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A LOW VOLTAGE RIDE THROUGH SYSTEM FOR A YARIABLE

SPEED WIND TURBINE HAVING AN EXCITER MACHINE AND A

POWER CONVERTE_R NOT CONNECTED TO THE GRID

1. Background of the invention
Field of the invention
[1] Methods and apparatuses consistent with the present invention relate to
the field of variable speed wind turbines, and more particularly, to a vanable
speed wind turbine comprising a doubly fed induction generator (DFIG), an
exciter machine, an intermediate static converter not connected to the grid and
a control system to keep the doubly fed induction generator connected to the
grid during a low voltage event, and a method implementing the same.
Description of the related art
[2] In the last few years, wind power generation has increased
considerably worldwide. For this reason, grid regulation companies have
modified wind turbine electrical grid connection specifications in order to
avoid disconnecting a wind turbine from the grid when a low voltage event or
some kind of disturbance occurs in the grid. Thus, other new requirements are
demanded of the wind turbines with respect to their contribution to the gnd’s
stability when voltage disturbances occur.
[3] Normally, when a grid fault occurs in a doubly fed system, the over-
current converter protection switches-off the converter. This protection is

activated because the rotor current cannot be regulated by the rotor side
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converter due to the short circuit which occurs in the stator side of the doubly
fed generator. However, this switching disabling is not enough to protect the
system because the rotor current flows thorough the converter diodes to the
DC Bus circuit, increasing the DC BUS Voltage. This over voltage could
damage the converter components. For this reason, the rotor is short circuited
and the stator of the generator is disconnected from the grid. This type of
control has been implemented in doubly fed wind turbine systems until
recently. However, the growth of wind power generation is forcing the
creation of new grid code specifications, so the wind power generation must
adapt to these new requirements. These requirements are focused on two main
points: no disconnection of the wind turbine from the grid and the wind
turbine’s contribution to the grid stability.

[4] Many solutions have been developed by the different wind turbine
manufacturers in order to satisfy the new grid code requirements. Some of
these solutions are &escribed in the following documents:

-  US 6,921,985: This document shows a block diagram where
the inverter is coupled to the grid. An external element from the
converter like a crowbar circuit is coupled with the output of
the rotor of the generator. This crowbar circuit operates to
shunt the current from the rotor of the generator in order to

protect the power converter when a grid fault happens and to

keep the system connected to the gnid.
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- US 2006/016388 Al This document shows a block diagram
where the inverter is coupled to the grid. An external element
from the converter like a crowbar circuit is connected to the
rotor of the generator. This crowbar circuit is used to
electrically decouple the converter from the rotor windings
when a low voltage event occurs.

- US 7,102,247: This document shows two block diagrams with
different configurations. Both of them show a converter
connected to the gnd (V 1, V2, and V3). Two external elements
are connected in order to maintain the system connection to the
orid when a grid fault occurs. In this document, a crov;lbar
circuit with resistance is shown and some extra elements are

included in thé BUS system. These additional elements are
activated when a grid fault occurs.

- WO | 2004/098261: This document shows a block diagram
where a converter is connected to the grid. This document
shows the crowbar circuit connected to the BUS system. This
crowbar circuit is activated when the BUS voltage rises after a
low voltage event.

(5] However, every solution developed and described in these documents
and in other documents such as W02004/040748A1 or WO2004/070936A1
has a common feature: all the solutions include power electronic converters

directly connected to the grid. This feature is the source of a very important
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issue when a transient voltage occurs in the grid. As will be -.explained, this
grid side converter presents a functional limitation when a fault occurs,
because the grid side converter is going to operate with a reduced grid voltage
(depending on the grid fault), so its energy evacuation capacity is reduced.
Currently, when a gnd fault occurs, the generator demagnetizing energy 1is
sent to the BUS and due to-the gnd side converter limitation, the BUS voltage
rises and could damage converter components. For this reason, these solutions
include some extra elements connected mainly to the rotor or BUS system.
These extra elements absorb the generator demagnetizing energy when a gnd
fault occurs 1in order to keep the wind turbine connected to the grid and, thus,
satisfy the new grid code specifications. All these elements are normally
formed from a combination of passive elements, like resistors, and active
elements, like switches.

[6] In these types of solutions, every disturbance or fluctuation occurring
in the grid directly 'affects the grid side converter, so its current limitation
implies that the performance of the wind turbine during a grid fault is not
completely optimized.

2. Summary of the Invention

[7] Exemplary embodiments of the present invention described here
overcome the above disadvantages and other disadvantages not described
above. Also, the present invention is not required to overcome the
disadvantages described above, and an exemplary embodiment of the present

invention may not overcome any of the problems described above.
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Accordingly, in the exemplary embodiments described here, the performance
of the wind turbine during grid faults is optimized because there are no power
electronics connected to the grid. The present system with an exciter machine,
guarantees that the exciter side converter works every time with a stable
voltage.

[8] A control method to maintain the doubly fed generator connected to

the grid when a grid fault occurs is provided. The exemplary embodiments

described here are based on the topology described in US application number
11/477.,593, which is herein incorporated by reference. The method described
here does not need any extra elements and uses an exciter machine to convert
the electrical energy (due to the generator demagnetizing) into mechanical
energy.

[9] Furthermore, a system is described here which uses an exciter machine
as a power supply to generate different stable supplies.

[10] According to‘ one aspect of an exemplary embodiment described here,
there is provided a variable speed wind turbine with a doubly fed induction
generator, having at least one or more blades, one or more generators, one or
more exciter machines coupled to the drive train, one or more power
electronic converters joined by a DC link Bus with one of the AC sides of the
converter connected to the rotor circuit of the doubly fed induction generator,
and the other AC side connected to the exciter machine, for controlling
voltage disturbances or grid faults in order to keep the wind turbine connected

to the gnd.
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[11] According to this topology, power electronics are not connected to the
grid. Thus, power is only delivered to the grid through the stator of the doubly
fed induction generator and voltage disturbances do not directly affect the
exciter side converter. |

[12] According to this aspect, the generator demagnetizing energy is re-
circulated through the power electronics and converted into mechanical power
through the exciter machine when a grid fault occurs. The exciter machine
transforms the electrical energy into kinetic energy during a low voltage event.
So, the main control unit commands the two power electronic converters, by
controlling the rotor currents on one side of the converters and the exciter side
currents on the other side of the converters, establishing that rotor currents
flow to the exciter machine during a low voltage event and converting this
energy into Kinetic energy.

[13] Another aspect provides that the exciter machine side converter
operates at any time with a stable voltage, so all the power capacity of the
converter is kept during voltage disturbances. To the contrary, thé majority of
recent solutions have a grid side converter having a power capacity that is
limited to the grid residual voltage. So, within the present invention the
performance of the variable speed wind turbine may be improved considerably
during voltage disturbances.

[14] Another aspect is using the exciter machine voltage as a power supply
to provide power to the different elements of the variable speed wind turbine,

once the system reaches a minimum speed. A feature of this system is that
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such a power supply is absolutely independent of the grid. Therefore,
disturbances occurring in the grid do not affect this power supply.
[15] It is to be understood that both the foregoing general description and
the following detailed description are exemplary and explanatory only and are
not restrictive of the invention, which is defined by the claims.

3. Brief Description of the Drawings.
[16] The incorporated drawings constitute part of one or more exemplary
embodiments of the invention. However, they should not be taken to limit the
invention to a specific embodiment. The invention and its mode of operation
will bé more fully understood from the following detailed despription when
taken with the incorporated drawings in which like reference numerals
correspond to like elements.
Figure 1: Illustrates a circuit diagram for a variable speed wind turbine having
an exciter machine and a power converter that is not connected to the gnd,
according to one exemplary embodiment.
Figuré 2: Illustrates one implementation of a circuit diagram for a variable
speed wind turbine having a conventional topology where a power converter is
connected to the grd.
Figure 3: Illustrates the electrical equivalent circuit of an asynchronous
machine.
Figure 4: Illustrates a block diagram of one exemplary embodiment of the

Exciter Machine Controller.
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Figure S5: Illustrates a block diagram of one exemplary embodiment of the
Exciter Machine used as power supply.
Figure 6: Is a graph of a typical voltage profile to be fulfilled and required by
some grid connection codes.
Figure 7: Is a graph of an example of the Stator Voltage of the doubly fed
induction generator of one exemplary embodiment during a grid fault.
Figure 8: Is a graph of an example of the rotor, stator and exciter currents
during a gnid fault.

4. Detailed Description
[17] A variable speed wind turbine and its control mode when voltage
disturbances occur in the grid are described below. Several drawings will be
referenced only as illustration for the beﬁer understanding of the description.
Furthermore, the same reference numbers will be used along the description
referring to the same or like parts.
[18] The variable épeed wind turbine generator system 1s broadly shown 1n
Fig. 1. In this exemplary embodiment, the variable speed system comprises
one or more rotor blades (101) and a rotor hub which is connected to a drive
train. The drive train mainly comprises a turbine shaft (102), a gearbox (103),
a rotor shaft (104),.and a doubly fed induction generator (105). The stator of
the doubly fed induction generator (110) can be connected to the grid by using
one or more contactors or circuit breakers (115). The system also comprises an
exciter machine (112) such as an asynchronous machine, a DC machine, a

synchronous (e.g. permanent magnet) machine, or a reversible electrical
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machine that functions as either a motor or a generator, which is mechanically
coupled to the drive train. As shown in Fig. 1, the exciter machine (112) can
be coupled to the drive train by way of a shaft (113) connected on one end to
the exciter machine and connected at the other end to the rotor of the DFIG
(110, 111). The exciter machine is also connected to two active electronic
power converters (122, 125) joined by a DC link Bus (124) (i.e. a back to back
converter) with one of the AC side connected to the rotor circuit of the doubly
fed induction generator and the other AC side connected to the exciter
machine (112). ‘

{19] Alternatively, a cycloconverter, a matrix converter or any other kind of
bi-directional converter may be connected instead of a back to back converter.
A converter control unit (CCU) (100) carries out the power regulation of the
doubly fed induction generator and the exciter machine. The system comprises
filters such a dV/dt filter (120) which is connected to the rotor circuit of the
doubly fed inductio;m generator in order to protect it against abrupt voltage
variations produced by the active switches of the power electronic converter.
Furthermore, a dV/dt filter (127) is connected between the electronic power
converter and the exciter machine.

[20] A further aspect of this exemplary embodiment i1s that there is no
power converter connected to the grid. In Fig. 2, a classic doubly fed induction
system is shown. The power conveﬁer (201) is connected to the grid, so gnd

fluctuations affect it. Instead of that, in the present exemplary embodiment the
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power converter (125) is connected to the exciter machine, so it may work
with a stable voltage, totally independent of the grid voltage.

[21] Another exemplary embodiment of the present invention provides a
meihod which may be used when a gnid faﬁlt occurs in the grid. During such
an event, stator currents, rotor currents and rotor voltage show a first transition
whose duration and magnitude is dependent on the electrical machine
parameters R’s (301), Ls (302), L’r (303), Rr/s (304), Lm (305), Rc (307).
An equivalent electrical circuit of an asynchronous machine is shown in Fig. 3
which includes such electrical parameters: the impedance of the grid and the
profile of the voltage disturbance: slew rate, depth and instant. So, in this
exemplary embodiment of the present invention, during this first transition, the
exciter machine converts the electrical energy due to the generator
demagnetizing into mechanical energy.

[22] When a low voltage event occurs, the magnetizing branch (305) of the
asynchronous machine (110) is going to try to keep the flux in the machine.
This flux can not change instantaneously so it will appear as a differential
voltage (309) between the grid voltage (308) and the magnetizing voltage
(307) in the machine. This voltage (309) is proportional to the flux and the
rotational speed. This differential voltage (309) will generate an over current
in the stator, only limited by the stator leakage inductance (302) and the stator
resistance (301). Due to the relation between the stator and the rotor, rather

similar to the relation between the primary and the secondary in a transformer,
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the effect of the transition in the stator currents also appears in the 'rotor
currents.

[23] In the case of a doubly fed generator, the rotor of the generator is
electrically connected to an :.electronic power converter. So, rotor currents
during this transition, due to the generator demagnetizing, flow from the rotor
to the DC Bus System th;ough the power electronic converter. In the
conventional solutions the grid side converter is not able to evacuate this
energy because the grid residual voltage i1s reduced, so the DC voltage nises
and the power electronic elements can be damaged.

[24] To -solve the mentioned problem, the different solutions developed
need some extra systems to absorb this energy transition due to the imposed
limitation of having a second power electronic converter connected to the grid.
Aforementioned patents US6,921,985, US2006/016388A1, US7,102,247,
W02004/098261 explain different solutions. However, those configurations
have a much reducéd energy evacuating capacity. For this reason, when a low
voltage event occurs this energy must be dissipated in passive elements
because otherwiée the DC Bus system and converter switches can be damaged.
These elements could have different topologies and could be connected to the
rotor or to the DC Bus system.

4.1 Grid Fault Operation

[25] Furthermore, in this exemplary embodiment when a low voltage event
occurs, the operation has two processes. These processes may occur at the

same time but will be explained separately for a better understanding:
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-  First process: Energy transfer between the rotor circuit and the
mechanic kinetic system through the converter system and the
exciter machine.

- Second process: Getting the system into the nominal conditions
in order to generate the currents and power according to the
different requirements.

First Process

[26] In this exemplary embodiment, there is no limitation as in other
solutions. The exciter side converter (125) maintains its energy evacuation
capacity because the voltage at the exciter machine terminals (129) are
maintained stable or at least in a working band range. This voltage depends
mainly on the speed, so stability is guaranteed by the drive train inertia, so the
eventual speed fluctuations when a low voltage event occurs need not be
significant in order to drastically change the voltage.

|27] In one exemplary embodiment, the energy due to the demagnetizing of
the doubly fed generator (110) during the low voltage event flows through the
converters (122, 125) and the exciter machine (112), and is converted into
mechanical energy. So, all the energy is transferred to the drive train. When a
low voltage event occurs, due to an over voltage generated in the rotor (111),
rotor currents (121) flow to the DC Bus system (124) through the rotor side
converter (122, 202). In order to recover this first transition in the smallest
possible time, the exciter side converter (125) could work at its maximal

current capacity, keeping the BUS voltage in control at all times. This current
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limit is calculated by the main control unit taking charge of the operating
working conditions. When the exciter voltage (129) 1s maintained in a stable
condition, the converter (125) has a large capacity for energy evacuation. This
energy 1s sent to the exciter which will store it as kinetic energy. So, providing
this maximum capacity allows this first transition to be reduced to some
milliseconds.

[28] When a grid fault occurs in the gnd, as 1s shown 1n Fig. 6 which shows
a typical profile for a grid fault, the stator, rotor and exciter side converter
currents (801), (802), (803) present an electrical evolution which is shown 1n
Fig. 8. In this figure it can be seen how currents flow from the rotor to the
exciter machine. The exciter side converter operates at its maximum current
capacity during the approximately first 50 milliseconds in order to evacuate all
the energy due to the generator demagnetizing. The main control unit makes
the converter (125) work at this maximum current. The time working at this
current can be varied depending on the low event fault characteristic and on
the electrical system parameters.

[29] The oscillation that appears in the currents corresponds to the generator
mechanical rotating frequency. The exciter side converter current (803)
approaches zero once the generator is completely demagnetized. Furthermore,
at the same time as the low voltage event occurs, the rotor side converter tries
to generate the nominal reactive current according to a typical specification.
So, the final medium values of the stator and rotor currents correspond to the

system nominal current conditions. The oscillations are deadened by control as
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it will be explained later. The effect of this reactive current generation can be
seen in Fig. 7, where the stator voltage is shown. In approximately the first 25
milliseconds, the stator voltage drops 50%, and due to the grid support
strategy, generating reactive‘ current, the stator voltage rises to 65% with
respect to the nominal value.- A grid support strategy, supplying reactive
current to the grid has been explained but other control strategies could be
taken during the grid event.

[30] In one exemplary embodiment, the exciter side converter (125)
operation 1s controlled by the main control unit (100) which regulates how the
energy 1s evacuated to the exciter machine by controlling the active switches
of the power electronic converter. Fig. 4 shows how the switches of the power
converter (125) are controlled. In order to evacuate this energy very fast, low
voltage algorithm detection and the maximum instantaneous current
calcuiation availabl'e 'by the switches, set by the DC Bus regulator (407), are
used by the control system in the main control unit. This low voltage
algorithm 1s basgd on the measured stator and rotor currents. The main control
unit (100) establishes the maximum current that may be supplied to the
switches of the converter (125) based on the semiconductor temperature limit,
the switching frequency and other parameters. In one exemplary embodiment,
the switching frequency could be variable. So, the DC Bus regulator (407)
establishes a Sp IEq which is the real current to be transferred to the exciter

machine (112). In one exemplary embodiment this Sp IEq is the maximum

current available by the converter (125).
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[31] In one exemplary embodiment, the main control unit (100) establishes
the time the exciter side converter (125) is working at its maximum current. In
one exemplary embodiment, this time is fixed and could be fixed and
calculated by the main control unit. In one exemplary embodiment, this time
could be variable and it is going to depend on the electrical system variables:
Av_Ubus, rotor current (121) and stator current (118) and other variables. In
one exemplary embodiment the following criteria is met,

- Av_Ubus < Percentage of the maximal BUS Voltage;

- Rotor Current (121) < Percentage of the maximal rotor current;

- Stator Current (118) < Percentage of the maximal stator

current.

Second Process
[32] One effect generated in a doubly fed generator when a grid fault occurs
is the oscillation that appears in the currents. This oscillation corresponds to

the rotational generator frequency. When a grid fault occurs, the stator flux

does not rotate, so it is seen by the rotor as a vector rotating reversely. It is
important to reduce this oscillation, or at least compensate for it, through some
control mechanisms implemented within the control loops.

[33] The asynchronous machine equations developed in a two axes
rotational reference system depend on the rotor current and on the systems

electrical parameters.
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[34] Consequently, the rotor system will depend on the rotor currents on
one side and on the magnetizing current with a frequency dependency on the
rotor speed on the other side. ..

[35] So, when a gnd fault occurs, the current regulation loops must detect
these oscillations during the fault in order to keep the system under controlled.
Once the control system detects these oscillations, it must try to reduce these
oscillations to minimize the time of this transition and to carry the system into
the conditions required by the different normative.

[36] In one exemplary embodiment, this second process could begin some
milliseconds after the first process has started. The main control unit decides
when this second process must begin.

[37] Duning this second process, different strategies may be taken into
account.

{38] In one exemplz}ry embodiment, a grid support strategy supplying reactive
current or reactive power to the grid may be used.

[39] In another exemplary embodiment, a grid support strategy supplying real
current or real current to the grid may be used.

[40] In yet another exemplary embodiment a mixed control strategy may be
used, wherein real and reactive current or real and reactive power may be
supplied to the gnid.

4.2 EMPS System

[41] Further information related to an exemplary embodiment of the present

invention is the use of the exciter machine (112) as a power supply to generate
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different stable supplies. The voltage (129) generated by the exciter depends
on the rotational speed, so when the system reaches a certain speed the voltage
generated by the exciter generator is enough to generate the power supplies
(502), (508), shown in Fig. 5, required by the system.

[42] In one exemplary embodiment illustrated in Fig. S, the system has two
AC/DC systems (503) (502) based on semiconductors which generate two
different DC Voltage supplies. Some diodes (509) (510) are placed at the DC
output in order to decouple the two voltage sources (AC/DC systems (502),
(503)). The system (502) will generate a voltage V2 and the system (503) will
generate a voltage V1. So, the DC Voltage supply will be equal to the larger of
V1 and V2. Usually Vl is a slightly larger than V2.

[43] From the DC voltage supply, several auxiliary power supply systems
can be connected in order to generate the independent auxiliary supplies
required for the system. These auxiliary power supply systems are DC/DC
(507) or DC/AC (505) systems and are based on semiconductors, passive
elements and other electrical elements.

[44] In one exemplary embodiment, some switches or contactors (504)
(506) could be placed at the input of the DC/DC or DC/AC systems in order to
i1solate each system.

[45] In one exemplary embodiment, the auxiliary power supply process has
different steps:

-  The switch or contactor 501 is closed, so the main power

supply comes from the grnd. The DC/AC system (502)
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generates a voltage level V2 so the auxiliary power supplies are
generated when the contactors (504) (506) are closed. Prior to
the generator reaching a set speed value, speed 1 value, the
source of the auxiliary power supplies are generated from the
grid. The switch or contactor (501) will be always closed while
the generator speed is below the speed 1 value.
- Once the generator speed reaches the speed 1 value, the
AC/DC system (503) generates enough voltage V2 to have a
DC Voltage to generate the different auxiliary voltage supplies,
the switch contactor (501) then is opened. The auxiliary voltage
1s generated from the AC/DC system (503) while the generator
speed 1s greater than a speed 1 value.
[46] In one exemplary embodiment, in order to improve the redundancy of
the power supply system, the switch or contactor 501 may be kept closed.
{47] While the present invention has been particularly shown and described
with reference to exemplary embodiments thereof, it will be understood by
those of ordinary skill in the art that various changes in form and details may
be made therein without departing from the spint and scope of the present
invention as defined by the following claims. The exemplary embodiments
should be considered in descriptive sense only and not for purposes of
himitation. Therefore, the scope of the invention is defined not by the detailed
description of the invention but by the appended claims, and all differences

within the scope will be construed as being included in the present invention.
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What is claimed is:
1. A method for operating a variable speed wind turbine comprising:
converting wind eneréy into mechanical power using a rotor to rotate a
drive train;
converting the mechanical power into electrical power utilising a
doubly fed induction generator (DFIG) coupled to the drive train;
using an exciter machine coupled to the drive train and a power
conversion system 1solated from the power grid, to receive power generated by
a rotor of the DFIG or to provide power required by the rotor of the DFIG:;
transferring electrical energy between the rotor of the DFIG and the
drive train, through the power conversion system and the exciter machine in

response to a low voltage event in the gnd.

2. The method defined in claim 1, further comprising adjusting rotor
currents in order to generate desired stator currents to meet grid connection

requirements.

3. The method defined in claim 2, wherein the rotor currents are adjusted

in order to supply reactive current to the grid during the low voltage event.

4. The method defined in claim 2, wherein the rotor currents are adjusted

in order to supply real current to the grid during the low voltage event.
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5. The method defined in claim 2, wherein the rotor currents are adjusted

in order to supply a mix of real and reactive current to the grid during the low

voltage event.

6. The method defined 1n claim 2 wherein the rotor currents are adjusted

in order to supply reactive power to the grid during the low voltage event.

7. The method defined in claim 2 wherein the rotor currents are adjusted

in order to supply real power to the grid during the low voltage event.

8. The method defined in claim 2 wherein the rotor currents are adjusted
in order to supply a mix of real and reactive power to the grid during the low

voltage event.

9. A method for operating a power conversion system defined in claim 1,

wherein switching frequencies can be dynamically adjusted and modified.

10.  The method defined in claim 6, wherein a switching frequency of an

exciter side converter of the power conversion system can be dynamically

adjusted and modified.
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11. The method defined in claim 6, wherein a switching frequency of a
rotor side converter of the power conversion system can be dynamically

adjusted and modified.

12. A variable speed wind turbine comprising:

a rotor shaft including at least one blade;

a drive train coupled to the rotor shaft, the drive train including a
doubly fed induction generator (DFIG), said DFIG having at least a stator
connectable to a power grid;

an exciter machine coupled to the drive train; and

a power conversion device isolated from the grid and electrically
coupled to a rotor of the doubly fed induction generator and to the exciter
machine to transfer electrical power between the rotor and the exciter
machine;

wherein the exciter machine is used as a power supply for components

of the wind turbine when the generator speed is at or above a predefined value.

13.  The variable speed wind turbine system of claim 12 further

comprising:

means for generating an alternating current (AC) and a direct current
(DC) power 1n response to the generator speed being at or above a predefined

value.
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14. The variable speed wind turbine system of claim 12 further
comprising:

means for generating an alternating current (AC) auxiliary power
supply; and

means for generating a direct current (DC) auxiliary power supply.

15. The variable speed wind turbine system of claim 12, further
comprising:

an alternating current/direct current (AC/DC) converter coupled to the
exciter machine which generates a direct current (DC) power supply; and

a direct current/alternating current (DC/AC) converter connected to the

DC power supply which generates an alternating (AC) auxiliary power supply.
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Fig. 3
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