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(57) Abstract: The present invention relates to a method and a model for simulating a blocked rotor converter situation in a power
generation system comprising an electrical power generator operatively connected to a rotor converter, the method comprising the
step of replacing a first rotor resistance value, R,, by a second rotor resistance value, Rgco, during said blocked rotor converter sit-
uation.
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SIMULATION MODEL

FIELD OF THE INVENTION

The present invention relates to a method for simulating the stability of a power

generating unit adapted to feed electrical power into a power supply grid.

BACKGROUND OF THE INVENTION

Simulation methods can be implemented using general purpose electronics
simulation tools where each component of the real system is represented by a
corresponding component in the simulation model. Simulation method may give
a good perception of the real system’s behavior, e.g. during transient grid

conditions.

However, when simulating e.g. electrical grids with a plurality of power
generating units, such simulations may be very time consuming, particularly if
different protective measures are provided to protect the converters during

transient grid conditions.

It may be seen as an object of embodiments of the present invention to provide
a simulation model that facilitates faster simulations of power generating units

during transient grid conditions, such as low voltage ride through events.

DESCRIPTION OF THE INVENTION

When simulating electrical power generating systems with a power electronic
converter in a large electrical power network, there is a need for fast simulation
speeds. Moreover, the simulation must show the real response like it would be
the in the real network.

When using power electronic converters having a switch frequency of several

kHz it is pointless to show the actual switching. Instead the power electronic
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converter is simulated by using a variable current or voltage source. This works

well for the steady state operation.

For situations where there are disturbances in the grid or faults in the power
electronic converter, that causes the converter to go into a blocking mode, the
simple representation by using variable current or voltage sources, would not

show the right response.

The ideal situation would be to simulate the power electronic converter by using
the fast switches during the fault. However, this would slow down the simulation
time by several decades. Another way to simulate the power electronic converter
would be to model the converter using a simple diode model. This would
increase the speed of the simulation. An even faster way to simulate the blocked
converter situation would be to insert a resistor between the generator and the

voltage/current source.

Often the need for the simulation of the converter blocking happens during a so
called Low Voltage Ride Through (LVRT) event where the voltage on the
electrical power supply grid drops to a rather low value. Whether it is a LVRT
event depends on the grid operator. In some areas a 15% voltage drop would
be considered a LVRT event whereas in other areas a higher voltage drop is

required.

In order to comply with the above-mentioned object and the above-mentioned
needs the present invention relates, in a first aspect, to a model for simulating a
power generation system comprising an electrical power generator operatively
connected to an electronic power converter, wherein, during a predetermined
mode of operation of the power generation system, a first rotor resistance value,

R, of the model is replaced by a second rotor resistance value, Rgco.

The model according to the first aspect of the present invention may be
implemented as a single-phase in a synchronous system or a multi-phase model
in a stationary system, i.e. a model for simulating single- or multi-phase

systems, such as three-phase system.
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The power generator may, in said simulation model, be represented by a set of
rotor winding equations and a set of stator winding equations.

Thus, the electronic power converter may be represented by a modified rotor
resistor value during the predetermined mode of operation.

In addition, the electronic power converter may be represented by a voltage
source during said predetermined mode of operation. Thus, the electronic power
converter may be represented by a modified rotor resistor value in combination

with a voltage source.

The predetermined mode of operation is typically initiated if some sort of fault is
detected. Thus, the predetermined mode of operation may relate to a blocked
converter situation, i.e. to a situation where the power converter is defect or not

able to supply power due to the low voltage situation.

The voltage source representing the electronic power converter during the
predetermined mode of operation may comprise a controllable voltage source.
Also, the second rotor resistance value, Rgco, may be variable.

The predetermined mode of operation, such a LVRT event, may be detected by
an AGO module of the model. As it will be described in further details below the
AGO module goes into a certain mode of operation, said mode of operation

launching the predetermined mode of operation.

The simulation model according to the first aspect of the present invention may
in principle be implemented in any simulation tools, such as for example in a

PSS/E environment.

In a second aspect, the present invention relates to a method for simulating a
blocked rotor converter situation in a power generation system comprising an
electrical power generator operatively connected to a rotor converter, the

method comprising the step of replacing a first rotor resistance value, R;, by a
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second rotor resistance value, Rgco, during said blocked rotor converter
situation, said second rotor resistance value, Rgco, preferably being variable.

The method may simulate single- or multi-phase systems, such as three-phase

system.

The method may further comprise the step of representing the rotor converter
by a controllable voltage source during said blocked rotor converter situation.

In a third aspect, the present invention relates to a computer program product
for performing the simulation method according to the second aspect when said

computer program product is run on, or executed by, a microprocessor.
BRIEF DESCRIPTION OF THE DRAWINGS

The present invention will now be explained in further details with reference to

the accompanying drawings, wherein
Fig. 1 shows the overall block diagram of the simulation model,
Fig. 2 illustrates the converter blocking operation,

Fig. 3 shows equivalent circuits of the 4™ and the 2" order QD synchronous

models,

Fig. 4a shows the voltage source, the inserted resistor Rgco and the generator
equivalent circuit in a QD synchronous domain, and Fig. 4b shows a 3 phase
voltage source, the inserted resistors Rgco and the generator rotor and stator
windings in a 3 phase representation, and

Fig. 5 illustrates the AGO state control.

While the invention is susceptible to various modifications and alternative forms,

specific embodiments have been shown by way of examples in the drawings and
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will be described in detail herein. It should be understood, however, that the
invention is not intended to be limited to the particular forms disclosed. Rather,
the invention is to cover all modifications, equivalents, and alternatives falling

within the spirit and scope of the invention as defined by the appended claims.

DETAILED DESCRIPTION OF THE DRAWINGS

In its broadest aspect the present invention relates to a simulation model for
simulating a power generation system with an electrical generator feeding
energy to a power electronic converter. During a blocked converter scenario the
converter model is changed in that a blocking resistor is inserted, or
alternatively or in addition, an existing rotor resistance is changed so that its
value also contains a blocking resistor. The power electronic converter is
represented by a variable voltage source. For simulation purposes the generator
is represented by a set of rotor winding equations and a set of stator winding

equation.

The model can be represented a multiphase system or a synchronous DQ
system. The model can be represented by a vector having a length and an

angle.

According to the present invention it becomes possible to identify if a blocking of
a converter has happened between two time steps. This information is important
for fast simulations where the time steps are much faster than the actual

converter blocking.

Also, detection of converter blocking may be done by voltage level rather than
current level. Finally, shaping of the curve for the response due to the blocking

can be implemented in the simulation model using pre-calculated results.

In order to implement reliable simulation models of electrical machines in
simulation software tools, such as for example PSS/E, a 4™ or 2" order model
for the induction machine or doubly fed induction machine (DFIG) is needed.
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The induction machine model implemented in the simulation tools is often
considering the reference frame moving at the synchronous or stator speed,

leading the internal signals to be DC in nature.

For the SI model written in space vector form, it should be noted that the space

vector representation is valid in both D+jQ or Q+jD frame conventions.

dd,
US__RSL_ d[ _-]ng cI)s:(l’ls m)Is+LmIr:LS£+LmI_r
- I +L I =L-1+L -1
Ur:_Rr'Ir_d;I)r_j's'Qs'g cI)r (Llr+Lm) £+ m s r _r m s
4L [Eq 1]

The parameters and the space vectors involved in the model [Eq 1] are as
follows:

U, is the stator voltage.

I is the stator current.

<

. is the rotor voltage transformed to stator side.

I, is the rotor current transformed to stator side.

®_ is the stator flux.
@, is the rotor flux transformed to stator side.
Q_ is the stator or synchronous angular speed.

R, is the stator resistance.

R, is the rotor resistance.
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L, is the stator leakage inductance.

L, is the rotor leakage inductance transformed to the stator side.

L, is the magnetising inductance.

s is the slip of the machine, a-dimensional by definition.

The definition of the slip is given below. Similar to the synchronous speed, the

rotor speed in electrical radians will be denominated with Q.

s [Eq 2]

The total stator L and rotor L inductances are also exemplified in [Eq 1] as the

final variables composing the stator and rotor fluxes.

The QD 4™ Order Model

In this case, the space vector system leads to the next 4" order model in SI

units - it is basically what [Eq 1] is stated but only decomposed on Q-D axes.

o,
Usq = _Rs ’ sq _7+Qs .CI)sd
d®d ,
Usd:_Rs.Isd_ dt _Qs. sq
U,=-R.-1,- dtrq +s5-Q P,
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The QD 2™ Order Model

The 2" order version of the per-unit model will follows the 4™ order closely; the
only difference will come from the derivatives of the stator flux components that

will equal zero in the 2™ order model — meaning the stator flux is considered

constant.

usq:_rs lsq+ws.¢sd

usd __rs lsd _ws .¢sq
1 dg,

qu:—}’;, rq__._+ ws ¢rd
Q, di

SO Y/ VP

rd r ‘rd s rg
Q,

The models shown are all represented in a so called synchronous reference
frame system. It would be general knowledge to the person skilled in the art to
use the same model in a stationary reference frame with a multi phase
representation. Other more simple or complex generator model could be used as
well. The associated simulation results would most like vary but the spirit of the

invention would not be any different.

The equivalent circuits of the 4™ and the 2" order QD models are shown in Fig.
3a and Fig. 3b, respectively.

Referring now to Fig. 1 an embodiment of the present invention is depicted. As
seen in Fig. 1 the system comprises wind turbine generator in a DFIG
configuration together with a rotor connected to a power electronic converter.
The power electronic converter can be split into two parts, namely a grid side

converter and a generator side converter.

As the grid-side converter is consequently controlled with unity power factor,
there is no reactive current flowing through the grid side converter. The DC-link
controller feeds the rotor power to the grid in order to preserve the energy
balance across the DC-link. The contribution of the rotor power to the total
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current out of the wind turbine is modelled by an ideal ratio changer with a built-

in slip dependency.

Piotal = (1 + S“p) X Pstator Qtotal = Qstator

Still referring to Fig. 1 the controllable switch just in front of the generator (BCO
switch) allows to switch the rotor voltages of the machine away from the current
controller outputs and onto a controlled voltage source. This switching action is
activated by an AGO state machine, cf. Fig. 5. At the same time the rotor
resistance value used in the machine equations is changed from its nominal

value (RR) to a value called Rgco.

Fig. 2 shows the converter blocking operation emulated by external controlled
voltage source and a variable rotor resistance, Rgco, in the DFIG model. The
signal from the current controller state to the Vgco state in controlled by the AGO

state machine.

Both Vaco and Rpeo are determined 'empirically' by running numerous simulations
with a very detailed model. The same simulations have been used to define the
criteria for switching the AGO state machine into State 2. This means that even
though the simulation runs with a much higher time steps than the actual
response shows, the performance can show the proper response since the
‘empirically’ simulations are stored in the model and can be used during the

converter blocking operation.

A LVRT logics block must generate three outputs for the rest of the system to

use during a low voltage ride through event. These outputs are:

1. AGO state

2. Ird_AGO current

3. Irg_AGO current
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During LVRT, the turbine is running in current control mode and hence the

power loop is disabled in this mode.

The outputs of the LVRT block are thus reference currents in the d and g axis
and a logic signal indicating whether the system is in normal mode (O=power

control) or LVRT mode (1=current control).

Besides the generator controls, the AGO state signal affects the PQ-limit block
and it is also used to control the BCO-switch at the rotor terminals of the

generator, cf. Fig. 1.

Fig. 4a shows the voltage source, the inserted resistor Rsco and the generator
equivalent circuit in a QD synchronous domain. Fig. 4b shows a 3 phase voltage
source, the inserted resistors Rgco and the generator rotor and stator windings in

a 3 phase representation,

The main function of the AGO state machine is to switch the electrical control
block between power control and current control mode. In order to assure a
bump-less transfer when the power control is regained, the AGO state signal is
also used to reset reference filters and the integrator of the power loop PI

controller. The AGO state machine is shown in Fig. 5.

AGO state 0

In this state the AGO is inactive, but it continuously monitors the stator voltage
in order to detect if a ride-through sequence should be initiated. The stator
voltage amplitude and its rate of change determine whether the state changes
to State 1 or State 2. The electrical control remains in normal operation (power

control) as long as the AGO state machine is in State 0.

AGO state 1

In this state the power control loop is disabled and AGO current references are

fed directly to the rotor current controllers. When the voltage is restored (|Us| >
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U.ver), preparations to finish the AGO sequence and return to State = (Normal
Operation) is initiated. Upon the change from State 1 back to State 0, the AGO-
switch in the control loop switches back in the power controller with a reset of
the integrator state.

AGO state 2

State 2 is a transition phase between State 0 and State 1. Entry is exclusively
from State 0 and exit is always to State 1. This State is introduced in order to
represent the generator response to a blocked rotor converter. The BCO-switch
(Blocked Converter Operation) switched to the voltage source Vo all the time
the AGO state machine is in State 2. Furthermore, the rotor resistance of the
generator model is altered throughout the activation period of State 2. Upon
entry into this State a timer is activated. When this timer expires, the state
machine shifts to mode 1. During the AGO state 2, the integrator as well as the
output of the current controllers are reset to the value of zero. When leaving
State 2 (and entering State 1= current control), the currents are ramped

towards the values calculated by the State 1 controllers.
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CLAIMS

1. A model for simulating a power generation system comprising an electrical
power generator operatively connected to an electronic power converter,
wherein, during in a predetermined mode of operation of the power generation
system, a first rotor resistance value, R, , of the model is replaced by a second

rotor resistance value, Rpco.

2. A simulation model according to claim 1, wherein the predetermined mode of

operation is associated with a blocked converter situation.

3. A simulation model according to claim 2, wherein the electronic power
converter is furthermore represented by a voltage source during said
predetermined mode of operation.

4. A simulation model according to claim 3, wherein the voltage source
representing the electronic power converter during the predetermined mode of

operation comprises a controllable voltage source.

5. A simulation model according to any of claims 1-4, wherein the second rotor

resistance value, Rgco, IS variable,

6. A simulation model according to any of the preceding claims, wherein the
electronic power converter represented in the model comprises a rotor power

converter.

7. A simulation model according to any of the preceding claims, wherein the

predetermined mode of operation is triggered by an AGO module of the model.

8. A simulation model according to any of the preceding claims, wherein the

model is implemented in a PSS/E environment.

9. A method for simulating a blocked rotor converter situation in a power

generation system comprising an electrical power generator operatively



10

WO 2010/100146 PCT/EP2010/052618

13

connected to a rotor converter, the method comprising the step of replacing a
first rotor resistance value, R,, by a second rotor resistance value, Rgco, during

said blocked rotor converter situation.

10. A method according to claim 9, further comprising the step of representing
the electronic power converter with a controllable voltage source during said
blocked rotor converter situation.

11. A method according to claim 9 or 10, wherein the second rotor resistance

value, Rgco, IS variable.

12. A computer program product for performing the simulation method
according to any of claims 9-11 when said computer program product is run on,

or executed by, a microprocessor.
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