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(57) Abstract: A method for estimating components of a grid impedance, Z, of a power grid (1) being coupled to a power generating
unit at a point of interconnection (4) is disclosed. A voltage, Vness. across the point of interconnection (4); an active current, Ip, and/
or an active power, P, delivered by the power generating unit to the power grid (1); and a reactive current, I, and/or a reactive power,
Q, delivered by the power generating unit to the power grid (1) are determined. A parameter estimation vector is estimated using
a recursive adaptive filter algorithm, and on the basis of Vieas, Ip, P, I and/or Q. A model representation of the power grid (1) is
created on the basis of the parameter estimation vector, and a system DC gain vector for the power grid (1) is calculated, using the
model representation. Finally, the grid impedance, Z, and/or a resistance, R, of the grid impedance, Z, and/or a reactance, X, of the grid

impedance, Z, is derived from the system DC gain vector.
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METHOD FOR GRID IMPEDANCE AND DYNAMICS ESTIMATION

FIELD OF THE INVENTION

The present invention relates to a method for estimating components of a grid
impedance. Furthermore, the present invention relates to an apparatus for
controlling a power feed into a power grid based on estimated components of

the grid impedance.

BACKGROUND OF THE INVENTION

Power grids are reliant on power feed from power generating units. The amount
of power feed required by a power grid is determined by the grid impedance,
thus the grid impedance determines the amount of active and reactive power fed
into the power grid. Methods for estimating grid impedances are known in the
art, for example the grid impedance may be estimated by a Thévenin equivalent
model of a power grid. However, the Thévenin’s theorem only holds for linear
electrical networks. Furthermore, the grid impedance of a power grid tends to
vary over time due to changes in the power grid, and thus may have to be

recalculated.

US 2015/0025860 discloses a method for estimating grid properties of a power
grid coupled to a generator at a point of common coupling. The grid properties
are estimated by a grid model using as input parameters the voltage, current
and phase angle between the voltage and current at the point of common
coupling. The input parameters are used in an equation which is solved for at

least three different working points.

EP 2 688 172 discloses a method for controlling operation of a power system.
The method measures changes in a measured local voltage when reactive power
is injected into the power system to increase the system voltage or absorbed
from the power system to decrease the system voltage. Thereby the change in
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local voltage as a result of a change in reactive power generation or absorption
is an indication of the system impedance and thus also allows calculation of the
short circuit ratio (SCR).

EP 1 841 037 A2 discloses a method for determining parameter values
associated with an electrical grid. The electrical grid has a point of
interconnection where the electrical grid is electrically coupled to a power
source. The method includes measuring real power and reactive power at the
point of interconnection of the electrical grid to obtain a plurality of real power
values and a plurality of reactive power values. The method further includes
measuring a voltage at the point of interconnection to obtain a plurality of
voltage values. At least one parameter value associated with the electrical grid is
estimated utilizing the plurality of real power values, the plurality of reactive
power values, and the plurality of voltage values, and a mathematical estimation

technique.

DESCRIPTION OF THE INVENTION

It is an object of embodiments of the invention to provide a method for
estimating a grid impedance of a power grid in an easy and fast manner.

It is a further object of embodiments of the invention to provide a renewable
power plant which is capable of providing a power feed to a power grid which is

more precise than similar prior art renewable power plants.

It is a further object of embodiments of the invention to provide a renewable
power plant which is capable of adapting a power feed to a power grid according

to changes of a grid impedance.

According to a first aspect the invention provides a method for estimating
components of a grid impedance, Z, of a power grid coupled to a power
generating unit at a point of interconnection, the method comprising the steps

of:
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- determining a voltage, Vmeas, across the point of interconnection; an active
current, Ip, and/or an active power, P, delivered by the power generating
unit to the power grid; and a reactive current, Iq, and/or a reactive power,
Q, delivered by the power generating unit to the power grid,

- estimating a parameter estimation vector using a recursive adaptive filter
algorithm, and on the basis of the determined voltage, Vmeas, and the
determined active current, Ip, and/or active power, P; and the reactive
current, Io, and/or the reactive power, Q, the parameter estimation vector
defining a set of estimated model parameters for a selected model of

system response of the power grid,

- creating a model representation of the power grid on the basis of the
parameter estimation vector, and by applying the set of parameters of the
parameter estimation vector to the selected model,

- calculating a system DC gain vector for the power grid, using the model
representation, the DC gain vector representing a correlation between
voltage, Vmeas, ON the one hand, and active current, Ir, and/or active
power, P; and reactive current, Ig, and/or reactive power, Q, on the other
hand, at steady state of the power grid, and

- deriving the grid impedance, Z, and/or a resistance, R, of the grid
impedance, Z, and/or a reactance, X, of the grid impedance, Z, from the

system DC gain vector, where Z=R+jX.

Thus, according to the first aspect, the invention provides a method for
estimating components of a grid impedance, Z, of a power grid. In the present
context the term ‘power grid’ should be interpreted to mean an interconnected

electrical network for delivering electrical power from producers to consumers.

The power grid may have different topologies. Examples of such topologies are,
e.g., radial power grids and meshed power grids.
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The power grid may further have electrical components coupled thereon, i.e. the
electrical components may be coupled to the interconnected electrical network.
The electrical components could, e.g., be resistive, capacitive and/or inductive.
Examples of such electrical components include, but are not limited to, switch

gears, transformers or capacitor banks.

The power grid has a grid impedance, Z. The grid impedance, Z, is of the
complex form Z=R+jX, wherein R is a real part of the complex grid impedance,
Z, representing a resistive part of the complex grid impedance, Z. Similarly, X is
an imaginary part of the complex grid impedance, Z, representing a reactive
part of the complex grid impedance, Z. The imaginary part, X, may be zero, in
which case the grid impedance, Z, is purely resistive. Similarly, the real part, R,
may be zero, in which case the grid impedance, Z, is purely reactive. As an
alternative, the real part, R, as well as the imaginary part, X, may be non-zero,
in which case the grid impedance, Z, comprises a resistive part as well as a
reactive part.

The power grid is coupled to a power generating unit at a point of
interconnection. The point of interconnection may be seen as the physical
interface between the power grid and the power generating unit, i.e. the point
where the power generating unit is coupled to the interconnected electrical

network.

In the present context the term ‘power generating unit’ should be interpreted to
mean a unit which is capable of generating electrical power, and which supplies
all or part of the produced power to the power grid. The power generating unit
may be a conventional unit, such as a power plant, a combustion engine, etc., or
it may be a renewable power generating unit, such as a wind turbine, a

photovoltaic cell, etc.

In the method according to the first aspect of the invention, a voltage, Vmeas,
across the point of interconnection; an active current, Ir, and/or an active

power, P, delivered by the power generating unit to the power grid; and a
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reactive current, Ig, and/or a reactive power, Q, delivered by the power
generating unit to the power grid are initially determined.

Thus, initially, a voltage, Vmeas, across the point of interconnection is determined.
The voltage, Vmeas, IS the voltage across the point between the power grid and
the power generating unit, i.e. across the point where the power generating unit
is coupled to the power grid. Accordingly, the voltage, Vmeas, is the voltage in
front of the power generating unit and towards the power grid.

Furthermore, an active current, Ip, and/or an active power, P, is determined.
Thus, only the active current, Ip, may be determined. Alternatively, only the
active power, P, may be determined. As another alternative, the active current,
Ip, as well as the active power, P, may be determined. The active current, Ip,
represents an amount of active current, Ip, delivered by the power generating
unit to the power grid. Similarly, the active power, P, represents an amount of
active power delivered by the power generating unit to the power grid. Thus, the
active current, Ip, as well as the active power, P, represents the active part of
the power which the power generating unit provides to the power grid.

Furthermore, a reactive current, Ig, and/or a reactive power, Q, is determined.
Thus, only the reactive current, Io, may be determined. Alternatively, only the
reactive power, Q, may be determined. As another alternative, the reactive
current, Io, as well as the reactive power, Q, may be determined. The reactive
current, Ig, represents an amount of reactive current, Ig, delivered by the power
generating unit to the power grid. Similarly, the reactive power, Q, represents
an amount of reactive power delivered by the power generating unit to the
power grid. Thus, the reactive current, Ig, as well as the reactive power, Q,
represents the reactive part of the power which the power generating unit

provides to the power grid.

Thus, by determining the voltage, Vmeas, the active current, Ip, and/or the active
power, P, and the reactive current, I, and/or the reactive power, Q, information
has been obtained about the voltage across the point of interconnection, about

the active part of the power delivered by the power generating unit to the power
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grid, and about the reactive part of the power delivered by the power generating
unit to the power grid.

The determination of the voltage, Vmeas, Ir and/or P and Iq and/or Q, may, e.g.,
be performed by direct measurements. The direct measurements may, e.g., be
performed by means of power meters. As an alternative, the voltage, Vmeas, the
active current, Ip, and/or the active power, P, and the reactive current, Ig,
and/or the reactive power, Q, may be derived from other parameters, which
could be measured. For instance, knowing the voltage, Vmeas, and the reactive
power, Q, it is possible to derive the reactive current, Iq.

Next, a parameter estimation vector is estimated, using a recursive adaptive
filter algorithm, and on the basis of the determined voltage, Vmeas, and the
determined active current, Ip, and/or active power, P; and the determined
reactive current, Ig, and/or reactive power, Q. Since the parameter estimation
vector is estimated on the basis of the voltage and current and/or power
parameters, which were determined previously, the resulting parameter
estimation vector depends on these parameters, and therefore changes in
voltage and current and/or power parameters will be reflected in the estimated

parameter estimation vector.

The parameter estimation vector defines a set of estimated model parameters
for a selected model of system response of the power grid. Thus, a model is
selected which reflects how the power grid is expected to react in response to
changes in voltage, active power and/or reactive power. Thus, the selected
model takes general consideration regarding the power grid and the power
generating unit into account, and the selected model may be regarded as a
‘type’ of model. However, the exact system response of the actual power grid is
determined by the set of model parameters which needs to be applied to the
selected model. According to the present invention, these model parameters are

estimated in the form of the parameter estimation vector.

In the present context, the term ‘recursive adaptive filter algorithm’ should be

interpreted to mean a filter that has a space state model controlled by variable
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parameters and adjusts those parameters according to an optimisation
algorithm. This will be described in further detail below.

Next, a model representation of the power grid is created on the basis of the
parameter estimation vector, and by applying the set of parameters of the
parameter estimation vector to the selected model. Since the model
representation of the power grid is created on the basis of the parameter
estimation vector, the resulting model representation depends on parameter
estimation vector, and thereby on changes in voltage and current and/or power
parameters which formed the basis of the parameter estimation vector. More
particularly, the set of parameters, which were identified when estimating the
estimation vector, are applied to the selected model. Thereby the resulting
model representation, based on the selected model and including the applied set
of parameters, reflects the actual behaviour of the actual system under the

actual prevailing circumstances.

The model representation of the power grid may be a state space
representation, and may be of the following mathematical form

x(€) = Ax(t) + Bu(t)
y(t) = Cx(t) + Du(t),D =0

U

¢ Ip(t)

el Alel b o)
x4 (t)

y© =let 2| 2| O = Ve + Ve ().

x, ()
The state space representation will be described in further detail below.

Next, a system DC gain vector for the power grid is calculated, using the model
representation. As the system DC gain vector for the power grid is calculated
using the model representation, the calculated system DC gain vector depends
on the model representation. Therefore, changes in the model representation
will be reflected in the calculated system DC gain vector. Accordingly, changes in
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the determined voltage, current and/or power parameters are also reflected in
the DC gain vector.

The DC gain vector represents a correlation between voltage, Vmeas, On the one
hand, and active current, Ip, and/or active power, P; and reactive current, g,
and/or reactive power, Q, on the other hand, at steady state of the power grid.
This is due to the fact that the parameters of the estimation vector, which are
applied to the selected model in order to create the model representation, are
estimated on the basis of the voltage, Vmeas, the information regarding the active
power and the information regarding the reactive power. Each vector element of
the DC gain vector may be a gain scalar value to each input, I, and I, forming
the output, Vmeas, at steady state.

In the present context the term ‘steady state of the power grid’ should be
interpreted to mean a state of the power grid in which dynamic effects, e.q.
caused by changes in the system, have been attenuated, i.e. a state with
essentially no dynamics. Accordingly, the calculated DC gain vector reflects how
the voltage, Vmeas, reacts to changes in active power and/or reactive power,
when dynamic effects are not taken into account. However, according to the
invention, the DC gain is calculated even though dynamic effects are in fact
present.

The system DC gain vector may be calculated using the state space

representation described above, and may have the following form

K,.=D-CA'B

Finally, the grid impedance, Z, and/or a resistance, R, of the grid impedance, Z,
and/or a reactance, X, of the grid impedance, Z, from the system DC gain
vector, where Z=R+jX, is derived. Since the DC gain vector represents a
correlation between voltage, active power and reactive power at steady state of
the power grid, it is a suitable measure for the grid impedance, Z, since the grid

impedance, Z, is also related to the steady state of the power grid.
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The derivation may be performed by calculating and/or solving the system DC
gain vector. Since the grid impedance, Z, and/or a resistance, R, of the grid
impedance, Z, and/or a reactance, X, of the grid impedance, Z, is derived from
the system DC gain vector, the derived grid impedance, Z, and/or a resistance,
R, of the grid impedance, Z, and/or a reactance, X, of the grid impedance, Z,
depends on the calculated system DC gain vector. For this reason, any changes
in the calculated system DC gain vector and in the determined voltage, current
and/or power parameters will be reflected in the derived grid impedance, Z,
and/or a resistance, R, of the grid impedance, Z, and/or a reactance, X, of the
grid impedance, Z.

The system DC gain vector may be in the form described above, and may thus

be derived in the following manner

L] A0
Vipe = [KDCl Kpe 2{]Q (Z)} = V,pe = [R X{]Q (Z)}
U

R=K,.1 X=K,.2

As described above, each vector element of the DC gain vector is, in this case, a
gain scalar value to each input, I, and Ig, forming the output, Vmeas, at steady
state.

It is an advantage that the estimation of the parameter estimation vector
requires few input variables, i.e. the determined voltage, Vmeas, and the
determined active current, Ip, and/or active power, P; and the determined
reactive current, Io, and/or reactive power, Q. This allows the estimation method
to be simple, because the number of variables to be processed is low.
Furthermore, the recursive adaptive filter algorithm offers a precise and reliable
estimation of the parameter estimation vector, and thereby of the parameters
required for providing an accurate model representation of the power grid. The
model representation of the power grid applies the parameters from the
estimated parameter estimation vector to the selected model, and hence the
created model representation will also be precise. The calculated system DC gain
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vector using the model representation is an easy manner of representing the
grid impedance, Z. Thereby the grid impedance, Z, and/or a resistance, R, of the
grid impedance, Z, and/or a reactance, X, of the grid impedance, Z, is derived in

a fast and easy manner.

Furthermore, the method of the present invention allows the grid impedance to
be derived, while taking dynamics into account, in the sense that dynamic
behaviour of the power grid, locally with respect to the power generating unit, is
taken into account. Such local dynamic behaviour may, e.g., be caused by other
automatic voltage regulation AVR units. As renewable energy plants replace
conventional power plants to an increasing extent, more local AVR units will be
added, causing the power grid to have more and more dynamic behaviour on
the voltage when injecting active power and reactive power. Full knowledge of
the grid may be obtained, including static as well as dynamic behaviour. Thereby
it is possible to obtain more accurate voltage control.

The step of determining the voltage, Vmeas, across the point of interconnection;
the active current, Ip, and/or the active power, P, delivered by the power
generating unit to the power grid; and the reactive current, Ig, and/or the
reactive power, Q, delivered by the power generating unit to the power grid may
comprise measuring the voltage, Vmeas, the active current, Ip, the active power,
P, the reactive current, Ig and/or the reactive power, Q. According to this
embodiment, the determination of the voltage, Vmeas, Ir and/or P and Iq and/or
Q, is performed by direct measurements. These measurements may be directly
measured in the power grid, which is a fast and reliable manner of determining
parameters. The measurements may, e.g., be performed by means of power

meters, current transformers, phasor measurement units and watt-meters.

Alternatively, the measurements of voltage, Vmeas, Ir and/or P and Iq and/or Q,
may be performed by indirect measurements, where Vmeas, Ir and/or P and Ig
and/or Q, are not measured directly, but other related parameters may be
measured and Vmeas, Ip and/or P and Ig and/or Q, may be derived therefrom.
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The recursive adaptive filter algorithm may be a recursive least square
algorithm. According to this embodiment, the recursive least square algorithm
recursively finds the coefficients that minimise a weighted linear least square
(weighted linear regression) cost function relating to one or more input signals.
Similarly, the algorithm may provide one or more output signals. The recursive

least square algorithm offers a fast and effective way of processing data.

Alternatively or additionally, the recursive adaptive filter algorithm may be a
Kalman algorithm. According to this embodiment, the Kalman algorithm uses a
series of measurements observed over time, and produces estimates of
unknown variables by estimating a joint probability distribution over the
variables for each timeframe. The Kalman algorithm offers a computationally
efficient and fast way of processing data.

Alternatively or additionally, another recursive adaptive filter algorithm, such as
a least mean squares algorithm or the like may be used. The least mean squares
algorithm offers an estimation algorithm with low complexity and simple

implementation.

The model representation of the power grid may be a state space
representation. According to this embodiment, the state space representation of
the grid is a mathematical model of the physical system as a set of input, output
and state variables. The state space representation may be applicable to

multiple input multiple output systems.

For instance, the step of creating a model representation of the power grid may
comprise creating a state space representation of the form:

x(€) = Ax(t) + Bu(t)
y(t) = Cx(t) + Du(t),D =0

U

' Ip(t)

o las el Lol * b3 ballie]
x1 ()

y© =let c2l|[ 2] L O =Va©) + Ve,

x(t)
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where A, B, C and D are matrixes, and the step of estimating a parameter
estimation vector may comprise estimating parameters for the matrixes A, B, C
and D.

According to this embodiment, u(t) represents input to the state space model, at
time t, in the form of the active current, Ip(t), and the reactive current, Io(t),
respectively, at time t. y(t) represents the output of the state space mode, at
time t, in the form of the measured voltage, Vmeas(t). The voltage, Vmeas(t),

comprises a static part, Vz(t), and a dynamic part, Vayn(t).

The matrix A represents dynamic behaviour of the system. The matrixes B and C
represent gain response of the system, B being an input matrix and C being an
output matrix. The matrix D represents feedforward of the system. According to
this embodiment, D=0, i.e. the feedforward of the system is not taken into
account. The estimation vector is, in this case, a list of values constituting the
parameters of the matrixes, A, B, C and D, and thereby provides all necessary
information required in order to described the system by means of the model

representation.

The step of calculating a system DC gain vector may comprise applying the

formula:

Kpc =D — CA™1B,

where K is the system DC gain vector, and A, B, C and D are the matrixes of

the state space representation.

According to this embodiment, once the parameters for the respective matrixes
have been obtained in the form of the parameter estimation vector, the DC gain
vector is calculated by means of simple matrix operations performed on the
resulting matrixes. This is an easy calculation, and thereby the DC gain vector
can be obtained fast and easy.
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The method may further comprise the step of deriving a damping ratio, ¢, and/or
an oscillation frequency, wn,, for voltage dynamics of the power grid on the basis
of the model representation of the power grid. According to this embodiment,
the model representation of the power grid may further be used for deriving a
damping ratio, {, and/or an oscillation frequency, wn, for voltage dynamics of the

power grid.

The damping ratio, {, describes the ability of a system to oppose the oscillatory
nature of the system’s transient response. Large values of damping ratios, (,
produce transient responses with lesser oscillatory nature. Similarly, lower
values of damping ratios, {, produce transient responses with higher oscillatory
nature. A system with a damping ratio, {, may be undamped ({=0),
underdamped ((<1), critically damped ({=1) or overdamped ({>1).

The oscillation frequency, wn, for the voltage dynamics describes the frequency
at which the voltage dynamics oscillate. The damping ratio, ¢, and/or the
oscillation frequency, wn, is/are derived on the basis of the model representation
of the power grid. Eigenvalue analysis of the model representation of the power
grid may be used for deriving the damping ratio, {, and/or the oscillation
frequency, wn. Eigenvalues are a set of scalars associated with a linear system of
equations, i.e. a matrix equation, that are generally known as characteristic

values or characteristic roots.

Thus, according to this embodiment, information regarding the dynamics of the
power grid is obtained. The information regarding the dynamics of the power
grid may be used for gaining knowledge regarding the transient period of the
voltage dynamics, how much the voltage dynamics are damped, and when the
voltage dynamics reach steady state. Moreover, an oscillating voltage, Vayn,
indicating an amplitude of the voltage dynamics may be estimated from the
derived damping ratio, {, and oscillation frequency, wn.

The obtained information may further be used for controlling the determined
voltage, Vmeas, across the point of interconnection. The power grid may have a
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nominal voltage, Vi, an oscillating voltage Vayn and a voltage across the grid
impedance, V..

The determined voltage, Vmeas, across the point of interconnection may be
expressed as the sum of the voltages of the power grid, such that
Vmeas=Vayn+Vn+V;. By obtaining information regarding the dynamics (damping
ratio, {, and oscillation frequency, wn), the oscillating voltage, Vayn, can be
derived. The nominal voltage, Vn, is normally provided by the grid operator.
Accordingly, by determining Vmeas and deriving Vgyn in the manner described
above, the voltage across the grid impedance, V., can be derived. Then the grid
impedance, Z, can easily be derived, using Ohm'’s law, and based on the derived
voltage, V;, and the determined currents, I, and Ilq.

Furthermore, the obtained information may be used for providing adaptive
voltage control of the power generating unit which takes changes in grid
impedance, Z, resistance, R, reactance, X, oscillation frequency, wn,, and/or
damping ratio, ¢, into account. Thereby the voltage, active current, Ip, and/or
reactive current, Ig, provided by the power generating unit to the power grid can
be controlled in order to handle such changes, e.g. damping the changes in the
dynamics in the system.

The voltage dynamics of the power grid may comprise machine dynamics in the
power grid. According to this embodiment, the machine dynamics may be a
component originating from an electromechanical generator in the power grid.
Alternatively or additionally, the voltage dynamics may comprise dynamics
arising from other voltage regulation mechanisms in the power grid. This could,
e.g., include an automatic voltage regulation (AVR) unit at another power plant
located nearby.

The step of deriving the grid impedance, Z, and/or the resistance, R, of the grid
impedance, Z, and/or the reactance, X, of the grid impedance, Z, may comprise
deriving an X/R ratio on the basis of the resistance, R, and the reactance, X, of
the grid impedance, Z. According to this embodiment, the X/R ratio is the ratio

of the imaginary part, X, of the complex grid impedance, Z, representing a
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reactive part of the complex grid impedance, Z, and the real part, R, of the
complex grid impedance, Z, representing a resistive part of the complex grid
impedance, Z. Thus, the grid impedance, Z, itself may not necessarily be derived

according to this embodiment.

The X/R ratio may have an impact on the level of short circuit current a circuit
breaker is required to interrupt. A circuit breaker is an automatic device for
stopping the flow of current in an electric circuit as a safety measure. The X/R

ratio may further be used as a design factor for transformers in the power grid.

The power generating unit may form part of a renewable power plant, and the
method may further comprise the step of controlling the power generating unit
to provide a power feed into the power grid based on the estimated grid
impedance, Z, and/or the resistance, R, of the grid impedance, Z, and/or the
reactance, X, of the grid impedance, Z. According to this embodiment, the
power generating unit forms part of a renewable power plant which comprises
one or more renewable power generating units, such as wind turbines,
photovoltaic cells, etc. The power generating unit may, thus, be such a

renewable power generating unit.

Furthermore, according to this embodiment, the method further comprises the
step of controlling the power generating unit to provide power feed into the
power grid, based on the estimated grid impedance, Z, resistance, R, and/or
reactance, X. Thus, the power generating unit is controlled in such a manner
that the power which is actually fed to the power grid by the power generating
unit is in accordance with the grid impedance, Z, and thereby the power
delivered by the power generating unit to the power grid can easily be adapted
to follow any changes in the grid impedance.

The step of controlling the power generating unit to provide a power feed into
the power grid may be performed by controlling ramp rates of an active power
feed and/or a reactive power feed in relation to the estimated grid impedance,
Z, and/or the resistance, R, of the grid impedance, Z, and/or the reactance, X,

of the grid impedance, Z. The step of controlling ramp rates of the active power
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feed and/or the reactive power feed from the power generating unit may, e.g.,
be performed by having gains on an active power generation and a reactive
power generation of the power generating unit depending on the estimated grid
impedance, Z, and/or the resistance, R, of the grid impedance, Z, and/or the
reactance, X, of the grid impedance, Z.

Alternatively, a look-up table may be used for controlling the active power feed
and/or the reactive power feed dependent on the estimated grid impedance, Z,
and/or the resistance, R, of the grid impedance, Z, and/or the reactance, X, of
the grid impedance, Z.

The step of controlling the power generating unit may comprise controlling the
active current, Ip, and/or the active power, P, delivered by the power generating
unit to the power grid; and the reactive current, Ig, and/or the reactive power,
Q, delivered by the power generating unit to the power grid. According to this
embodiment, the power provided to the power grid by the power generating unit
is controlled based on the estimated grid impedance, Z, resistance, R, and/or
reactance, X.

Thus, the power generating unit is controlled in such a manner that the active
current, Ip, and/or the active power, P; and the reactive current, I, and/or the
reactive power, Q, which is actually fed to the power grid by the power
generating unit is in accordance with the grid impedance, Z, resistance, R,
and/or reactance, X. Thereby, the active current, Ip, and/or the active power, P;
and the reactive current, Ig, and/or the reactive power, Q, delivered by the
power generating unit to the power grid may be easily adapted to follow any

changes in the grid impedance, Z, resistance, R, and/or reactance, X.

The step of controlling the active current, Ip, and/or the active power, P,
delivered by the power generating unit to the power grid; and the reactive
current, Io, and/or the reactive power, Q, delivered by the power generating unit
to the power grid may be performed by having gains on an active power

generation and a reactive power generation of the power generating unit
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dependent on the estimated grid impedance, Z, and/or the resistance, R, of the
grid impedance, Z, and/or the reactance, X, of the grid impedance, Z.

Alternatively or additionally, the gains on an active power generation and a
reactive power generation of the power generating unit may be dependent on
other system parameters, such as the determined voltage, Vmeas, across the

point of interconnection and/or a power grid frequency.

The power generating unit may be a wind turbine generator. According to this
embodiment, the power generating unit is a renewable power generating unit in
the form of a wind turbine. The wind turbine may be a stand alone wind turbine,
or it may form part of a wind farm comprising two or more wind turbines.
Alternatively, the power generating unit may be in the form of another kind of
renewable power generating unit, such as one or more photovoltaic cells, a

hydroelectric generator, etc.

The step of deriving the grid impedance, Z, and/or the resistance, R, of the grid
impedance, Z, and/or the reactance, X, of the grid impedance, Z, may comprise
deriving an absolute value of the grid impedance, |Z|, using the formula:

1Z] = VRZ + X2,

According to this embodiment, the absolute value of the grid impedance, Z, is
derived as the square root of the resistance, R, of the grid impedance, Z,
squared plus the reactance, X, of the grid impedance, Z, squared.

The method may further comprise the step of determining a short circuit ratio,
1

SCR =,

as the inverse of the absolute value of the grid impedance, |Z].

According to this embodiment, a short circuit ratio is derived. The short circuit
ratio is @ measure of the stability of an electromechanical generator. The short
circuit ratio is the ratio of field current required to produce rated armature
voltage at open circuit to the field current required to produce the rated
armature current under three phase short circuit condition. The SCR is an easy

and reliable manner of representing the operating characteristics of the
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electromechanical generator. Thus, the derived SCR may be used for
determining whether or not the power grid is stable, and this may, in turn, be
used for determining whether or not to apply appropriate measures in this
regard.

An angle, 6, of the grid impedance, Z, may be derived on the basis of the

resistance, R, and the reactance, X, of the grid impedance, Z, using the formula:

0 =tan?! (%)
According to this embodiment, the angle, 8, is derived as the inverse tangent of
the X/R ratio. The angle, 8, of the grid impedance, Z, may be used for
representing the grid impedance, Z, in another mathematical form, which does
not specify the resistance, R, and the reactance, X. Assuming that the absolute
value of the grid impedance, |Z|, and the angle, 8, of the grid impedance, Z, is
known, the grid impedance may be represented in the following mathematical

form:
Z = 17|46 = |Z|(cos @ + jsin0) = |Z|e’®.

According to a second aspect, the invention provides a renewable power plant
comprising a plurality of power generating units, coupled to a power grid at a
point of interconnection, wherein at least one of the power generating units is
adapted to provide a power feed into the power grid, based on a grid
impedance, Z, a resistance, R, of a grid impedance, Z, and/or a reactance, X, of
a grid impedance, Z, wherein the grid impedance, Z, the resistance, R, and/or
the reactance, X, have been estimated in accordance with a method according to
the first aspect of the invention.

Thus, according to the second aspect, the invention provides a renewable power
plant comprising a plurality of power generating units coupled to a power grid at
a point of interconnection. At least one of the power generating units is adapted
to provide a power feed into the power grid, based on a grid impedance, Z, a
resistance, R, of a grid impedance, Z, and/or a reactance, X, of a grid
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impedance, Z. The grid impedance, Z, the resistance, R, of the grid impedance,
Z, and/or the reactance, X, of the grid impedance, Z, have been estimated in
accordance with a method according to the first aspect of the invention, i.e. in
the manner described above. Accordingly, the remarks set forth above with
reference to the first aspect of the invention are equally applicable here.

Thus, the renewable power plant according to the second aspect of the invention
is configured to provide a power feed into the power grid which is in accordance
with the grid impedance, Z, the resistance, R, of the grid impedance, Z, and/or
the reactance, X, of the grid impedance, Z, for the reasons set forth above with
reference to the first aspect of the invention. Thus, the power delivered by the
renewable power plant to the power grid can easily be adapted to follow any

changes in the grid impedance.

It is an advantage that the at least one power generating unit of the renewable
power plant is adapted to provide a power feed based on the estimated grid
impedance, Z, the resistance, R, of the grid impedance, Z, and/or the reactance,
X, of a grid impedance, Z, wherein the estimation is in accordance with the
method according to the first aspect of the invention, because thereby the power
feed can be controlled in @ manner which closely follows any changes in the grid
impedance, Z. This coherence between the power feed of the plurality of power
generating units and the estimated grid impedance, Z, resistance, R and/or
reactance, X, enables the renewable power plant to provide a power feed which

is precise in a reliable manner.

Moreover, the coherence between the power feed of the plurality of power
generating units and the estimated grid impedance, Z, resistance, R and/or
reactance, X, further enables the renewable power plant to be capable of
adapting a power feed to a power grid according to changes of the grid
impedance in a fast and accurate manner, because the grid impedance, Z,
resistance, R, and/or reactance, X, is/are determined in a fast and reliable
manner, as described above, and therefore the power generating unit is capable

of reacting fast to any changes in the grid impedance, Z.
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The power generating unit may be a wind turbine generator. According to this
embodiment, the power generating unit is a renewable power generating unit in
the form of a wind turbine. Alternatively, the power generating unit may be in
the form of another kind of renewable power generating unit such as, one or

more photovoltaic cells, a hydroelectric generator, etc.

The renewable power plant may comprise a plurality of wind turbines.
Alternatively or additionally, the renewable power plant may comprise one or
more alternative kinds of renewable power generators, such as photovoltaic

cells, a hydroelectric generator, battery storages, etc.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention will now be described in further details with reference to the

accompanying drawings, in which

Fig. 1 is a schematic diagram illustrating a power grid comprising a voltage
source and a grid impedance, Z, which is estimated using a method according to

an embodiment of the invention,

Fig. 2 is a block diagram illustrating a method according to an embodiment of

the invention,

Fig. 3 is a flow chart illustrating a method according to an embodiment of the

invention, and

Fig. 4 is a block diagram illustrating a state space model for use in a method
according to an embodiment of the invention.

DETAILED DESCRIPTION OF THE DRAWINGS

Fig. 1 is a schematic diagram illustrating a power grid 1 comprising a voltage
source 2 and a grid impedance, Z. The voltage source 2 has a voltage as a sum
of the voltages, V. and Vayn, wherein Vi, is @ nominal voltage normally provided
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by a grid operator, and Vgyn represents an oscillating voltage related to voltage
dynamics 4 of the power grid 1.

The grid impedance, Z, is of the complex form Z=R+jX, wherein R is a real part
of the grid impedance, Z, representing a resistive part of the grid impedance, Z.
Similarly, X is an imaginary part of the grid impedance, Z, representing a
reactive part of the grid impedance, Z. Thereby the grid impedance, Z, is
represented by a resistance, R, and a reactance, X. There is a voltage, Vz,

across the grid impedance, Z.

The voltage dynamics 3 of the power grid 1 are represented by an oscillation
frequency, wn, and a damping ratio, {. The damping ratio, {, describes the ability
of a system to oppose the oscillatory nature of the system’s transient response.
Furthermore, the oscillation frequency, wn, describes the frequency at which the
voltage dynamics 3 oscillate. Thus, the voltage dynamics 3 of the power grid 1
may be used for gaining knowledge of the transient period of the voltage
dynamics 3, how much the voltage dynamics 3 are damped, and when the
voltage dynamics 3 reach steady state. Moreover, the oscillating voltage, Vayn,
indicates an amplitude of the voltage dynamics. Thus, Vayn could, e.g., be
estimated from the damping ratio, {, and oscillation frequency, wn.

A voltage, Vmeas, is determined across a point of interconnection 4, e.g. by direct
measurement. The point of interconnection 4 is the physical interface between
the power grid 1 and a power generating unit (not shown) which delivers power
to the power grid 1. Thereby the voltage, Vmeas, is @ measure of the voltage
between the power grid 1 and the rest of the power system, notably the power
generating unit. The voltage, Vmeas, can further be represented as the sum of all
voltages of the power grid 1, i.e. Vimeas=Vdayn+Vn+Va.

Furthermore, an active current, Ip, and/or an active power, P, delivered by the
power generating unit to the power grid 1 is/are determined, e.g. by direct
measurement. Further, a reactive current, Ig, and/or a reactive power, Q,
delivered by the power generating unit to the power grid 1 is/are also

determined, e.g. by direct measurement. The active current, Ip, as well as the
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active power, P, represents the active part of the power which the power
generating unit provides to the power grid 1. Similarly, the reactive current, Ig,
as well as the reactive power, Q, represents the reactive part of the power which
the power generating unit provides to the power grid 1.

Thus, information regarding the voltage across the point of interconnection 4, in
the form of Vmeas, the active power provided by the power generating unit, in the
form of Ip and/or P, and the reactive power provided by the power generating
unit, in the form of Ig and/or Q, is now available.

The voltage, Vmeas, and the active current, Ip, and/or the active power, P; and
the reactive current, Io, and/or the reactive power, Q, are then used for
estimating the grid impedance, Z. This could, e.g., include estimating the grid
impedance, Z, itself, and/or estimating the resistance, R, and/or the reactance,

X. This could, e.g., be done in the following manner.

The oscillating voltage, Vayn, is derived on the basis of the voltage dynamics 3,
and the nominal voltage, V, is provided by the grid operator. Then the voltage,
Vz, across the grid impedance, Z, is calculated from the measured voltage, Vmeas,
as Vz=Vmeas-Vn-Vayn. Finally, the grid impedance, Z, can be estimated by applying
Ohm’s Law and using Vz and the determined active current, Ip, and/or active

power, P; and the determined reactive current, Ig, and/or reactive power, Q.

Fig. 2 is a block diagram illustrating a method according to an embodiment of
the invention. A number of input parameters, in the form of Vimeas, Ir, P, lq,
and/or Q, which have previously been determined, e.g. in the manner described
above with reference to Fig. 1, are fed to an estimator 5.

In the estimator 5, a parameter estimation vector is estimated, based on the
input parameters, and using a recursive adaptive filter algorithm, such as a
recursive least square algorithm and/or a Kalman algorithm. The parameter
estimation vector defines a set of estimated model parameters for a selected
model of system response of the power grid. Furthermore, the estimator 5
creates a model representation based on the selected model and the parameter
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estimation vector, by applying the set of parameters of the parameter
estimation vector to the selected model. The model representation is a state
space representation of the power grid, which is a mathematical model of the
physical system as a set of input, output and state variables. Thus, the model
representation depends on the parameter estimation vector, and thereby on
changes in voltage and current and/or power parameters which formed the basis
of the parameter estimation vector.

The estimator 5 outputs the model representation, which is used as an input to
DC gain vector analyser 6 and an Eigen values analyser 7.

The DC gain vector analyser 6 calculates a DC gain vector for the power grid 1,
using the model representation. Thus, changes in the model representation will
be reflected in the calculated DC gain vector. Accordingly, changes in the
determined voltage, current and/or power parameters are also reflected in the
DC gain vector. The DC gain vector represents a correlation between voltage, on
the one hand, and active and reactive power in the other hand, when the power
grid is in a steady state.

The DC gain vector analyser 6 uses the DC gain to derive a grid impedance, Z,
and/or a resistance, R, of the grid impedance, Z, and/or a reactance, X, of the
grid impedance, Z, from the DC gain vector. For this reason, any changes in the
calculated DC gain vector and in the determined voltage, current and/or power
parameters will be reflected in the derived grid impedance, Z, and/or a
resistance, R, of the grid impedance, Z, and/or a reactance, X, of the grid
impedance, Z. Furthermore, this is an easy and fast manner of estimating the
grid impedance, and accordingly the system may react fast to any changes in
the grid impedance.

The derived grid impedance, Z, resistance, R, and/or a reactance, X, may further
be used for deriving a short circuit ratio (SCR) of the power grid 1, a X/R ratio,
an absolute value of the grid impedance, |Z|, and an angle, 8, of the grid
impedance, Z.
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The Eigen values analyser 7 derives a damping ratio, ¢, and an oscillation
frequency, wn, on the basis of the model representation. The damping ratio, ,
and the oscillation frequency, wn, represent the voltage dynamics 4 of the power
grid 1, and could, e.g., be used for estimating an oscillating voltage, Vayn, of the
power source 2 of the power grid 1, as described above with reference to Fig. 1.

Thus, based on the input parameters Vmeas, Ir, P, Ig, and/or Q, an estimation is
performed by the estimator 8. The estimator 8 estimates a parameter estimation
vector and creates a model representation based on the parameter estimation
vector. The model representation is used as an input to the DC gain vector

analyser 6 and the Eigen values analyser 7.

Fig. 3 is a flow chart illustrating a method according to an embodiment of the
invention. The method is initiated by a first step 8, in which a voltage, Vmeas, an
active current, Ip, and/or an active power, P; and a reactive current, Ig, and/or a
reactive power, Q, are determined. Vmeas, Ir, and/or P; and Ig, and/or Q may be

determined in the manner described above with reference to Fig. 1.

In a second step 9, a parameter estimation vector is estimated using a recursive
adaptive filter algorithm, such as a recursive least square algorithm or a Kalman
algorithm, and on the basis of Vmeas, Ir, and/or P; and Ig, and/or Q, e.g. in the

manner described above with reference to Fig. 2.

In a third step 10, a model representation is created on the basis of the
parameter estimation vector, e.g. in the manner described above with reference
to Fig. 2.

In a fourth step 11, the model representation is used for calculating a system

DC gain vector, e.g. in the manner described above with reference to Fig. 2.

In a fifth step 12, a grid impedance, Z, and/or a resistance, R, of the grid
impedance, Z, and/or a reactance, X, of the grid impedance, Z, is derived, e.g.
in the manner described with reference to Figs. 1 and 2.
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Fig. 4 is a block diagram illustrating a state space model for use in a method
according to an embodiment of the invention, in the form of a multiple input,
single output model. An input, u(k), representing active and reactive current of
the system, is input to the state space model, and an output, y(k), representing
voltage, Vmeas, iS output by the state space model. A, B, C and D represent static
and dynamic behaviour of the system, and may be in the form of suitable
matrixes. A parameter estimation vector defines parameters to be applied to the

matrixes in order to create a model representation of the actual power grid.

The model representation of Fig. 4 is of the form:

x(€) = Ax(t) + Bu(t)
y(t) = Cx(t) + Du(t),D =0

U

¢ Ip(t)

bt e ] B e [ ]
x4 (t)

y© =let c2l[ 2] L O =Vo© + Ve ©

x,(t)
The matrix A represents dynamics of the system, the matrixes B and C
represent gain of the system, B being an input matrix and C being an output

matrix, and the matrix D represents feedforward of the system, which may be
set to zero and thereby not taken into account.
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CLAIMS

1. A method for estimating components of a grid impedance, Z, of a power grid
(1) coupled to a power generating unit at a point of interconnection (4), the
method comprising the steps of:

- determining a voltage, Vmeas, across the point of interconnection (4); an
active current, Ip, and/or an active power, P, delivered by the power
generating unit to the power grid (1); and a reactive current, Ig, and/or a
reactive power, Q, delivered by the power generating unit to the power
grid (1),

- estimating a parameter estimation vector using a recursive adaptive filter
algorithm, and on the basis of the determined voltage, Vmeas, and the
determined active current, Ip, and/or active power, P; and the reactive
current, Io, and/or the reactive power, Q, the parameter estimation vector
defining a set of estimated model parameters for a selected model of

system response of the power grid (1),

- creating a model representation of the power grid (1) on the basis of the
parameter estimation vector, and by applying the set of parameters of the
parameter estimation vector to the selected model,

- calculating a system DC gain vector for the power grid (1), using the
model representation, the DC gain vector representing a correlation
between voltage, Vmeas, 0N the one hand, and active current, Ip, and/or
active power, P; and reactive current, Ig, and/or reactive power, Q, on the

other hand, at steady state of the power grid (1), and

- deriving the grid impedance, Z, and/or a resistance, R, of the grid
impedance, Z, and/or a reactance, X, of the grid impedance, Z, from the
system DC gain vector, where Z=R+jX.
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2. A method according to claim 1, wherein the step of determining a voltage,
Vmeas, @cross the point of interconnection (4); an active current, I, and/or an
active power, P, delivered by the power generating unit to the power grid (1);
and a reactive current, Io, and/or a reactive power, Q, delivered by the power
generating unit to the power grid (1) comprises measuring the voltage, Vmeas,
the active current, Ip, the active power, P, the reactive current, Iq and/or the

reactive power, Q.

3. A method according to claim 1 or 2, wherein the recursive adaptive filter

algorithm is a recursive least square algorithm.

4. A method according to any of the preceding claims, wherein the recursive
adaptive filter algorithm is a Kalman algorithm.

5. A method according to any of the preceding claims, wherein the model

representation of the power grid (1) is a state space representation.

6. A method according to claim 5, wherein the step of creating a model
representation of the power grid (1) comprises creating a state space
representation of the form:

x(€) = Ax(t) + Bu(t)
y(t) = Cx(t) + Du(t),D =0

U

¢ Ip(t)

el Alel b o)
x4 (t)

y© =let c2l|[ 2] L O =Va©) + Ve,

x(t)

where A, B, C and D are matrixes, and wherein the step of estimating a
parameter estimation vector comprises estimating parameters for the matrixes
A, B, Cand D.

7. A method according to claim 6, wherein the step of calculating a system DC

gain vector comprises applying the formula:
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Kpc =D — CA™1B,

where K is the system DC gain vector, and A, B, C and D are the matrixes of

the state space representation.

8. A method according to any of the preceding claims, further comprising the
step of deriving a damping ratio, ¢, and/or an oscillation frequency, w,, for
voltage dynamics (3) of the power grid (1) on the basis of the model

representation of the power grid.

9. A method according to claim 8, wherein the voltage dynamics (3) of the
power grid (1) comprises machine dynamics in the power grid (1).

10. A method according to any of the preceding claims, wherein the step of
deriving the grid impedance, Z, and/or the resistance, R, of the grid impedance,
Z, and/or the reactance, X, of the grid impedance, Z, comprises deriving an X/R
ratio on the basis of the resistance, R, and the reactance, X, of the grid

impedance, Z.

11. A method according to any of the preceding claims, wherein the power
generating unit forms part of a renewable power plant, the method further
comprising the step of controlling the power generating unit to provide a power
feed into the power grid (1), based on the estimated grid impedance, Z, and/or
the resistance, R, of the grid impedance, Z, and/or the reactance, X, of the grid

impedance, Z.

12. A method according to claim 11, wherein the step of controlling the power
generating unit comprises controlling the active current, Ip, and/or the active
power, P, delivered by the power generating unit to the power grid (1); and the
reactive current, Ig, and/or the reactive power, Q, delivered by the power

generating unit to the power grid (1).

13. A method according to any of the preceding claims, wherein the power

generating unit is a wind turbine generator.
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14. A method according to any of the preceding claims, wherein the step of
deriving the grid impedance, Z, and/or the resistance, R, of the grid impedance,
Z, and/or the reactance, X, of the grid impedance, Z, comprises deriving an

absolute value of the grid impedance, |Z|, using the formula:
1z = VRZ + X2.

15. A method according to any of the preceding claims, wherein an angle, 8, of
the grid impedance, Z, is derived on the basis of the resistance, R, and the

reactance, X, of the grid impedance, Z, using the formula:

0 =tan?! (%)
16. A renewable power plant comprising a plurality of power generating units,
coupled to a power grid (1) at a point of interconnection (4), wherein at least
one of the power generating units is adapted to provide a power feed into the
power grid (1), based on a grid impedance, Z, a resistance, R, of a grid
impedance, Z, and/or a reactance, X, of a grid impedance, Z, wherein the grid
impedance, Z, the resistance, R, and/or the reactance, X, have been estimated

in accordance with a method according to any of the preceding claims.

17. A renewable power plant according to claim 16, wherein the power

generating unit is a wind turbine generator.
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