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This paper investigates how current-limited converters influence system stability. An improved approach for
assessing voltage stability is introduced, which determines the maximum deliverable power to a load by ac-
counting for changes in the Thévenin voltages. The new approach is able to detect voltage instability well before
the traditional approach based on Thévenin impedance matching. A new stability boundary is discovered that
describes the aperiodic small signal stability boundary for current-limited converters. The improved approach
was modified to account for current-limited converters. The detection of voltage and rotor angle instability

during current limitation were demonstrated on a seven bus system, where test cases were performed. The test
cases showed that voltage instability can lead to aperiodic small signal instability, when the converter has
reached its current limit and loss of synchronism in the unstable region during current-limitation causes the

system voltages to collapse.

1. Introduction

Thévenin equivalent computations are used in a variety of stability
assessment methods including aperiodic small-signal stability of gen-
erators and long-term voltage stability of loads. In [1] an active power
margin is proposed, which is used to monitor the steady-state torque
balance of each generator in the power system. In [2,3] the maximum
deliverable power to non-controlled loads is determined by accounting
for how variations in the load impedance are reflected in the con-
tributing generator angles. Both of these methods depend on fast and
efficient computation of Thévenin equivalents, in order to compute the
stability boundaries in real-time.

The availability of Phasor Measurement Units (PMUs) [4,5]
throughout a power system provides full system observability, where
complex bus voltages and complex branch currents can be obtained at a
repetition rate equal to the system frequency. Additionally, by ob-
taining information about the system topology, Thévenin equivalent
methods can be applied for real-time stability assessment.

The behaviour of Renewable Energy Sources (RES) during stressed
system conditions introduce new challenges in assessing power system
stability. Traditional offline approaches become insufficient in ensuring
secure and stable operation. Therefore new approaches and methods
are needed that are capable of assessing system stability of power
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systems with a larger share of RES. Research has been conducted that
focused on assessing system stability and security in real-time [6-10].
In [1,11,12] algebraic derived expressions laid the foundation for an
assessment method that monitors the steady state torque balance of
each individual generator in a system. The results obtained from [13]
enabled computation of Thévenin equivalents in milliseconds.

In [14] the Thévenin equivalent method together with sensitivity
analysis were found most suitable for real-time assessment. The lim-
itations of the Thévenin equivalent approach were addressed, which
involved that the Thévenin voltage seen from the load remains constant
as the load impedance varies. In [15,16] local phasor measurements are
used to estimate the ThEvenin equivalent seen from a load to detect
voltage instability based on the ThEvenin impedance matching cri-
terion. The method iteratively estimates the ThEvenin equivalent
parameters based on how the load impedance changes until a specific
threshold is met.

In previous work [17] a method was proposed to estimate how
current-limited wind farms affect real-time voltage stability assessment.
In [18] it was discovered that the impact of current-limited converters
can be estimated prior to reaching the rated current. This paper in-
vestigates how current-limited converters affect system stability by
using Thévenin equivalents. A previous improved approach for asses-
sing voltage stability [2] is expanded to include current-limited
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converters. The approach takes into account the changes in the Thé-
venin voltage magnitude seen from a load with respect to load im-
pedance changes.

The structure of the paper is as follows. Section 2 describes the
improved voltage stability approach. Section 3 describes the derivation
of lines of constant current and the discovery of a aperiodic small signal
stability boundary for current-limited converters, which appears as a
horizontal line in the injection impedance plane. In Section 4 the new
stability boundary is validated based on two time-domain simulations
performed in PSS®E and finally in Section 5 the paper is concluded.

2. Improved voltage stability approach

To determine the maximum deliverable power to a non-controlled
load by accounting for changes in Thévenin voltages, the following two
assumptions are necessary:

e Power is injected into nodes of constant voltage magnitude. The
synchronous generators are represented as a voltage source V8 and
depending on the excitation system, the voltage source is directly
connected to the generator terminals if an Automatic Voltage
Regulator (AVR) is present, or the voltage source is connected be-
hind the synchronous reactance X;. In the latter case, the generator
is manually excited or the Over-Excitation Limiter (OXL) has been
activated.

e The second assumption is that loads are represented by their im-
pedance values. The approach needs the instantaneous representa-
tion of the system conditions in order to correctly determine the
changes in Thévenin voltages seen from the load.

These assumptions are valid by receiving PMU-snapshots at a high
repetition rate. Based on the assumptions power injections are re-
presented into nodes of constant voltage magnitude and loads by their
impedances with a constant load angle. This means only two degrees of
freedom are needed to determine the maximum deliverable power to
the load and they are the change in generator rotor angles with respect
to load impedance magnitude changes.

Based on the superposition principle the complex Thévenin voltage
seen from a non-controlled load can be decomposed into the voltages of
contributing generators scaled by complex coefficients. This can be
visualized in Fig. 1. Each of the complex coefficients are independent of
the load impedance and only depend on the network topology. Con-
sidering the Thévenin equivalent seen from a voltage-controlled node
seen in Fig. 2, an expression for the generator rotor angle §,. can be
derived:

2
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Fig. 1. Phasor diagram illustrating the superposition principle of determining
the complex Thévenin voltage seen from a non-controlled load.
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Fig. 2. Thévenin equivalent seen from a generator, which is used to estimate
how the generator angle §,, behaves with respect to load impedance changes
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Fig. 3. P — ¢ curves for three scenarios: For the solid characteristic, the line of
constant P, intersects twice, where the left hand side represents stable op-
eration. For the dashed characteristic, P, intersects exactly once and for the
dotted characteristic it never intersects.

Assuming that a generator operates with constant mechanical input
power and the load angle is fixed, the only variable influencing the
rotor angle §,. is the changes in load impedance magnitude Z;,.4, where
each change represents a different Thévenin equivalent seen from the
generator. This can be visualized by P — § curves as seen in Fig. 3.

Each change in load impedance magnitude can be represented by
one of three scenarios. In the first case the solid curve intersects twice
with the line of constant mechanical input power, where OP; represents
a stable operating point and OP, represents an unstable operating point.
In the second case the dashed curve only intersects once, which re-
presents the critical point for §,, and it is represented as OPs. In the
third case the dotted curve does not intersect and no equilibrium exists
for the generator.

For the non-controlled load an interval is defined from the actual
load impedance to the Thévenin impedance seen from the load in
evenly spaced points. Each point, when evaluated, represents a new
Thévenin equivalent seen from the contributing generators, which is
used to estimate the change in rotor angles by using (1). The estimated
rotor angles are then used to estimate the Thévenin voltage seen from
the non-controlled load. The maximum deliverable power can be esti-
mated by using (2), which is derived from the two bus Thévenin
equivalent seen from a load in Fig. 5:

— = 2
Eth,nc (Zload)

Pioad = TzaaR Zioad) = =
load load ( load) Zzh,nc + Zload

Rload

(2)

At some point during the interval the maximum deliverable power
to the load will start to decline or a contributing generator’s angle be-
comes imaginary, which means the point of maximum deliverable
power to the load has been reached. This method increases in accuracy
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: PMU-snapshot of the system conditions

1 Input

2 Determine complex cdicientsk, for each nc loadoreach nc loaddo

foreach change in %54 do

3

Determine the stability condition of the generator operating point using

DetermineE nc Using superposition

5

end

Estimate maximum deliverable power to the Idghgmax according to

7

s end

Algorithm 1. Proposed voltage stability approach.
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as the non-controlled load moves closer to the point of maximum de-
liverable power, because the interval becomes smaller. The above de-
scribed approach is summarized by Algorithm 1.

To illustrate the improved voltage stability approach, the seven bus
wind system shown in Fig. 4 is analyzed.

Generator G, represents aggregated Type IV wind turbines that
maintain local voltage control and prioritize active power injection,
which is similar to a synchronous generator with an AVR that maintains
a constant voltage magnitude at the terminals. The model is based on a
variable speed 2.3 MW developed by Siemens in PSS®E. Generator G,
represents an infinite machine. The load is represented at the high-
voltage side of the On-Load Tap Changer (OLTC) transformer to include
losses. Based on the assumption that power is injected into nodes of
constant voltage magnitude and the load angle is fixed, information
about the possible operating points for the grid-side converter are ob-
tained by determining the phase angle difference between the two
generators in the system with respect to load impedance magnitude
changes. Based on the initial conditions, the active power injection of
G; (red) and the load power Pj,qq (blue) can be visualized as contour
plots as seen in Fig. 6.

The contour of F; = 13.8 MW represents the trajectory of possible
operating points for the grid-side converter and the initial operating
point is represented as point A, which intersects with the initial load
power Py, = 38 MW. The black dash dotted line represents the max-
imum injectable power when the load impedance magnitude is fixed.
The black horizontal line represents the voltage stability boundary
based on the Thévenin impedance matching approach, where the load
impedance magnitude Z;,,4 equals the magnitude of the Thévenin im-
pedance. The black horizontal line assumes that the Thévenin voltage
magnitude seen from the load remains constant with respect to load
impedance magnitude changes. Using the approach described in
Algorithm 1 the point of maximum deliverable power to the load is
represented as point B, which takes into account how the Thévenin
voltage seen from the load changes with respect to load impedance
magnitude changes. Based on the initial conditions the horizontal line
and the improved voltage stability approach would be able to detect
voltage instability. Initially the actual operating point is far away from
the voltage stability boundary.

3. Improved voltage stability approach including current-limited
converters

3.1. Lines of constant current

To derive expressions for current-limited converters the two-bus
Thévenin equivalent seen from a current source in Fig. 7 is considered.

To derive an expression for lines of constant current the following
expressions are used:

V;zc = Eth,vc - Zth,chc (3)
Vie

Zij = —=
I 4

By inserting (4) into (3) and rearranging the terms, the following
equation of a circle of constant current in the injection impedance plane
is derived:

(Ripj — ) + Xiy — D)2 =12 (5)
with center coordinates (a, b) and radius r:

(a’ b) = (_Rth,vcy _Xth,vc) (6)

Eth,vc

[10pt]r = I o
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Fig. 4. Seven bus system used for testing current-limited operation of the grid-side converter of the wind farm represented by G;. The load at bus 7 is represented as
the complex impedance Z;,qq and generator G, represents an infinite bus (H — =) with a constant voltage magnitude at its terminal.
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Fig. 5. Thévenin equivalent seen from a non-controlled load, which is used for
estimating how E ,. behaves with respect to the load impedance Zj,q4.
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Fig. 6. Contours of constant injected active power Pg; (red) and constant de-
livered power to the load P4 (blue) in the A§ — Zj,4q plane. Point A represents
the initial operating point. Point B represents the maximum deliverable power
to the load. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

3.2. Maximum injectable power during current-limited operation

In [11] the following expression for lines of constant active power
was derived, which can be determined from a two bus Thévenin
equivalent:

(Rinj - a)2 + ()(inj - b)z =r? 8

Zth.,vc - Zth,vcéd)th,vc

[
L

Eth,vc -
Eth,vcéeth,vc

Fig. 7. Simple two bus Thévenin equivalent seen from a current source. This
system is used to derive characteristic curves and critical lines in the injection
impedance plane.

with center coordinates (a, b) and radius r:

Ej,
(ll, b) = (_R[h,vc + 5 ,vc, _X[h,vc]
€)]

-8

R(Zins)

Fig. 8. Lines of constant current magnitudes represented as blue circles and
lines of constant injected and absorbed power represented as red circles. For
each constant current magnitude circle, there exists a red circle representing the
maximum injectable or absorbed power, which intersects exactly once on the
line of — X vc. (For interpretation of the references to colour in this figure le-
gend, the reader is referred to the web version of this article.)
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It is worth noticing that the center coordinates for circles of constant
active power and circles of constant current lie on the same line — X, ..
Fig. 8 shows circles of constant current (blue) and circles of constant
active power (red). Assuming that the grid-side converter is current-
limited, there exists a circle of constant active power that intersects
exactly once with a circle of constant current, which is highlighted as
the purple intersections. Each of the red circles represent the maximum
injectable active power or absorbed active power for a constant current
magnitude and they intersect on the line — X, .. The black horizontal
line represents the aperiodic small signal stability boundary for current-
limited converters, where operation below the line represents stable
operation and operation above the line represents unstable operation.

3.3. Visualizing operating points in the normalized impedance plane

The converter operating points can be visualized in the normalized
injection impedance plane by shifting each operating point with the
value of Zy,,. and normalizing with the radius of the circle of constant
current:

Eth,vc
r= —-

I max an
_ Zini + Zh,
Zinj,norm =Y e

p 12

By using (12), the current-limited operating points are mapped into the
normalized injection impedance plane, where the unit circle represents
the condition of constant current magnitude and the black horizontal
line represents the aperiodic small signal stability boundary going
through the origin.

3.4. Voltage stability approach including current-Limited converters

The voltage stability approach described in Algorithm 1 is based on
voltage controlled nodes. The same approach can be applied to Type IV
wind turbines that maintain local voltage control and prioritize active
power injection. When the converter reaches its current limitation, the
approach must be modified accordingly. Based on the two bus Thévenin
equivalent seen from a current source in Fig. 7, the current angle §. can
be determined as:

Puj = 12 Zipye COS (B )

Vth,vc Ic (1 3)

Sc = Bmye — arccos(

Based on the superposition principle for determining the Thévenin
equivalent seen from a non-controlled load, the voltage of contributing
generators were scaled by a complex coefficient. In case of current-
limited operation, the contribution is determined as the impedance
times the current. Assuming that active power injection is prioritized
and the load angle is fixed, the only variable influencing the current
limited converter angle &, is the load impedance magnitude Z;,,4. Each
variation in Zj,qq represents a new Thévenin equivalent and the equi-
librium of the angle can be determined. The stable current angles are
then used to estimate the Thévenin voltage seen from the load in order
to determine the maximum deliverable power to the load, similar to
Algorithm 1.

3.5. Reactive power capability of Type IV wind turbine based wind farms

The reactive power capability of a converter connected Type IV
wind turbine is dependent on the wind turbine terminal voltage and
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active power production. For wind farms consisting of several wind
turbines and power collection cables, aggregated reactive power cap-
ability model has been developed in Sarkar et al. [19]. In this model a
single wind turbine representation of Type IV wind turbine has been
used together with equivalent impedance of power collection system.
This model also includes the susceptance of power collection cables to
give a realistic estimation of reactive power capability of wind farms. In
this paper, the approach is used to calculate the reactive power limit of
the aggregated wind farm G; in Fig. 4. The voltage limited reactive
power capability of the wind farm, Qy, can be derived from the fol-
lowing equation:

I( v, ymax V2R V2X,
o= (B [y LR ), VeXe
Wz \Zeg) \Zeg)

where, V;; is the voltage at the point of connection of wind farm, V@' is
the maximum allowable converter voltage, P is active power production
from wind farm and Z, is the sum of impedance of aggregated col-
lection system cables, individual wind turbines and wind turbine
transformers. The current limited reactive power capability, Q;, can be
derived from:

14

Q1 = (I — P as)

where, I7** is the maximum allowable current from the converter. At
any operating point, the reactive power capability of a wind farm can
be either voltage limited or current limited. The maximum reactive
power injection capability of a wind farm can be derived from the
following expression:

Qum = min(Qy, Qp) + B, V3, (16)

where, B, is the equivalent shunt susceptance of collection system
cables. Detailed description of the model and methodology is given
in Sarkar et al. [19].

4. Simulation results
4.1. Voltage instability during current-limited operation

A time domain simulation was performed in PSS®E of the seven-bus
wind system given in Fig. 4. To provoke voltage instability the active
load power at bus 7 was manually increased from 38 MW to 62 MW
over a time period of 111 s. At t = 35 s the OLTC transformer started
tap-changing to keep the voltage constant at the low-voltage side. Each
increase in load power moved the actual operating point closer to the
voltage stability boundary. The first plot in Fig. 9 shows the bus voltage
magnitudes of the high- and low voltage side of the OLTC-transformer,
the second and third plot show the voltage and current magnitude at
the converter terminals. The fourth plot shows the reactive power in-
jection and the maximum reactive power injection computed
using (16). Eventually at t = 111 s (snapshot I) the grid-side converter
cannot maintain a constant voltage magnitude at the terminals and
becomes current-limited. The last two tap-changes of the OLTC-trans-
former pushes the system voltages further down, which leads to the
actual operating point becoming voltage unstable at ¢ = 205.6 s (snap-
shot II). This can be seen in Fig. 10 as point A. Beyond this point the
system voltages continue falling and the system conditions are wor-
sening.

Fig. 11 shows the converter operating points mapped into the nor-
malized injection impedance plane. The unit circle represents the
condition of constant current magnitude and the black horizontal line
represents the aperiodic small-signal stability boundary during current-
limited operation. Operation below the black line represents stable
operation and operation above represents unstable operation. It can be
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Fig. 9. The first plot shows the bus voltage magnitudes of the OLTC-trans-
former. The second and third plot show the voltage and current magnitude of
the grid-side converter. The fourth plot shows the reactive power and the
maximum reactive power. At snapshot I the grid-side converter becomes cur-
rent-limited. At snapshot II the voltage stability boundary is crossed. At snap-
shot IIT the wind turbines enter FRT-mode and at snapshot IV the system has
stabilized.

Zload,[pu}

80

Ad ]

Fig. 10. Contours of constant injected active power Pg; (black) and constant
delivered power to the load Pjyqq (purple) in the AS — Zj,4q plane at t = 205.6s.
The actual operating point has reached the point of maximum deliverable
power to the load. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

seen that after the actual operating point becomes voltage unstable, the
converter keeps increasing its angle while maintaining a constant cur-
rent magnitude and eventually at t = 231.4 s, the normalized operating
point for the converter crosses the aperiodic small signal stability
boundary. At the same time the converter enters Fault-Ride Through
(FRT) mode and prioritizes reactive power injection and reduced the
active power injection. Because the converter terminal voltage is below
0.9 pu, the wind turbines should be disconnected according to the grid
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Fig. 11. Converter operating points (blue) mapped into the normalized injec-
tion impedance plane. At snapshot I the grid-side converter becomes current-
limited. At snapshot II the voltage stability boundary is crossed. At snapshot IIT
the aperiodic small-signal stability boundary is crossed. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)

codes. This test case showed the voltage instability can lead to aperiodic
small signal instability for current-limited converters.

4.2. System blackout during current-limited operation

For the second test case the initial conditions have been modified
for the seven bus system. The aggregated wind turbines have been
scaled to 40 units that corresponds to P, = 92 MW and the step-up
transformer has also been scaled accordingly. The active load power has
been increased to Ppeq =125 MW and the shunt reactor to
Qc = 70 MVar. The first plot in Fig. 12 shows the bus voltage magni-
tudes at the high- and low voltage side of the OLTC-transformer, the
second plot and third plot show the voltage and current magnitude at
the converter terminals. To push the converter to its current limitation
the actual load power is increased to 152 MW over a period of 317 s.
Fig. 13 shows the mapped operating points (black) for the converter
into the normalized injection impedance plane. The red circle re-
presents the condition of constant current magnitude. It can be seen
that the converter keeps increasing reactive power injection and con-
verter operating point eventually reaches its current limitation at
t = 317 s (snapshot I). The actual operating point is in the unstable
region defined by the black horizontal line. The instant the converter is
not able to maintain a constant voltage magnitude and switches to
constant current magnitude, the system voltages collapse immediately
due to the fast acting power converters. Fig. 14 shows contours of
constant injected power Pg; (black) and constant delivered power to
the load Pjyqq (purple) att = 317 s, when the converter becomes current-
limited. It can be seen that the actual operating point has crossed the
voltage stability boundary and the aperiodic small-signal stability
boundary, which results in the collapse of system voltages.

5. Conclusion

This paper presented an improved approach for assessing voltage
stability for current-limited converters. The approach takes into ac-
count how load impedance changes are reflected in the converter angle
8., in order to determine the maximum deliverable power to the load. A
new stability boundary describing aperiodic small signal stability for
current-limited converters was discovered. The boundary appears as a
straight line in the normalized injection impedance plane. Two test
cases were used to validate the stability boundary. The test cases
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Fig. 12. The first plot shows the bus voltage magnitudes of the OLTC-transformer. The second and third plot show the voltage and current magnitude of the grid-side
converter. At snapshot I the grid-side converter becomes current-limited and the system voltages collapse.
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Fig. 13. Converter operating points (black) mapped into the normalized in-
jection impedance plane. At snapshot I the grid-side converter becomes current-
limited in the unstable region and the system voltages collapse immediately due
to the fast acting converters.

showed that voltage instability was detected during current-limited
operation, which lead to aperiodic small signal instability of the con-
verter. The converter entered FRT-mode and prioritized reactive power
injection and lowered active power injection. According to the grid
codes the wind turbines would have been disconnected, because the
terminal voltages did not recover. The test cases also showed that when
the converter reaches its current limit in the unstable region, defined by
the aperiodic small signal stability boundary, the system voltages col-
lapse. Both test cases show that current-limited operation pushes the
actual operating points closer to the stability boundaries, making the
system more susceptible to instability.
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Fig. 14. Contours of constant injected active power Pg; (black) and constant
delivered power to the load Pjyeq (purple) in the AS — Zj,4q plane at t = 317 s.
The grid-side converter is current-limited and the actual operating point has
already crossed the voltage stability boundary and the aperiodic small-signal
stability boundary. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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