psw 1681 = fswEsw <%Iri—:f>Kl . <‘Zcecf>l{v (2-10)
Esw = Eswigpr,, T Esw_icBr_off (-11)

Py, p and Py, igpr are the switching losses for the diode and the IGBT, respectively. f;,, is
the switching frequency, Vec is the voltage of the module, /.., is the IGBT current level
and V,.ris the module reference voltage at which the switching losses are given. Ej,, and
E,,, p are the switching energy loss for the transistor and the diode at /.., and V... rczand
rr are the semiconductor resistances. The scaling factors K; and K, are 0.6 for the diode
while they are 1 and 1.35 for the IGBT [12].

2.5.3 Generator loss calculation

Main generator losses consist of iron and copper losses and other loss components in
the machine have not been considered. The Iron loss is relative to speed squared as

Pre = kw? (2-12)

where Pr, is the iron loss, £ is 0.101 and w,; is the machine electrical speed in rad/s [12].
The copper loss of the machine is the Ohmic losses in the stator and can be obtained by

Peopp = 3RI? (2-13)

where R is the stator phase resistance and / is the RMS phase current.

13
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3. Case set-up

In this section, first the system topology and components used in this thesis will be
studied, and then the next chapter will show the simulation and the results of this topol-

ogy.

3.1 System Topology

There are different ways to convert the mechanical power from the rotor blades to
electrical energy. The here suggested wind turbine system is depicted in Fig. 3.1 which
consists of a three phase diode rectifier and an ideal full bridge DC/DC converter with
current control for a 5 MW PMSM.

C DC/DC —0
HVDC
Converter
Wind turbine o
variable speed Synchronous O
Generator

Diode rectifier

Fig. 3.1 System topology

Even though the output voltage of a diode rectifier can vary with the rotor speed, the
dc-output voltage is set by the DC/DC converter.

3.2 Aerodynamic Conversion

A part of the available power in the wind is converted to mechanical power. The
amount of energy converted from energy in the wind to mechanical energy as was dis-
cussed is related to C,. In the C,-4 curve, C, is a function of tip speed ratio,
Fig. 3.2. Since the maximum mechanical power is desirable to be extracted from the en-
ergy in the wind, the maximum C, is used for the wind speed from 3 m/s to 12 m/s;
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however when the wind speed becomes higher than 12 my/s, the power should be limited
then C, decreases. The decrease of C,is become possible by changing the pitch angle.

Tip speed ratio vs Cp

08/ — cp(Lambda)| 1

[=W : .
8 : :
50.6H
2
o
3
B 0.4f
1]
=
e
5 0.2t

0 i i ; i i

2 4 6 8 10 12 14

Tip Speed Ratio
Fig. 3.2 C,-\ curve

Therefore, there is a linear relationship between the rotor speed and the wind speed
from 3 m/s up to 8 m/s, see Fig. 3.3. When the wind speed reaches 10 m/s, the rotor
speed is kept constant and the input speed for the PMSG becomes 750 RPM. The data
used in the simulation is taken from [13].

13_—._ - —_— — - —
14
13:
£
=12}
=
3
&
— l l B 1
§=]
=)
~
10¢
9. = H
| =——Rotor speed
Rotorspeed with stars |
8. L 1 — . -
0 5 10 15 20 25

Wind speed [m/s]
Fig. 3.3 Rotor speed- wind speed
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3.3 Permanent Magnet Synchronous Generator

As was mentioned before, a dynamic model of three-phase PMSG has been used.
The sinusoidal model assumes that the flux established by the permanent magnets in the
stator is sinusoidal, which implies that the electromotive forces are sinusoidal.

In this work a PMSG designed for the rated output power of 5 MW has been studied.
The data of the investigating generating system is provided in the appendix. However

the main required data for the simulation is shown in Table 3-1.

Fig. 2.1 Shows that how the power output of a wind turbine varies with wind speed

[13].

Table 3-1 PMSG data

Parameters Value Unit
Rated Output Power 5000 kW
Rated Voltage 4800 \Y
Stator phase resistance Ry 0.0374772 | Ohm
Stator phase inductance L; 15.3725 mH
Fundamental Induced RMS | 5032 v
Line Voltage

Flux linkage established by | 16.026 Vs
magnets

Number of poles 4

Back EMF waveform Sinusoidal
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—Power
« Power with stars

Power [MW]

L

0 L !
0 3 10 15 20 25
Wind speed [m/s]

Fig. 3.4 Output power of wind turbine for different wind speeds

3.3.1 Verification of the dynamic model

The dynamic model of the permanent magnet generator must work properly accord-
ing to the designed model [12]. In order to analyse the system behaviour, it is necessary

to obtain the line to ground voltage, and phase-currents. Then the output power of the
generator and losses can be calculated and investigated.

At no-load operation the fundamental induced RMS line voltage in the generator is

5032 [V] which is established by the magnets’ flux linkage. Therefore the flux linkage
for no-load operation is

(3-1)

The power angle of the PMSG, the angle between the induced voltage and current,
is 80°. Therefore, at full load operation the current is

. E£—80"-V£0" 41082 —80" — 400020’

(3-2)
b= X 4.8

= 10802 — 39’

The RMS phase current is 763.67 [A] and RMS phase voltage is 2828.4 [V]. The
power factor is 0.776 and the transferred power becomes 5 [MW]. In order to investi-
gate the PMSG two models have been simulated in SimPowerSystem.
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The first model is one where 3 connected voltage sources are feeding the grid. This
model is fairly similar to the designed PMSG machine using the Finite Element Max-
well model. The inductances and resistances of the generator are represented by L and
R. The grid is represented by the voltage sources (4000 [V]) with the constant frequency
(50 Hz), seen in Fig. 3.5. In this case it is assumed that the generators’ back-EMF volt-
age magnitude is 4108 [V] with 80°leading which means that the internal voltage of the
generator leads the infinite bus voltage.

P= EX—Vsin(Q) (3-3)

Mag
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= _®: . ‘(W Three-phase PO Messumentt @—
AC Voltage Source6 V-1 Measurementl

Fig. 3.5 Ideal model, 3 voltage sources connected to the DC source

The second model consists of the dynamic three phase PMSG with sinusoidal back
EMF which is situated instead of 3 ideal AC voltage sources while the wind speed is
higher than 12 [m/s] and the PMSG was full loaded. Fig. 3.6 shows the Simulink
scheme of the PMSG connected to the grid. If the behaviour of this model agrees with
the ideal model, it will be acceptable to use this model as a part of the implementation.
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Fig. 3.6 PMSG connected to the grid

The back EMF voltage in the PMSG is aligned to the g-axis which means that the
angle of the induced voltage is 90°. It should be noted that there is no control over the
angle of the induced voltage, consequently to get the maximum output power according
to (3-3) the difference angle between induced voltage and the grid voltage should ideally

be 90°; however in this case setup it is assumed that 80°. Therefore the angle of bus
voltage can be calculated as

. E—I(Rs +jX

imag( (|VS| ’ )) o (3-4)
5 =tan?! E=I(R, 75) =9.8".

real(l—VSl])

The applied phase angle can be observed in Fig. 3.7 which depicts the phase poten-
tial of both cases. After setting the angle of the voltage sources, the output power is
shown in Fig. 3.7.b.
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Fig. 3.7 Verification of PMSG output power

In order to obtain the angle of the phase current, the transformation from Cartesian
coordinates to Polar coordinate has been done in the simulation part with the help of
Fourier analysis. The phase currents’ angles are shown in Fig. 3.8 for both cases; the ob-
served different angle is due to the angle of the phase voltage source (9.8") which has
been calculated before to get the maximum power.

20



Chapter 3 Case set-up

80

: : T
—— PMSG-Current angle[A]

- - 3-Sources-Current angle[A]

70

Current angle[degree]
~
o

@w
S

20

10

I I I I I
0 0.05 0.1 0.15 02 0.25 03 0.35 04 0.45 05
Time [s]

Fig. 3.8 The currents’ angles in PMSG and 3-Voltage sources

However the angle of the phase voltages are different due to the constraint of con-

trolling the angle of PMSG-back EMF, the angle between 7 and ¥ is 39.5 for both cases,
PMSG and 3 voltage-sources, Fig. 3.9.

A A
E E
A
I
.
N I
4 *\, 80°
\~\\ \\‘
\, 493 V
\ \
[ 395 k! \
\ ! 3957 v
98" | i 4
. : > > >
PMSG 3 Voltage-sources

Fig. 3.9 Phasor diagram of back EMF, grid voltage and current

The results show that the implementation of PMSG works properly the same as the
ideal case, thus this model can be used for the following simulations. The phase poten-
tial, the current and the power of PMSG are shown in Fig. 3.10.
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Fig. 3.10 PMSG outputs

rent is 763.7 [A], and the power factor is 0.77.

The rotor speed, the generator speed, and output power of the PMSG for different
wind speeds from 3.5 m/s to 25 m/s are shown in Table 3-2. The rotor speed reaches to
the synchronous speed at 10 m/s wind speed and the maximum output power is achieved
at 12 m/s wind speed. For higher wind speeds than 12 m/s the pitch control changes C,
in order to control the amount of energy converted from energy in the wind to the me-
chanical power on the shaft. Accordingly for the wind speed higher than 12 m/s, the

electrical output power remains 5 MW.

Table 3-2 Electrical power for different wind speed

wind speed | Rotor speed | Generator speed | Electrical Power
[m/s] [RPM] [RPM] [MW]
25.00 14.80 750.00 5.00
22.00 14.80 750.00 5.00
20.00 14.80 750.00 5.00
18.00 14.80 750.00 5.00
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16.00 14.80 750.00 5.00
14.00 14.80 750.00 5.00
12.00 14.80 750.00 5.00
11.49 14.80 750.00 4.94
11.00 14.80 750.00 4.81
10.50 14.80 750.00 4.52
10.00 14.80 750.00 4.08
8.99 14.79 749.49 3.06
8.50 14.73 746.45 2.55
7.99 14.53 736.32 2.06
7.49 14.01 709.97 1.63
6.99 13.19 668.41 1.28
6.50 12.29 622.80 0.99
6.00 11.37 576.18 0.74
5.50 10.46 530.07 0.54
5.40 10.30 521.96 0.53
5.00 9.57 484.71 0.37
4.85 9.30 471.28 0.34
4.50 8.94 453.14 0.24
3.54 8.73 442.60 0.06

3.4 Three-phase full bridge diode rectifier

There is a possibility in SimPowerSystems to implement a Universal Bridge and
then it can be set to work as a full bridge diode rectifier; but the model which is shown
in Fig. 3.11 has been used in the simulation so that desired changes can be easily made

23



Chapter 3 Case set-up

on the model and a more realistic model can be achieved. The other reason that this
model is preferred is that all currents and voltages can be visualized.

53| Diode_scope

Diode_|Bridge_current

B i

1 Current Measurementl
Current Medsurement2
2 n v+
£
@a Diodel Diode2 Diode3 er
T i] []

] 5 m

-]
E
Z% Diode6 2% Diode5 Diode4

[ [

L
L

Fig. 3.11 Full bridge diode rectifier

Ports a, b, and ¢ are connected to the PMSG and ports 4 and 5 are connected to the
DC-link.

3.5 Measurement modules

To be able to study and investigate the system, line to line voltages, line potentials,
currents, and phase angles should be measured. Then it becomes possible to calculate
the others quantities, like active and reactive power.

Even though the various methods can be utilized to calculate the power of the gener-
ator, three methods for measurement of power have been implemented and compared in
this study.

- P-Q Measurement Block
- RMS method

- Instantaneous power measurement
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3.5.1 Three-Phase V-l and P-Q Measurement Blocks

The Three-Phase V-1 Measurement block is provided inside the library of SimPow-
erSystems which should be connected in series with three-phase element then the block
can output the voltages and currents. In the dialog box it is also possible to choose the
measurement to be phase-to-phase voltage or phase-to-ground voltage, either in per unit
(pu) values or in volts and amperes [4].

oA Vabc [
Iabc>

o B a0
bﬂ

ac cn

Fig. 3.12 Three-phase V-1 measurement block

A complement for this block to output the active and reactive power is a 3-phase in-
stantaneous active and reactive power block which can be found in the extra library of
SimPowerSystems. This can compute the three-phase active and reactive power associ-
ated with a periodic set of three-phase voltage and currents. However its result for reac-
tive power is not accurate when the load is not balanced and voltages and currents have
harmonics [4].

> Vabc

PQ [

> Iabc

Fig. 3.13 3 phase active and reactive measurement

3.5.2 RMS method

The relationship between active power and rective power in 3-phase alternating
circuits can be expressed by
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P =3V,,I,cosqp

Q = 3Vanlgsing (3-5)

S=P2+Qz.

The RMS values of the currents and voltages can be calculated by the use of RMS
block which is available in the Extras/Discerete Measerments library. The block
measres the root mean spuare value of an instantaneous current or voltage which can
contain the fundamental, harmonic and DC components. The angle difference of voltage
and current which was obtained from the FFT block can be used for calculation of active
and reactive power. It should be noted that this method can only be used if at least either
the voltage or the current are sinusoidal.

3.5.3 Instantaneous power measurement

For a three-phase voltage and current the instantaneous active and reactive power
can be calculated as

D = Valg + Vpliptvcic

1 . o S ©-6)
q= \/_§ (e (ic — ip) + vp(ig — i)+ (ip — ig))-

The implementation of instantaneous power measurement is shown in Fig. 3.14.
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Fig. 3.14 Instantaneous power measurement
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The advantage of this method is that the result is always valid and its accuracy is not
dependent on the shape of neither the current nor the voltage.

In this thesis work, all mentioned methods have been used in the simulation chapter
to verify the correct measurement; however the illustrated results have been taken form
instantaneous power measurement method because of its high accuracy in all situations.
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4. Analysis Part

4.1 Simulations

To implement the generating system and analyse the system, SimPowerSystems
software which operates in the Matlab Simulink has been used. SimPowerSystem is a
tool which enables operators to build and simulate electrical power systems.

SimPowerSystems is an extension of MATLAB Simulink® for modeling and simu-
lating generation, transmission and consumption which provides different components
used in power systems.

The results of the SIMPLORER software is also used in this project. SIMPLORER is
a software program simulating electric circuits, control and mechanical components.
With SIMPLORER is possible to simulate complex power electronic and electrically
controlled systems. It is helpful to analyse complicated and large-scale systems from de-
tails to the whole system [14]

This chapter explains and analyses the results of the employed SimPowerSystems
models as well as the simulation.

4.1.1 Diode rectifier connected to voltage stiff

When a PMSG with a three-phase fixed magnitude voltage is connected to a DC
voltage through a diode rectifier, as in Fig. 4.1, the direction of current is always from
the PMSG to the grid. Besides, the magnitude of the DC link can be assumed constant
for a constant wind speed; so it is reasonable to consider the output of the diode rectifier
as a stiff voltage.

The transmitted power through the bridge is the production of currents and voltages.
Although there is no direct control over the current in the bridge, by controlling the DC-
link voltage, the current flowing from the PMSG to the DC source and consequently the
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control of power transmission becomes possible. Therefore the operation point of the diode
rectifier can vary from continues to discontinuous conduction mode.

Id

DI D2 D3
. N N Y
A ~NYY
QY
A Y R ———
v :
Ls
A Y
&
A~ &K K
D4 D3 D6

Fig. 4.1 Equivalent circuit of PMSG connected to the DC source voltage

The simulation shows that the electrical power is dependent upon the D'C voltage and in-
creasing DC voltage from zero to AC peak voltage can shift the operation point of the system
from CCM to DCM as well as change the electrical transmitted power, as shown in Fig. 4.2.
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Fig. 4.2 Output power of PMSG as function of DC-link voltage, maximum rotor speed
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Obviously, with diode rectifier only, a maximum of 2.5[MW] can be used. Due to this
fact, no more evaluations were done using this setup. In the following the behaviour of the
system in both DCM and CCM are investigated.

4.1.2 Operation of a Diode-rectifier in DCM

When the DC voltage is close to the peak AC voltage, the phase a current, i,, flows dis-
continuously and the diode rectifier operates in DCM. Then the equivalent circuit can be
simplified to Fig. 4.3. As shown in Fig. 4.4 the DC voltage is set to 6900 [V].

Ls Dp

YYD

AC@ = Vd

Ls Dn

M‘{]ﬁ

Fig. 4.3 Equivalent circuit for the diode bridge when D, and D, are conducting

The diode D, starts to conduct when the potential of phase a equals to ¥, and since the
voltage over the inductor Ls is positive, the current flowing through the inductor increases.
When the voltage over the inductor becomes zero the diode is still conducting since the diode
cannot cut the inductor current and it will block the negative voltage only if the current is ze-
ro. This causes a negative voltage over the inductor. Afterwards, the inductor current de-
creases since there is a negative voltage over the inductor until the current becomes zero (in
other words the negative voltage area equals positive voltage area).

Fig. 4.4 shows that when the phase voltage is positive, the current has two peaks accord-
ing to the line to line voltages

1. V>V,

2. VeV
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and the output DC current consists of six pulses during one period. The AC current and DC

current are shown in Fig. 4.5 for V,=6000 [V].
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Fig. 4.5 AC current (i,) and DC current (Iyigee), V=6000[V]

4.1.3 Operation of Diode-rectifier in CCM

A decrease on the DC voltage increases the phase-current. In other words, the AC current
can be assumed sinusoidal if the voltage difference between DC source and the peak AC
voltage is high enough, as in Fig. 4.6.

The diode D/ in Fig. 4.1 starts to conduct when the peak AC voltage for phase a is higher
than the DC voltage, so the current in phase a becomes positive. In the meantime, the diode
D3 is still conducting until the current in phase ¢ becomes negative. D5 is also conducting
during this period Therefore phase a and phase c¢ participate in the DC current. When the cur-
rent in phase ¢ becomes negative and accordingly D3 ceases to conduct the current, phase a
(DI) feeds the DC current. Afterwards, the diode D2 conducts the current as soon as the
phase b voltage becomes higher than the DC voltage although the diode D1 is still conduct-
ing. Thus during a period when the DC rectified current is the summation of the currents in
phase a, b, and c, then the equivalent circuit for the diode rectifier can be redrawn as in
Fig. 4.7.
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Fig. 4.6 Phase a current (dotted), DC current (cyan), phase b potential (dashed-dotted), and phase a to b potential
(blue) when ¥, =4300 [V]
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Fig. 4.7 Equivalent circuit for the diode rectifier system when the diode D1, DS, and D6 are conducting

The simulated current for this operation point is shown in Fig. 4.8.
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Fig. 4.8 3 phase currents and DC current

Then voltages and currents are:
Van = V sin(wt)
Vpp = V sin(wt — 27T/3)

Ven, = V sin(wt — 4”/3)
iy = Isin(wt —0)

i, = Isin(wt — 6 — 2”/3)

i. = Isin(wt — 0 — 4"/3)

34

\
183

@-1)

(4-2)



Chapter 4. Analysis Part
During the period D! is conducting, one can write
diy di,

Ubn _LSE"*_LSE_UWL =0 )

di, dip
Van — Ubn _LSE-F SE =V

These equations are valid when phase a current is at its maximum and D/ is conducting.

The phase a current is maximal atwt =0 + 2”/3. By solving the above equations at

wt =0+ 27T/ 3 for 6 and /, after some manipulations one gets [15]

diy di,
Ubn _LSE-FLSE_UCTL =0

Vsin(wt — 27/3) =V sin(wt — 47/5) - Lylw cos(wt — 6 — 27/5)
+ Lglw cos(wt — 6 — 4”/3) =0
V [2sin(""/3) cos(wt — m)] + Llw[—2sin(— " /3) sin(wt — 6 —7m)] = 0

—V/3V cos wt + V3 Lglw sin(wt — 0 — 1) = 0

wt =0+ 2”/3
[ = |4 as)ans 0 (4-4)
and from (4-3)
di, dip,

Van_Vbn_LsE‘i' Vd

e "
Vsin(wt) — Vsin(wt — 2“/3) — Lglw cos(wt — 0) + Lglw cos(wt — 6 — 21T/3) =V

V [2sin("/3) cos(wt — T/3)] + Lslw[~2 sin(—="/3) sin(wt — 6 — T/2)] = Vg
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V[V3cos(6 + /)] + Lslw [‘/5/2 = V4

V3V cos(8 + 1T/6)] =Vyq— \/§/2 Lglw

inserting / from (4-4)

2V, 4-5)
= -1 =
b = cos ( 3V )

The assumption of sinusoidal AC current is acceptable when the V is greater than V.
Equation (4-4) shows that when the DC voltage is 4300 [V] 6 is 45.74°. However, in the
simulation this angle is 48°, due to the angle difference made by the diode rectifier between
the phase current and the phase potential. Regarding this issue, the maximum power can be
transmitted when 6 equals to 48° and the DC voltage is set to 4300 [V], the power, and 6 are
shown in Fig. 4.9.
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Fig. 4.9 Power and theta angle (angle between back EMF and current), V,=4300 [/V]

By decreasing the DC voltage the peak of AC current increases as well as the 6 angle, as
in Fig. 4.10, and the AC current becomes more sinusoidal. But the phase v,, (phase potential)
and line v, (line to line voltage) decrease which are shown in Fig. 4.11.
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Fig. 4.10 Power and theta angle (angle between back EMF and current), V=2000 [V]
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Fig. 4.11 Currents and voltages when V,=2000 [V]
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It was explained before that the transmitted power is function of 8 as can be seen in (3-3),
since the angle difference between AC current and phase potential is small (2 to 3 degrees) it
can be assumed that 9 (the angle between voltages) is equal to J (the angle between current
and the reference voltage) Then the maximum power will be 2.5 MW. In Fig. 4.12, it can be

seen that the power increases by increase of @ angle and it reaches to its maximum at 48°,
then by further growth of 4 the power decreases.

3.0
e P(Theta)
S
2,
j -
[<3]
=
[
a
-20 0 20 40 60 80

Theta [degree]

Fig. 4.12 Output power as a function of theta, according to the simulation

Connecting the PMSG to a DC source through a diode rectifier causes harmonics and po-

tential at the neutral point. As it is depicted in Fig. 4.13 the phase to ground potential of AC
source is not sinusoidal.
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Voltage and current of the inductor
T T T T

- - - 1a [A/1000]

1.5 — Uab [Uab/4000] .

- = Uan [Uan/4000]
I bridge [A/1000]

Current and Voltage [P.U.]

1 1 1 1 1 1 1 1 1 1
1.815 1.82 1.825 1.83 1.835 1.84 1.845 1.85 1.855 1.86
Time [s]

Fig. 4.13 The effect of diode rectifier on the voltages and the currents

Voltages and currents

2 a [AT000] ‘ ‘ ‘ ‘
—— Uab [Uab/4000]
- =-Un [Un/4000]
1.5 — Vs [Us+Un/4000]
Us [Us/4000]

Current and Voltage [P.U.]

0.905 0.91 0.915 0.92 0.925 0.93 0.935 0.94 0.945 0.95 0.955
Time [s]

Fig. 4.14 The effect of Un on the growth of the current

The neutral potential is shown in Fig. 4.14 which boosts up the peak AC source voltage
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when D1 is conducting. When U, is at its maximum and D/ conducts the current rises rapidly

then U, goes to its minimum which reduces the rate of current growth, dashed red curve in
Fig. 4.14.

Now it is also possible to find an expression between the DC voltage and electrical power
The 3-phase electrical power on the generator side can be written

4-6
Peny = \/§Vemfl cos @ “4-6)

where V., is line-line RMS voltage and / is phase RMS current. It can be assumed that the
current goes to the diode rectifier is in phase with voltage.

“4-7)
Piiodge = @Vdiodeldiode

The sending and receiving power should be equal 0 Pepyr = Pgjoqe and then

4-8
Vaiode = emf COS @ *5)
with help of (3-3)

p= |Vemf||v}mf COS‘/’l i

49
0o 4-9)

It is assumed that the voltage and current of diode are in phase, thus ¢ = 6 and

p |Vemf||Vemf cos 9| si

(4-10)
X no

The 6 angle has been already calculated in (4-5), this leads to:

V2Vy
|% Vo ——— :
| emf| emf \/§Vemf ' [ _1< \/Evd >] 4-11)
P = sin | cos
X \/§Vemf
2
‘ 3 VemsVa [ ) ( V2V, >] (4-12)
P =——sin|cos™
X \/§Vemf
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(4-13)

The relation between electrical power and the DC voltage according to (4-13) is depicted
in Fig. 4.15. However the maximum power for P-ideal is a bit higher than the maximum
power from the simulation, as in Fig. 4.2, the result of equation (4-13) is according to the re-
sult from the simulation. In order to enhance the accuracy and obtain more realistic case, the
angle between V4. and 4. should be considered. This angle varies with ¥, and for this
case setup it is 3" (for the maximum power and optimal V,); then by further increase of V,
this angle is also increased. By inserting the Ohmic losses, the curve P2 is achieved which is
in accordance with the result in Fig. 4.2. Since the ratio of resistance in comparison with the

reactance of the machine is negligible both P/ and P2 are quite similar.

PMSG Power Output

300 ‘ ‘

= p-ideal[10'W]
- - -P1[10'W]

— P2[10°W] et Tl e

¢ Theta angle[Degree]

2501

200

1501

Power [104W]

=

o

S
T

50

-50 |
0

| | | | |
1000 2000 3000 4000 5000 6000 7000
Vd [V]

Fig. 4.15 Ideal output power (dashed-dotted), power with 3° phase angle between V gioqe and lgioqe (dashed),
more realistic power with 3" phase angle between V gioqe and lgioqe and Ohmic losses(solid)
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The analytical approach and the results from the simulation are presented in Fig. 4.16.
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Fig. 4.16 The results of analytical approach in comparison with the results from simulation

The angle between voltage and current is due to the inductance of the generator which can
be observed in simulation. Fig. 4.17 shows that in this case setup where V; and wind speed
are kept constant this angle varies by variation of the generator inductance.

6 T
e=V/-] angle

s =\ £
©
23 ——— I ———
(=]
e |
)
>

1

0

0 5 10 15
L [mH]

20

Fig. 4.17 Angle difference between voltage and current, rated operation V4=4300 [V], wind speed=12 [m/s]
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As it has been discussed before the output power is higher in P_ideal in comparison with
the simulation, due to the fact that the angle between the source voltage and receiving volt-
age, 0 is greater in the equation; subsequently higher power can be transmitted according to
(3-3).

The trend of P_realistic explains that by applying the mentioned angle difference (the
corrected 6) the analytical equation corresponds well to the simulations. This correction is ef-
fective when the DC voltage is less than 6000 [V], otherwise P_realistic will not follow the
simulation. Although P realistic is not required to follow P_simulation at every point, it is
possible to re-correct the 8 angle for the higher DC voltage.

4.2 Power transmission

In this part, the main idea is to look upon the DC-Link system and the output power which
can be transmitted to the network. It should be noted that the maximum transmitted power of
the PMSG connected to the diode rectifier is about 2.5 [MW]. Since the inductance of this
generator is 15.37 [mH] and consequently the peak current is 621 [A] according to (4-4) with
considering the stator resistance at rated wind speed and 4300 [V] DC voltage, extraction of 5
[MW] power from this generator is not possible.

Table 4-1 The result of simulation for the PMSG with diode rectifier for different wind speed

Wind speed

4 6 8 10 12 14 16 18 20 22 24
[m/s]

Rotor speed
444 1576 |746 |750 |750 |750 [750 |750 |750 |750 |750
[RPM]

V4[V] 100 | 445 |1265(2760|4300 | 4300 | 4300 {4300 | 4300 | 4300|4300
P [MW] 0.08 {0.36|1.01 [2.00 |2.47 |2.47 |2.47 |2.47 |2.47 |2.47 (247
Ipc [A] 824 | 812 |795 |724 |580 |580 |580 |580 (580 |580 |580

Vllangle g 1o 1o |1 I3 |3 |3 |3 (3 |3 |3
[degree]

Peak Line to
Line voltage | 100 |445 | 1265|2760 (4300 (4300 |4300 | 4300 |4300 |4300|4300

[V]
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%X?](peak) 850 1847 (832 1759 621 621 621 (621 (621 621 621

Table 4-1 presents the result of the diode rectifier simulation for the different wind speed.
As can be seen, the maximum DC current is 825 [A] at minume wind speed and the
maximum power can be extracted from the wind energy at 12 [m/s] win speed.

4.2.1 Series compensation

As already described, the power transfer capability depends on the inductance of the gen-
erator. By using a series capacitor, the imaginary part of the impedance of the generator seen
from the DC side can be reduced and the loading of the system can be increased. Therefore
this can increase the transmittable power in the system. Fig. 4.18 shows the increase in
transmittable power by decreasing the inductance of the system.

0.0 [ e, =122 mF
emmwpP (C=]37 mF
emmw P C=2 mF

5.0 e P No compensation

4.0

Power[MW]
(98]
(=)

g
o

1.0

0.0

0 1000 2000 3000 4000 5000 6000 7000 8000
vde [V]

Fig. 4.18 The effect of series compensation on power
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As already described, the transferred power depends on the inductance of the generator;
by using series capacitors the imaginary part of the impedance of the generator can be re-
duced and this enhances the transmittable power. The effect of series capacitors on increase
of power transfer can be expressed as

2

2V,2
| §Vemed d

1 —
3Vems”

(4-14)

pP=
X—X,

where X, is the inserted capacitanc.

Since the 1.45 [mF] capacitor provides the required rated power of the PMSG, as seen
inError! Reference source not found., it has been used for the simulation assuming all 3
phases to be equipped. The result of operating conditions for the whole system are reported in
Table 4-2.

Table 4-2 The effect of series compensation (C=1.22[mF]) on the PMSG with diode rectifier

Windspeed |, | 8 10 |12 |14 |16 |18 |20 |22 |24
[m/s]

Rotorspeed | 11 1576 746 |750 |750 |750 |750 750 |750 |750 |750
[RPM]

V4 [V] 45 1205 [570 |1150]3700 (3700|3700 |3700 |3700 3700|3700
P [MW] 0.08 (036 [1.01 |2 |51 |51 |51 |51 |51 |51 |51
Inc [A] 1800 | 1790 | 1779 | 1749 | 1394 | 1394 | 1394 | 1394 | 1394 | 1394 | 1394
V-Iangle 0 |0 07 |16 |38 [3.8 |38 [38 [3.8 |38 |38
[degree]

Peak Line to

[L\I,‘]e voltage | 45 505 [570 | 1150 |3700]3700|3700 | 3700|3700 | 3700 | 3700
Inc (peak) [A] | 1870 | 1865 | 1858 | 1829 | 1463 | 1463 | 1463 | 1463 | 1463 | 1463 | 1463
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There is an important relataion between the capacitor reactive power and its size and cost.
The reactive power of the capacitor is

Vius (4-15)
Q= II%MSXC = ;_M

c

In this case setup, the RMS current of the capacitor is 1035 [A], for 3700 [V] DC link
voltage and rated speed, then the reactive power provied by the capacitor is 2.8 [MVar].

4.2.2 Shunt compensation

The shunt compensation is a way to deal with voltage dip and stability enhancement on a
long transmission line. But in this project it can compensate the voltage drop on the induct-
ance of the PMSG, alternatively it boosts Vg in (4-8) to about V., moreover it can supply
the capacitive current. The shunt reactive compensation can increase the steady-state trans-
mittable power and it also acts as a filter for harmonics. However it is not as effective as se-
ries compensation for increasing the capability of the power transmission.

If the DC voltage is kept constant, by injecting the reactive current through the shunt ca-
pacitor the output power can be influenced; as shown in Fig. 4.19, it is possible to get 3.425
[MW] power by implementering 106 [uF] delta-connected capacitors.

4.0
@@=\ dc=4300 [V]
3.5
3.0
2.5

2.0

Power[MW]

1.5

1.0

0 100 200 300 400
C [uF]

Fig. 4.19 Shunt capacitor and electrical output power, maximum rotor speed

Fig. 4.20 shows the electrical power as a function of DC voltage for both with and without
shunt compensation. It can be seen that in order to get 5 [MW] power the DC voltage should
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be 7000 [V] while a shunt capacitor bank with C=106 [uF] is connected to system and the

DC voltage should be 8000[V] if C=80 [uF] is connected.

7.0
(=106 [uF]
6.0 s C=90[uF]
C=80[uF]
@ C=47[uF]
5.0

emm»No compensation

Power[MW]
&
S

et
=

2.0

1.0

0.0

\

0 2000 4000

6000

8000

Vdc [V]

10000

14000

SE=SL SEss

12000

16000

Fig. 4.20 Output power with and without shunt compensation

The simulation results with a 100 [uF] shunt capacitor for each-phase are reported in Ta-
ble 4-3 which shows that 5 [MW] power can be achieve at higher DC voltage (7000 [V])
while the DC voltage for series compensation is 4300 [V] to get the same output power. The
reactive power provided by 100 [uF] shunt capacitor is 1.06 [MVar] when the RMS line to

line voltage is 5790 [V].

Table 4-3 The effect of shunt compensation (C=100[uF]) on the PMSG with diode rectifier

Wind 4 |6 8 10 (12 |14 |16 |18 |20 |22 |24
speed [m/s]

Rotor

speed 444|576 |746 |750 [750 |750 |750 [750 |750 |750 |750
[RPM]
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V4 [V] 100 | 445 | 1265 |2760 | 7000 | 7000 | 7000 | 7000 | 7000 | 7000 | 7000
P[MW] |0.08]0.36 |1 22 (514 |5.14 |5.14 |5.14 |5.14 |5.14 |5.14
Inc [A] 824 [813 [805 |[801 |733 |733 [733 |733 |733 |733 |733
V-I angle
34 (83 [15.97(23.4 |37 (37 (37 |37 |37 |37 |37

[degree]

Peak Line

to Line 100 | 445 | 1265 |2760 | 7000 | 7000 | 7000 | 7000 | 7000 | 7000 | 7000
voltage [V]

%AAC](peak) 852 [858 (883 (934 992 992 [992 |992 992 [992 |992

4.2.3 Effect of core saturation

The inductance of the machine is determined by its dimentions and the material of which
it is formed. The B-H curve of the PMSG, seen in Fig. 4.21, shows that the inductance of the
machine varies with load; at full load operation the core of the PMSG becomes saturated
thereby the inductance of the PMSG decreases.

BH curve of the material
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Fig. 4.21 Magnetic flux density and magnetic field
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The reduction of the inductance causes the increase of phase current, consequently the
output power can increase more. However this reduction of inductance is valid just for the
case when the increase of current is so that the core becomes saturated.

In this work, since the core saturation happens in both, diode rectifier and IGBT converter
scenarios, thereby it is possible to compare two scenarios without considering the effect of
core saturation.

4.3 Loss determination

In the previous sections, the diode rectifier has been introduced with simulations using
models with ideal diodes. In this section, data for commercial diode modules provided in the
appendix are used.

The losses for both the diode rectifier and the IGBT rectifier are going to be studied and
compared. However, additional losses as losses in cables and losses for cooling are not in-
cluded in the loss calculation.

4.3.1 Diode losses

Diode losses consist of both conduction losses and switching losses. However, for the di-
ode rectifier the conduction losses are dominant and the switching losses can be neglected in
comparison with conduction losses; due to the natural commutation and after the fact that the
commutations occur at low frequency. The conduction losses can be calculated using the
forward voltage drop and current during the on-state period. The on-state characteristics for
the diodes are available in the data sheets. Then the conduction losses can be calculated as in
(2-5).

The forward voltage V;is shown in a graph as a function of forward current /; in the data
sheet which is depicted in Fig. 4.22.
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Fig. 4.22 Forward Characteristics of the diode at T=125C

The shown forward voltage in the diode can be estimated as

Vp = —2x 107617 + 4.6 x 10731, + 1.4124 +16)
The values for the constants in (4-16) can be obtained from the datasheet for the diode (as
seen in Fig. 4.22). Consequently, the conduction losses in the diode are then given by

Paioae = Vel = =2 x 107817 + 4.6 x 1073I¢ + 1.41241, 4-17)

Each diode module selected has the capability to conduct 1200 A current and block 6500
voltage. To handle the rated operation point and also to consider the safety margin, 8 diodes
in two parallel branches have been implemented in each leg of the diode rectifier, the diode
rectifier has 3 legs. Thus, the total loss of the diode rectifier with series compensation for the
rated speed and 3700 DC voltage will be 15.3 x 103[W].

However, in sections 4.3.4 and 4.4, it is explained that how the selection of equilibrium
DC link voltage can reduce the losses and increase the efficiency of the system for both shunt
and series compensations.
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4.3.2 1GBT-converter losses

The used IGBT module is the 6500V/750A ABB HiPak [16]. To get the desire voltage, 10
kV, 2.78 numbers of series and 1.66 parallel IGBT-modules are used which is a fractional
number [12].

As can be seen in Fig. 4.23, the switching losses are about 4 times higher than the conduc-
tion losses and the total losses of the IGBT-converter are 64.6 [kW] for wind speed higher
than 12 [m/s] [12].

70
60
0 /,
§' 40 Pcond_sum (W) .
ﬁ'h s Psw_sum (W)
g 30 == Total converter loss (W)
Q.8 20 ,‘/
10
~d d
v o
0 -
3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
Wind speed [m/s]

Fig. 4.23 Converter losses for a converter built up using the IGB module 6500V/750A, V4=10 [kV]

4.3.3 Generator losses

As was mentioned in Section 2.5.3 the main losses for the used PMSG in this work con-
sists of only copper losses and iron losses of the machine.

The Iron loss of the machine has been considered to be purely dependent on the speed,
according to (2-12). Therefore, it can be seen that in Fig. 4.24, the iron losses are the same for
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all three scenarios, No compensation, Series compensation, and Shunt compensation.

12000
10000 S ek — KK
8000 / — % = Iron loss No compensation —

6000 A Iron loss Shunt compention C=100 [uF]

N

P_loss [W]
)é\

— - - Iron loss Series compention C=1.22

, —
4000 % [mF], Vd=45 to 3700[V]
2000
0
3 8 13 18 23

Wind speed [m/s]

Fig. 4.24 Tron losses of the machine for different configurations

The simulation results with a 1.22 [mF] series capacitor for each-phase are reported in
Table 4-4 which shows that the effect of the series compensation on currents and voltages for
different wind speed and Table 4-5 presents the simulation results of the shunt compensation.
Accordingly, the machine copper losses can be calculated for these cases.

Table 4-4 The eftect of series compensation (C=1.22[mF]) on currents and Vpc with diode rectifier

Wind

4 6 8 10 |12 14 16 |18 20 |22 24 |25
speed

Power 0.08 |0.36 |1.01 |2 51 |51 |51 |5.1 51 |51 5.1 |51

Vpc[V] 145 200 |570 |1130(3700 |3700 3700|3700 [3700 3700 |3700 3700

Iac (Peak) | 1864 | 1865 | 1850|1828 | 1463 | 1294 | 1294 | 1294 | 1294 | 1294 | 1294|1294

Irms [A] 13201319 1308|1294 | 1035 | 1035 | 1035|1035 |1035 |1035 |1035|1035
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Table 4-5 The effect of shunt compensation (C=100[uF]) on currents and Vpc with diode rectifier

Wind 4 |6 8 100 (12 |14 |16 |18 |20 |22 |24 |25

speed

Power |0.08 036 |[1.01 |2 |51 |51 |51 [51 |51 |51 |51 |5.1

Voc[V] | 100 [445 1265|2760 |7000 |7000 | 7000 | 7000 | 7000 |7000 | 7000 | 7000
Inc (Peak) | 852 |858 [883 (934 [992 [992 {992 |992 992 [992 (992 |992
Iams [A] 602 |606 |622 |654 |700 [700 |700 |700 [700 |700 |700 |700

Fig. 4.25 shows that the copper losses in Shunt compensation scenario increases by rais-
ing the wind speed, due to the increase of current in the stator winding. Series compensation

increases the current flowing in the stator windings, as can be seen in Table 4-4, due to reduc-
ing the effect of machine inductance; therefore in this setup with 3700[V] DC link voltage,
Series compensation has the highest copper losses.

250

200

e Copper loss Series compention C=1.22
[mF], Vd=45 to 3700[V]

150

e Copper loss Shunt compention C=100 [uF]

Pcy [kW]

== Copper loss No compensation

100

50

-—-—<

13

Wind speed [m/s]

18

23

Fig. 4.25 Copper losses of the machine for different configurations
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However, in Series compensation, the copper losses at higher wind speed and higher
power decreases with increasing the voltage, the series compensation with this operation
point (Vpc=3700[V]), very high copper losses, is impractical.

Since, the No compensation case cannot provide SMW output at rated operation, this case
can be compared to the other cases up to 10[m/s] wind speed while all cases provide 2 MW
power. It is clear that the series compensation scenario with higher copper losses has the
maximum total machine losses for the investigated PMSG, as can be seen in Fig. 4.26.

250 I I
e Series compention C=1.22 [mF],
Vd=45 to 3700[ V]
200 . e Shunt compention C=100 [uF] |

e e No compensation

—_
W
(e

IDmachine [k\N]
~

—_
(=]
(=]

——

0 5 10 15 20 25
Wind speed [m/s]

Fig. 4.26 Total machine losses for different configurations with diode rectifier

It is noticeable that the machine losses shown in the figure are too high and it is crucial to
find a way to reduce the losses; otherwise the production will not be beneficial.

The generator losses, for the IGBT-converter scenario, for different wind speed and dif-

ferent DC link voltage are shown in Fig. 4.27 [12]. It can be seen that the copper losses are
much higher than the iron losses in the machine.
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Fig. 4.27 Machine losses for different wind speed and different DC link, IGBT-converter

4.4 Equilibrium DC voltage and losses

For each wind speed as well as each case setup, there is a specific P-V; curve which
shows the power can be extracted from the wind energy. For each curve and the desired pow-
er, there are two equilibrium DC voltages, as can be seen in Fig. 4.28, for Series compensa-
tion scenario at rated wind speed with SMW output power. The illustrated figure is obtained
form (4-14).

As was explained, No compensation cannot give the rated power of the PMSG, the solid
red curve. For the other cases in Fig. 4.28, there are two choices for selection of the DC volt-
ages; for example for P4, the blue dashed curve, SMW power can be achieved at 1600V as
well as 5900V DC voltages.
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Fig. 4.28 Different DC voltage for SMW output power, series compensation model

To explain that how the selection of DC voltages is important, the total machine losses
(Fig. 4.26) should be redrawn for different DC voltages. Fig. 4.29 shows the that the series

|
2000

| |
3000 4000
Vd [V]

compensation with higher DC voltage has less power losses.

The solid blue curve, in Fig. 4.29, has the lower DC link voltage and higher power losses.
For this curve, the DC voltage increases from 45V to 3700V when the wind speed rises from

|
5000

|
6000

7000

4[m/s] to 12[m/s]. The DC voltage remains constant for the wind speed higher than 12[m/s].

Nevertheless, the solid red curve shows the machine power losses for the higher DC link
voltage. The DC voltage is 4005[V] for the 4 [m/s] wind speed and it reaches to 6300[V] at
8[m/s] wind speed then for the rated operation at 12[m/s] wind speed the DC voltage changes
to 5650[V]. The result clarifies that with higher DC voltage it becomes possible to have less
power losses due to the reduction of the stator current by increasing the voltage and this mat-

ter applies to all three cases, as will be shown in Section 4.5.
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Fig. 4.29 Total machine losses for different DC voltages

Table 4-6 The effect of DC link voltage on the current and reactive power, series compensation

Low voltage High voltage | Low voltage | High voltage | Low voltage | High voltage

Load 100% |5% |100% |5% |100% |5% |100% |5% |100% |5% |100% |5%
C 0.000890785 0.001080832 0.001209897

Xc 3.6 59 |3.6 59 |29 49 2.9 49 2.6 44 |2.6 44

Ia RMS 2000 |2300|679 55 1368 | 1538|713 51 1068 |1179|759 54

Vdc 1700 90 5700 |4055(2700 | 125 |[5300 [4030(3500 |1560|4900 |4025
Q[MVar] 14.3 31.3|11.65 |0.02 |551 |11.5|1.50 |0.01 [3.00 |10.6 [1.52 |0.01
P 5 025 |5 025 |5 025 |5 025 |5 025 |5 0.25
Wind

speed 12 45 |12 45 |12 45 |12 45 |12 45 |12 4.5

[m/s]

Rotor

speed 750 453 | 750 453 |750 453 750 |453 |750 |453 |750 |453
RPM
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The results of simulation for different equilibrium DC voltages and different series capaci-
tances are reported in Table 4-6 which shows the required reactive power for various opera-
tion points as well as RMS currents. As can be seen, for none of the cases, working on the low
voltage side is a good choice; not only are the currents too high, the required reactive powers
are also considerably big. Therefore, the operation points should be selected from the high
voltage columns. Considering the resonance band as well as low RMS current, the DC voltage
of 5300[ V] for full load operation and 4030[ V] for 5% of load can be good choices.

The same scenario happens for the shunt compensation and the shunt compensation has
the high DC link voltages and high required reactive power in comparison with the series
compensation, as presented in Table 4-7.

Table 4-7 The effect of DC link voltage on the current and reactive power, shunt compensation

Low voltage |High voltage | Low voltage High voltage
Load 100% | 5% 100% | 5% 100% | 5% 100% | 5%
C 0.000106 0.00009
Xc 30 50 30 50 35 59 35 59
Ia RMS 715 600 | 681 147 | 677 604 588 125
Vde 6600 [320 |12500 |5022 [6840 |310 10000 | 4850
Q[MVar] 1.451 |0.002 {5.203 [0.507 | 1.323 ]0.002 |2.827 |0.402
P 5 025 |5 025 |5 0.25 5 0.25
Wind speed

12 4.5 12 4.5 12 4.5 12 4.5
[m/s]
Rotorspeed 1750 453 |750 [453 |750 |453 |750  |453
RPM

A worthy operation point for shunt compensation can be C=90[uF] with High voltage
column, due to reasonable current, DC voltage and reactive power. However, it is noticeable
that the maximum required reactive power in the shunt compensation case (2.8MVar) is
higher for the than series compensation case (1.5MVar).
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Chapter 4. Analysis Part
4.5 Diode rectifier vs. active rectifier

In this chapter the two main scenarios have been compared. Scenario one is the PMSG
connected to the diode rectifier which includes 3 approaches, No compensation, Series com-
pensation, and Shunt compensation. Scenario two is the PMGS converter connected to the
IGBT-converter for DC link voltage of 10 [kV]. This DC voltage has been chosen since this is
the suitable DC-link voltage for the system with active rectifier and it has both lower on-state
and switching losses in the IGBTs [12]. For the series compensation at rated operation

(V;=5650[V]) and at 6[m/s] wind speed (V,=5080[V]) the currents flowing in a diode module
are depicted in Fig. 4.30.

Current of Diodes
T T

500 f

400

300

Current [A]

100

1 1 1 1 1 1 1 1 1 1
3.76 3.77 3.78 3.79 3.8 3.81 3.82 3.83 3.84 3.85 3.86
Time [s]
a) Conduction current of a diode at full load

Current of Diodes
T T

Current [A]

—10

8 3.81
Time [s]

b) Conduction current of a diode at 5% of load
Fig. 4.30 Conduction current of one diode module

59



Chapter 4.Analysis Part

The total power loss of the diode rectifier is the average value of the instantaneous power
of 24 diode modules. Then, according to (4-17), conduction losses of the diode rectifier can
be calculated.

Fig. 4.31 depicts the instantaneous power losses in one diode for the series compensation
at full and 5% of load operation.

Diode conduction losses
T T T T

P ™ |
inst

1400

1200

Power[W]
@
38

1 1 1 1 1 1 1 1 1
38 381 3.82 3.83 3.84 3.85 3.86 3.87 3.88 3.89 39
Time [s]

a) Instantaneous and average power for one diode at full load

Diode conduction losses
T T

i i
3.8 3.82 3.88 3.9

Time [s]

b) Instantaneous and average power for one diode at 5% of load
Fig. 4.31 Diode conduction losses
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Chapter 4. Analysis Part

It can be seen in Fig. 4.32 that the losses of the IGBT-converter are much higher than the
diode rectifier. The most dominant losses belong to the switching losses. It should be noted
that all losses have been reduced for the diode rectifier cases by using the higher equilibrium
voltages.

70

60 /

IGBT-converter

= = = Series compention C=1.2 [mF] lower
voltage

No compensation, higher voltage

==@== Series compention C=1.1 [mF] higher
voltage

e« Shunt compention C=90 [uF], higher
30
Voltage

@ @ ® @ =0

$ o anmms o ammms ¢ ammms o e

15 20 25
Wind speed [m/s]

Fig. 4.32 Diode rectifier losses and IGBT-converter losses

As can be seen in Fig. 4.33, the diode rectifier and the IGBT-converter have an influence
on the machine losses. The diode rectifier with series compensation causes higher losses in
the machine; since the stator current is higher with series compensation. 90[uF] capacitance is
selected for the shunt compensation and for each equilibrium point the higher DC voltage is
set for the DC link voltage. The results show that the shunt compensation has the lowest total
machine losses at rated operation. However, for the wind speed lower than 11[m/s], the series
compensation case has the lowest total machine losses. At low wind speed the current fre-
quency is low; accordingly, the shunt reactance is lower than for the rated operation. Subse-
quently, for the shunt compensation case the angle between voltage and current is about
—80"degree which causes higher power losses for low wind speeds.
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Fig. 4.33 The impact of IGBT-converter and diode rectifier on the machine losses, for the series compensation
V4=5650[V], for the shunt compensation V4=10[kV] at the rated wind speed
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Fig. 4.34 Total losses for the diode rectifier with C=90[uF] for shunt compensation, C=1.1[mF] for series com-
pensation, and IGBT converter with V4= 10 [kV]
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The total losses which are the summation of losses in the machine and the rectification
methods are presented in Fig. 4.34. As can be seen the diode rectifier with series compensa-
tion has the lowest power dissipation for the wind speed lower than 11{m/s] and at full load
operation the shunt compensation has the lowest losses.

Nevertheless, the IGBT-converter has lower machine losses for the wind speed higher
than 12 [m/s], because of the controlling the stator current, the growth of IGBT-converter
losses severely increases the total losses at the rated operation.

The efficiencies of different scenarios as a function of wind speed are depicted in
Fig. 4.35. As was expected from total losses figure, the series compensation case is more ef-
ficient for wind speed lower than 11[m/s] and the shunt compensation model has a better ef-
ficiency for wind speed higher than 12[m/s].
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Fig. 4.35 Efficiency variations with wind speed
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The efficiency and losses of the series compensation, the shunt compensation and the
IGBT-converter for full load operation as well as 5% of load are presented in Table 4-8.

Table 4-8 Efficiency and losses of the diode rectifier vs. active rectifier

Total power losses | loss% Efficiency at 5% | Efficiency at

of load 100% of load
Series compensation 68015 1.36 97.3 98.64
Shunt compensation 53846 1.08 95.25 98.92
IGBT converter 118047 2.36 92.97 97.63
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Chapter 5

5. Conclusions

5.1 Results from present work

In this thesis work, it is shown and thoroughly explained how it is possible to use a
diode rectifier for an investigated 5 MW permanent magnet synchronous generating sys-
tem for a wind turbine to be connected to an HVDC collection grid. The system simula-
tion has been carried out in SimPowerSystems. As it can be seen in Chapter 3, the
PMGS dynamic model matches the investigated machine. The simulated system in
SimPowerSystems and Simplorer verifies that the design of diode rectifier with full
bridge converter is a good option for wind applications.

An analytical method for calculating the relation between electrical power and the
voltage of the DC-link has been proposed in Chapter 4. The theoretical analysis has
been confirmed by simulation results. The proposed method allows finding a suitable
DC-link voltage to extract the available maximum power of the generator.

In order to obtain the desired electrical power, with a diode rectifier, reactive power
compensation is needed. The result found was that series compensation can be the best
chose to get the full rated power of the generator and also have low total losses.

The shunt compensation scenario requires higher reactive power (2.8MVar) in com-
parison with the series compensation scenario for the same output power (SMW).

Two compensating methods, series compensation and shunt compensation, to extract
the full rated power of the generator have been simulated and compared with the IGBT-
converter scenario.

The effect of equilibrium DC voltage on the system has been investigated and the re-
sult verifies that the higher DC voltage decreases the losses in machine and the rectifier,
as well as reducing the required reactive power.

The advantages and disadvantages of a diode rectifier and an active rectifier have
been discussed, and a conclusion is that the losses in both rectifiers are considerable.
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Conclusions

The total losses with the diode rectifier with series compensation as well as shunt com-
pensation are 1.36% and 1.08% while the total losses with the active rectifier (IGBT-
converter) is 2.36% at rated wind speed (12 [m/s]).

The series compensation method has better efficiency (99.86%) at low wind speed and
the shunt compensation method has better efficiency (98.93%) at high wind speed.

5.2 Future work

The main focus of the thesis has been on the behaviour of the system, the voltage
and the current wave forms, and the comparison of different configurations. The verifi-
cation of the PMSG model in SimPowerSystem with Simplorer and analytical model
has been fulfilled. It can be of interest to expand the work by assigning some filters and
connecting the diode rectifier to a DC/DC converter.

In order to have more full-covering result of the efficiency of the system, it could be
interesting to investigate the losses in the cables and thermal losses in the rectifier.

It is also possible to study the best combination of series and shunt compensation for
such a system.

In this work, it is assumed that the temperature is always 20°C, for further investiga-
tion the effect of temperature rise, the need of cooling system and the impact of temper-
ature on the efficiency can be of interest.

The annual energy losses can be integrated and the result will be useful to show the
annual energy yield of the system.

In this project, it is assumed the wind speed is constant for each operation point.
Hence, the future work can be done with the consideration of variation of wind speed as
well as a design of a control system for current and torque control.

Finally, a cost study of the system can be evaluated and the result can be compared
with an IGBT-converter scenario and EMSG (Electrically Magnetized Synchronous
Generator).
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Machine Data

PERMANENT MAGNET SYNCHRONOUS GENERATOR DESIGN

GENERAL DATA

Rated Output Power (kW): 5000
Rated Voltage (V): 4800
Number of Poles: 8
Frequency (Hz): 50
Frictional Loss (W): 0
Windage Loss (W): 0
Rotor Position: Inner
Operating Temperature (C): 75

STATOR DATA

Number of Stator Slots: 24
Outer Diameter of Stator (mm): 1100
Inner Diameter of Stator (mm): 757.9
Top Tooth Width (mm): 59.9173
Bottom Tooth Width (mm): 53.6687
Skew Width (Number of Slots): 0
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Length of Stator Core (mm):
Stacking Factor of Stator Core:
Number of Parallel Branches:
Number of Conductors per Slot:
Average Coil Pitch:

Number of Wires per Conductor:
Wire Diameter (mm):

Slot Area (mm”2):

Net Slot Area (mm”2):

Stator Slot Fill Factor (%):

Coil Half-Turn Length (mm):

ROTOR DATA
Minimum Air Gap (mm):
Inner Diameter (mm):
Length of Rotor (mm):
Stacking Factor of Iron Core:
Polar Arc Radius (mm):
Mechanical Pole Embrace:
Electrical Pole Embrace:
Max. Thickness of Magnet (mm):

Width of Magnet (mm):

945
0.95

2

44

2

1

9.266
6759.14
6190.79
61.0227

1323.43

400.4
945

0.95
195.95
0.7
0.596409
28

197.067
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Type of Magnet:

Magnetic Shaft:

PERMANENT MAGNET DATA
Residual Flux Density (Tesla):
Coercive Force (kA/m): 838
Maximum Energy Density (kJ/m”3):
Relative Recoil Permeability:
Demagnetized Flux Density (Tesla):
Recoil Residual Flux Density (Tesla):

Recoil Coercive Force (kA/m):

MATERIAL CONSUMPTION
Armature Copper Density (kg/m”3):

Permanent Magnet Density (kg/m”3):

Armature Core Steel Density (kg/m”3):

Rotor Core Steel Density (kg/m”3):
Armature Copper Weight (kg):
Permanent Magnet Weight (kg):
Armature Core Steel Weight (kg):
Rotor Core Steel Weight (kg):

Total Net Weight (kg):
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NdFe30

No

11

230.45
1.0446
0.647015
1.1

838

8900
7550
7700
7700
838.741
271.133
2329.36
1758.83
5198.06



Armature Core Steel Consumption (kg):

Rotor Core Steel Consumption (kg):

STEADY STATE PARAMETERS
Stator Winding Factor:
D-Axis Reactive Reactance Xad (ohm):
Q-Axis Reactive Reactance Xaq (ohm):
D-Axis Reactance X1+Xad (ohm):
Q-Axis Reactance X1+Xaq (ohm):
Armature Leakage Reactance X1 (ohm):
Zero-Sequence Reactance X0 (ohm):
Armature Phase Resistance R1 (ohm):

Armature Phase Resistance at 20C (ohm):

NO-LOAD MAGNETIC DATA
Stator-Teeth Flux Density (Tesla):
Stator-Yoke Flux Density (Tesla):
Rotor-Yoke Flux Density (Tesla):
Air-Gap Flux Density (Tesla):

Magnet Flux Density (Tesla):

Fundamental Induced RMS Line Voltage (V):

THD of Induced Voltage (%):
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8410.02

3376.57

0.866025
2.92968
2.92968
4.83054
4.83054
1.90086
0.394111
0.0374772

0.030828

1.78945
1.64989
0.614729
0.966052
0.87569
5032.09

11.0593



Cogging Torque (N.m):

FULL-LOAD DATA
RMS Line Current (A):
RMS Phase Current (A):
RMS Phase Voltage (V):
Armature Thermal Load (A”2/mm~3):
Specific Electric Loading (A/mm):
Armature Current Density (A/mm”2):
Frictional and Windage Loss (W):
Iron-Core Loss (W):
Armature Copper Loss (W):
Total Loss (W):
Output Power (W):
Input Power (W):
Efficiency (%):
Apparent Power (VA):
Power Factor:
Synchronous Speed (rpm):
Rated Torque (N.m):
Power Angle (degree):

Maximum Output Power (W):
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177.89

742.962
742.962
2771.18
90.7613
16.4755
5.50886

0

9883.42
62061.4
71944.8
5.00152e+006
5.07346e+006
98.5819
6.17663e+006
0.809748

750

64597.3
70.0171

5.31863e+006



Short Circuit Current (A): 641.93

TRANSIENT FEA INPUT DATA

For Armature Winding:

Number of Turns: 176

Parallel Branches: 2

Terminal Resistance (ohm): 0.0374772
End Leakage Inductance (H): 0.000393811

2D Equivalent Value:

Equivalent Model Depth (mm): 945
Equivalent Stator Stacking Factor: 0.95
Equivalent Rotor Stacking Factor: 0.95
Equivalent Br (Tesla): 1.1
Equivalent Hc (KA/m): 838
Estimated Rotor Inertia (kg m”"2): 231.295
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VRRM = 6500V

- = 2x600A ABB HiPak™

DIODE Module
X 2 5SLD 0600J650100

Doc. No. 5SYA 1412-00 Aug. 10

Low-loss, rugged SPT diode

Smooth switching SPT diode for
good EMC

Industry standard package
High power density

AISiC base-plate for high power
cycling capability

AIN substrate for low thermal
resistance

Maximum rated values »

Parameter Symbol | Conditions min | max | Unit
\F/z(;aIF;gtiEt:ive peak reverse Ve 6500 | Vv
DC forward current I 600 A
Peak forward current lerm t, = 1ms 1200 | A
Total power dissipation Piot T. =25 °C, per diode 4760 | W
Surge current lesm ?:R::]-g \rgs-l,—v%;lf%szii;vcvéve 6000 | A
Isolation voltage Visol 1 min, f=50Hz 10200| V
Junction temperature Ty 125 | °C
Junction operating temperature Toitop) -40 | 125 | °C
Case temperature Te -40 125 | °C
Storage temperature Tsig -40 125 °C

Y Maximum rated values indicate limits beyond which damage to the device may occur per IEC 60747

ABB Switzerland Ltd, Semiconductors reserves the right to change specifications without notice.
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Diode characteristic values 2

5SLD 06003650100

Parameter Symbol | Conditions min | typ | max | Unit
T;= 25°C 3.2 | 3.8
Forward voltage ? Ve Ie =600 A V
T,=125°C 34 | 40
. T,= 25°C 6
Continuous reverse current Ir Vg = 6500 V mA
T,;=125°C 35 75
Reverse recovery current I Ty= 25°C 790 A
y " | Ve =3600V, Ty =125 °C 990
I =600 A
' T,= 25°C 700
Recovered charge Qn Ve =#15V, 4 - uc
di/dt = 2500 A/ps T,;=125°C 1200
Reverse recovery time t s - 280 ni Ty= 25°C 1700 ns
v \ i i i
Y " 'Sr:gi‘t’;t]'_v e load, Ty =125 °C 2200
T;= 25°C 1100
Reverse recovery energy Erec mJ
T,;=125°C 2200
Module stray inductance Ls ac per diode 36 nH
. . . . Tc= 25°C 0.2
Resistance, terminal-chip Ran+cc | per diode mQ
Tec=125°C 0.3
2 Characteristic values according to IEC 60747 — 2
Forward voltage is given at chip level
Thermal properties
Parameter Symbol | Conditions min | typ | max | Unit
Diode thermal resistance
junction to case Ring-opiope 0.021) KW
Diode thermal resistance ° . . _ «
case to heatsink Rinc-sypiope | diode per switch, | grease = 1IW/m* K 0.018 K/W
Mechanical properties »
Parameter Symbol | Conditions min | typ | max | Unit
Dimensions L*W *H | Typical , see outline drawing 130*140* 48 mm
Clearance distance in air d according to IEC 60664-1 | Term. to base:) 40 mm
? and EN 50124-1 Term. to term: | 26
Surface creepage distance d according to IEC 60664-1 | Term. to base:) 64 mm
pag ® and EN 50124-1 Term. to term: | 56
Comparative tracking index CTI 3 600
. Mg Base-heatsink, M6 screws 4 6
Mounting torques - - Nm
Mgy Main terminals, M8 screws 8 10
Mass m 1150 g

4 Thermal and mechanical properties according to IEC 60747 — 15
® For detailed mounting instructions refer to ABB document no. 5SYA 2039 - 01

ABB Switzerland Ltd, Semiconductors reserves the right to change specifications without notice.
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5SLD 06003650100

Electrical configuration
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Outline drawing ®
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Note: all dimensions are shown in mm

® For detailed mounting instructions refer to ABB document no. 5SYA 2039 - 01

This is an electrostatic sensitive device, please observe the international standard IEC 60747-1, chap. IX.
This product has been designed and qualified for industrial level.

ABB Switzerland Ltd, Semiconductors reserves the right to change specifications without notice.
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Fig.1  Typical reverse recovery characteristics Fig.2  Typical reverse recovery characteristics
vs forward current vs di/dt
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Fig. 3  Typical diode forward characteristics, Fig.4  Safe operating area diode (SOA)

chip level
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Analytical function for transient thermal
impedance:
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Fig.5 Thermal impedance vs time

For detailed information refer to:
- 5SYA 2042 Failure rates of HiPak modules due to cosmic rays
5SYA 2043 Load — cycle capability of HiPaks
5SYA 2045 Thermal runaway during blocking
5SYA 2058 Surge currents for IGBT diodes
5SZK 9120 Specification of environmental class for HiPak
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