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Abstract—This paper focuses on short-term power system
instability arising under adverse network conditions and
involving Inverter-Based Generation (IBG). This type of
instability has not so far been described in power system stability
classifications. A simple radial system with IBG is initially
examined, in order to classify the possible mechanisms of shortterm instability involving converter voltage and current controls.
Next, a typical feeder connecting a wind farm taken from the
Hellenic Interconnected System is simulated as a case study.
Finally, a protection scheme, able to identify and prevent the IBG
instability is proposed and simulated to prove its efficiency.

Current Source (CSC) Converters are highlighted, with
emphasis to the instability occurring under constant voltage or
current operation and adverse network conditions.

Keywords—Power System Stability, Inverter-Based Generation,
Maximum Power Transfer, Voltage Source Converter.

Finally, in Section V, a protection scheme, able to detect
and prevent this type of instability is proposed. The protection
is implemented by determining a specific threshold in the
voltage-current sensitivity, which whenever violated results in
partial wind power curtailment. The protection system is
simulated to verify its performance and dependability.

I. INTRODUCTION
In recent years, although synchronous generators are still
dominant in electric power networks, there is an increasing
number of inverter-based generators (IBGs) that continuously
replace synchronous ones [1]. This evolutionary trend is
mainly attributed to the use in Renewable Energy Sources
(mostly wind power and photovoltaic panels), but is also
related to converter control flexibility, allowing current control,
active and reactive power control, as well as voltage control
[2], [3].
Various works on converter stability have been reported in
recent literature [4], especially focusing on the impact of
phase-locked loop (PLL) parameters on the dynamic and
steady-state converter behavior [5], [6].

In Sections III and IV, a detailed dedicated medium voltage
(MV) feeder, corresponding to an actual wind farm (WF)
installation in the area of Peloponnese in the Hellenic
Interconnected System is examined, using Quasi-Steady-State
(QSS) simulation [9]. This voltage stability test system is
analyzed, focusing mainly on the instability mechanism
involving the IBG.

II. RADIAL SYSTEM WITH IBG (THEVENIN EQUIVALENT)
A. System Description
A two-bus radial test system is shown in the one-line
diagram of Fig. 1. Essentially this consists of the Thevenin
equivalent seen from the MV bus of the IBG [10], where ET, θΤ
and ZT are the Thevenin equivalent voltage magnitude, phase
angle and impedance respectively, while θ is the IBG bus
phase lead angle. Resistance of the Thevenin equivalent is
significant and should not be neglected, as it includes MV
network resistance, as well as conductance of active loads.

In this paper the focus is not on the internal converter
control loop stability, but rather on power system stability
issues (especially under adverse network conditions) affecting
and influenced by inverter connected generators and their
external loop power, voltage, or current controls. In particular
the instability investigated is related to the maximum power
that can be transferred by the IBG under certain control
conditions. It is possible that the instability mechanisms
investigated in this paper may eventually result in some form
of PLL instability [7], [8], but the instability analyzed here is
related to the weakening of the network and is not due to the
parameters or the tuning of the PLL.

It is noted at this point that even though this section refers
to inverter connected generation, the same analysis applies also
for loads connected through converters, in which case the
active power PG will become negative (PG < 0).

The paper is structured as follows: in Section II a radial
system with IBG connected to a Thevenin equivalent is
examined and its external control loops are briefly discussed.
Stability issues concerning Voltage Source (VSC) and also

B. Phase Angle Limits
For the configuration of Fig. 1, the IBG active power
generation PG is expressed as follows, where β=sin–1(RT/ZT) is
the loss angle of the Thevenin impedance [11]:

Fig. 1.

Thevenin Equivalent of a Radial System seen from the IBG

𝑃𝐺 =

𝐸𝑇 𝑉𝐺
𝑉𝐺2
𝑠𝑖𝑛(𝜃 − 𝛽) + 2 𝑅𝑇
𝑍𝑇
𝑍𝑇

(1)

The maximum IBG active power that can be transferred
under constant Thevenin and IBG voltages occurs when the
sine becomes 1, i.e. 𝑠𝑖𝑛(𝜃 − 𝛽) = 1.
Thus, the maximum generated power limit, when the IBG
is controlling its connection point voltage, is similar to an angle
stability limit with the only difference being the addition of the
transmission loss angle β:
𝜋
𝜃𝑚𝑎𝑥𝑃𝐺 = + 𝛽
(2)
2
The corresponding maximum active generation limit is:
𝑃𝐺𝑚𝑎𝑥 =

𝐸𝑇 𝑉𝐺 𝑉𝐺2
+ 2 𝑅𝑇
𝑍𝑇
𝑍𝑇

(3)

Similar to synchronous generator rotor angle stability, if the
converter is modifying the voltage VG phase angle in order to
export the generated power, it will reach a stability limit if PG
exceeds (or is equal to) PGmax defined in (3). As discussed in
the introduction, how this instability will affect the converter
controls is not of interest here, as it will certainly result in the
disconnection of the converter either due to DC capacitor
overvoltage or another internal protection.
It should be noted that this phase angle instability risk for
converter controlled generators, when network voltages are
depressed e.g. due to a fault in the system, is known to the
power engineering community and has led to special control
schemes, which reduce the generated active power when the
voltage at the IBG connection point is below a limit [12], [13].
The effect of resistance on delivered power can be seen
considering the active power PT injected to the Thevenin
equivalent voltage source [11], given by:
𝐸𝑇 𝑉𝐺
𝐸𝑇2
𝑃𝑇 =
𝑠𝑖𝑛(𝜃 + 𝛽) − 2 𝑅𝑇
𝑍𝑇
𝑍𝑇

(4)

Note that the delivered power is maximized before the stability
limit (2) is encountered for a phase angle:
𝜋
𝜃𝑚𝑎𝑥𝑃𝑇 = − 𝛽
(5)
2

The active power transfers PG and PT are shown in Fig. 2,
plotted as functions of the IBG bus voltage phase angle θ.
Point A1 denotes the phase angle stability condition
(maximum active power for PG), while point A2 is where the
delivered power PT is maximized.
As clearly seen in Fig. 2, before meeting the stability limit
(2), the exported power to the grid has already passed the
maximum point condition (5) and thus the generated power
after point (5) is only increasing the losses. Hence, this type of
phase angle instability is not expected to be met in resistive
networks during normal operation, as it appears for
impractical values of phase angle.
C. Stability Limit under Constant Current
Consider now the case where the IBG is initially
controlling its terminal voltage under adverse network
conditions, for instance while the Thevenin equivalent voltage
slowly drops. As maintaining the terminal voltage will require
more reactive generation, it is likely that eventually the
converter current will reach its rated value. In such cases, the
IBG is expected to operate with a constant current equal to its
limit.
Under constant current operation, the active power PT
delivered to the Thevenin equivalent of Fig. 1 can be expressed
as:
𝑃𝑇 = 𝑟𝑒𝑎𝑙(𝑬𝑻 𝑰⋆𝑮 ) = 𝐸𝑇 𝐼𝐺 𝑐𝑜𝑠𝜑

(6)

where φ is the phase angle of converter current with respect to
the Thevenin voltage (Fig. 1).
On the other hand, the active power generated by the IBG is
also covering the active loses, which, for constant IBG current,
are also constant. Thus:
𝑃𝐺 = 𝐸𝑇 𝐼𝐺 𝑐𝑜𝑠𝜑 + 𝐼𝐺2 𝑅𝑇

(7)

Hence, under constant current operation, the maximum IBG
active power generation limit occurs when the power factor at
the Thevenin end becomes unity, i.e. 𝑐𝑜𝑠 𝜑 = 1. Assuming that
the current has reached its limit, i.e. IG=Ilim, the generated
power limit is:
𝑃𝐺𝑙𝑖𝑚 = 𝐼 𝑙𝑖𝑚 (𝐸𝑇 + 𝐼 𝑙𝑖𝑚 𝑅𝑇 )

(8)

In case the generated power exceeds the limit (8) the
system will become unstable. This short-term instability will
occur regardless of the type of converter control, i.e. whether
the converter operates as a current source, or as a voltage
source controlling the current. These two cases are investigated
separately considering the IBG first as a Current Source
Converter and then as a VSC controlling the current to its limit
value.

Fig. 2.

PG, PT curvers as a function of lead angle θ (assuming β≈17ο)

For the CSC case, after the current limiter has been
activated, the RMS value of the converter current IG is held
constant at a value equal to Ilim. As a result, in order to provide
the active power PG to the grid, the converter controls the
current phase φ. However, if the IBG active power is greater
than the limit (8) and the system is unable to transfer the
injected active power, the phase φ has no solution (no
equilibrium condition exists) and consequently the CSC control

becomes unstable. Thus, the converter will be disconnected, as
the power not exported will create an overvoltage of the
converter DC side capacitor.
If, on the other hand, the VSC scheme is considered, the
converter current limiter (when activated) is controlling the
converter voltage VG, in order to keep the current below or
equal to Ilim.
While the generated active power remains below the limit
expressed in (8), i.e. PG < PGlim, lowering the voltage will result
in less reactive power generated and thus in a lower current
magnitude. However, if the generated active power becomes
greater that the limit, i.e. PG>PGlim, the voltage can no longer
contain the current RMS value, as for either decreasing or
increasing the voltage the current will increase and the
converter will have to be disconnected by overcurrent
protection.
This instability mechanism can be expressed through the
converter current-voltage (I-V) sensitivity becoming equal to
zero:
𝜕𝐼𝐺
=0
(9)
𝜕𝑉𝐺

The feeder values used correspond to an actual wind farm
(WF) installation in the area of Peloponnese in the Hellenic
Interconnected System. The test system data are summarized in
Table I.
TABLE I.

WF Detailed Data (pu on 100MVA)
Sn
(MVA)
36

Complete Test System single-line diagram

X

Xt

Rl

Xl

Ilim

Vthr

0.9778

0.2

0.4

0.015

0.2

0.36

0.90

TABLE II.

INITIAL OPERATING POINT (PU ON 100MVA)
Pwo

V1o

ro

Go

QWo

0.0176

0.9777

0.9875

0

0

The dynamic representation of feeder controls is presented
below. The discrete LTC controller is modelled by the
difference equation:
𝑟(𝑘) + 𝛥𝑟, if 𝑉2 > 𝑉2,𝑚𝑎𝑥 and 𝑟(𝑘) < 𝑟𝑚𝑎𝑥

𝑟 (𝑘+1) = { 𝑟(𝑘) − 𝛥𝑟, if 𝑉2 < 𝑉2,𝑚𝑖𝑛 and 𝑟(𝑘) > 𝑟𝑚𝑖𝑛
𝑟

III. VOLTAGE STABILITY TEST SYSTEM

Fig. 3.

E

The initial operating point PWo, V1o, ro, corresponding to a
summer 2010 snapshot, is seen in Table II. With these data, the
system of Fig.3 is initialized for zero load and unity WF power
factor, i.e. Go=0 and QWo=0:

As shown in the Appendix, condition (9) is equivalent to
condition (8), i.e. to the condition 𝑐𝑜𝑠 𝜑=1 in (6), (7).

A. Distribution MV Feeder Model and Controls
The test system simulated in this Section is seen in Fig. 3
and consists of a weak transmission corridor, in the middle of
which an Inverter Based WF is connected through a dedicated
MV feeder. The transmission corridor is represented by two
equal reactances X on the source and load side of the WF
connection substation. The transmission system is fed by a
constant voltage source E and the remote load is connected to
the load bus at the end of the corridor with a voltage VL. Load
is represented as a conductance G with unity power factor (load
reactive power is considered fully compensated). A slow load
conductance ramp with an increase rate of 0.1% per second is
simulated. During the load ramp, all the automatic controls of
the feeder, i.e. switched capacitors BC and Load Tap Changer
(LTC) automatic control of voltage V2 are simulated, as well as
the active and reactive injection at the WF connection point as
detailed in [10], [14], [15].

TEST SYSTEM DATA

(𝑘)

,

(10)

otherwise

(k)

where r = r(tk) is the transformer ratio at time tk, rmin to rmax
the tap range boundaries, V2 the controlled distribution side
voltage and V2,min to V2,max its narrow deadband. Tap ratio step
Δr is considered constant and one tap change is performed each
time V2 remains outside its deadband for a time delay of TLTC.
The automatic switched capacitor discrete time controller is
modelled by the difference equation:
(𝑘+1)

𝐵𝑐

(𝑘)
𝐵(𝑘)
𝑐 + 𝛥𝐵𝑐 , if 𝑉1 < 𝑉1,𝑚𝑖𝑛 and 𝐵𝑐 < 𝐵𝑐 𝑚𝑎𝑥
(𝑘)
= { 𝐵(𝑘)
𝑐 − 𝛥𝐵𝑐 , if 𝑉1 > 𝑉1,𝑚𝑎𝑥 and 𝐵𝑐 > 𝐵𝑐 𝑚𝑖𝑛 (11)

𝐵(𝑐𝑘)

,

otherwise

where, similar to the tap ratio, Βc(k) refers to the capacitor
susceptance at time instant tk and V1,min to V1,max is the
transmission voltage V1 deadband (95% and 105% of the
nominal transmission value respectively). As seen in Table III,
three switchable banks are connected to the HV/MV
substation, each with a susceptance ΔBc. The time delay before
a capacitor bank switching TBc is assumed substantially larger
than TLTC, in order to avoid interactions with the LTC control.
In previous work by the authors [10], [14-15], the
automatic switched capacitor controller objective was to keep
the reactive power Q2 coming from the distribution feeder
within a specified deadband. As a result, the main focus of this
control was the support of the distribution system. However, it
was noticed that the capacitor banks were not properly
exploited with this control, since not all of them where
switched before the maximum power conditions on the
transmission corridor were encountered. Thus, in this paper,
the switched capacitor banks are assumed to support the
transmission system by controlling the HV V1 whenever the
voltage limits shown in (11) are exceeded.

The VSC control of the wind farm converter is assumed
almost instantaneous (with a time delay of 1ms) and can
operate multiple times within the same simulation step.
Two strategies for the IBG discrete reactive control are
considered:
a) Unity Power Factor (UPF): the controller maintains
a UPF, thus the wind farm voltage Vw changes in each time
step to obtain Qw=0. This is considered the default operating
strategy of the WF with the objective to minimize losses in the
absence of any other requirement or incentive.
b) Emergency Maximum Reactive Support (EMRS): the
controller initially maintains a UPF as in case a, until the
primary transmission voltage V1 falls below a specific
threshold Vthr (90% in the proposed implementation, as seen in
Table I) [10], in which case the WF converter modifies the
voltage Vw to its maximum permissible value (VWmax=1.10 pu
in this study, as seen in Table III). Hence, when this signal is
issued, the WF initiates maximum reactive support to the
transmission system. This operating mode requires of course
some previous agreement between the TSO and the WF owner
to provide this ancillary service.

generators. The sampling frequency of the time series is equal
to 1Hz, with a total duration of 5000s. The WF active power
time series used as input to the model of Fig. 3 is seen in Fig. 4
in per unit on the WF rating Sn [13].
It should be noted that the WF active power Pw is subject to
a variable setpoint Pset, with an initial value equal to the WF
0
rating, i.e. 𝑃𝑠𝑒𝑡
= 𝑆𝑛 . Thus:
𝑃𝑠𝑒𝑡 ,
𝑃𝑤 = {
𝑃𝑖𝑛𝑝 ,

if 𝑃𝑖𝑛𝑝 > 𝑃𝑠𝑒𝑡
otherwise

(14)

where Pinp the input active power time series of Fig. 4.
The test system of Fig. 3 is simulated by constructing the
Thevenin equivalent seen from the WF terminals, resulting in
the configuration of Fig. 1. This time-varying Thevenin
depends on the feeder controls, as well as on load conductance
G, which is one of the inputs in every step of the simulation.
The other input is the active power Pw of (14), while capacitor
susceptance, LTC tap ratio, and WF terminal voltage, are the
state variables of the controls defined in (10)-(13).

The EMRS control is subject to the maximum current
limitation of the converter (Ilim), as already discussed in
Section II.C. This is modelled as follows:
If the WF current exceeds the maximum permitted value,
the current limiter control algorithm is activated and applied
repeatedly, by reducing the converter voltage, until the current
satisfies the inequality constraint (Iw ≤ Ilim). Hence:
while 𝐼𝑤,𝑖 > 𝐼 𝑙𝑖𝑚 then 𝑉𝑤,𝑖 = 𝑉𝑤,𝑖 − 𝛥𝑉

(12)

where i is the iteration counter. Note that (12) is applied
multiple times if necessary with negligible time delay.
After the current is brought below its limit Ilim, while both
EMRS and current limiter controls are activated, the following
terminal voltage restoration control is applied
while 𝐼𝑤,𝑖 < 𝐼 𝑙𝑖𝑚 − 𝜀 and 𝑉𝑤,𝑖 < 𝑉𝑤 𝑚𝑎𝑥 then 𝑉𝑤,𝑖 = 𝑉𝑤,𝑖 + 𝛥𝑉(13)

where ε a small positive constant taken equal in per unit to the
converter voltage step change ΔV. Clearly, in case the current
constraint (Iw ≤ Ilim) is once again violated, control (12) is
reinstated.
The data of the automatic control mechanisms are
summarized in Table IIΙ. The maximum permissible current Ilim
is taken equal to rated assuming unity nominal power factor,
i.e. Ilim=0.36 pu on 100 MVA for the wind farm of Table I.
TABLE III.
rmin

rmax

Δr
(%)

0.8

1.1

0.625

DISCRETE CONTROLLER DATA

LTC
steps

ΔBc
(MVAr)

Bc
steps

TLTC
(s)

TBc
(s)

VWmax
(pu)

ΔV, ε
(pu)

48

4

3

10

60

1.1

0.001

B. Simulation with Variable Wind Speed Time-Series
In order to assess the effect of wind variability, a wind
velocity time series is considered as input to the wind

Fig. 4.

WF Wind Power Input Time Series (pu on Sn=36 MVA)

The simulation algorithm is the following: for each time
step, the operating condition is determined by the above
variables (G, r, BC, Vw, Pw). The voltage phasor angle θ is then
directly calculated by solving (1) for sin(θ–β). After the
determination of θ, all other variables are easily evaluated
using simple circuit relationships and thus the inputs to all the
controllers are determined.
IV. MAXIMUM POWER TRANSFER
The slowly increasing load admittance ramp is simulated
with a variable wind power input as discussed above, until the
system is past the maximum power transfer (MPT) limit. Thus,
the maximum power that can be transferred to the load is
indirectly obtained taking into account the effect of the WF and
its feeder controls.
In order to compare the increase achieved in the MPT limit
due to WF feeder controls, the switch S of Fig. 3 is initially
assumed open (base case), therefore, the distribution feeder is
not connected to the transmission corridor. As a result, the
MPT of the simplified two bus system is according to [9]:
𝐸2
𝑃𝐿𝑚𝑎𝑥 =
(15)
2(2𝑋)

The simulation results are plotted In Fig. 5 in the form of
load PV curves, where the load voltage is shown as a function
of load consumed power. Separate plots refer to the base case,
the UPF control (scheme a) and the EMRS control (scheme b).
In all curves, point C indicates the maximum power transfer to
the load bus, point D denotes where the IBG maximum current
condition is met, and point E corresponds to the time instant of
switching to maximum reactive support. As discussed before,
the WF active power input is the one of Fig. 4.

MVAr). A further 14.11MW load margin increase (ΔPconv) is
achieved in case (b) with respect to case (a), which is clearly
due to the maximum reactive support provided by the WF
converter. This increase is roughly 40% of the WF converter
MVA rating.
As seen in Fig. 6, the transmission side voltage V1 falls
below the capacitor switching threshold (V1min=0.95pu) at
t=730s. Since V1 remains outside its deadband for a time delay
of TBc, the first capacitor bank switching occurs at t=790s.
Following the same procedure, all three capacitor banks have
switched on by t=989s. The EMRS control is activated at
t=1519s, when the transmission voltage V1 threshold limit of
90% is reached (point E).
V. STABILITY ANALYSIS
A. IBG Instability
Following the activation of the converter current limiter the
instability limit corresponding to the maximum wind power
injection is met during the simulation, after the maximum load
power transfer limit C is reached (point M in Fig. 5).

Fig. 5.

Load PV without WF Feeder, UPF and EMRS control curves

In Fig. 6 the HV bus voltage V1 is shown for the EMRS
(case b) and UPF control (case a). The simulation results seen
in Figs. 5 and 6 are summarized in Table IV.
TABLE IV.

MAXIMUM POWER TRANSFER FROM SIMULATION RESULTS
Variable Wind Power (MW)

Without
WF

UPF
(a)

119.51

128.70

ΔPBc Increase
(a)-base case
(MW)
(%)

9.19

76.58

EMRS
(b)

ΔPconv Increase
(b)-(a)
(MW)
(%)

143.11

14.41

40.03

Fig. 7.

WF Converter Current with Ilim=0.36pu (pu on SB=100 MVA)

The simulation responses for the examined feeder showing
the relevant instability mechanism are plotted in Figures 7 to
10. The VSC model is used (voltage is decreased to contain
the converter current within its permissible limit). Point M in
the Figures corresponds to the time of converter current
control instability. More specifically, the WF converter current
Iw is seen in Fig. 7. The maximum current limit is reached at
simulation time t=1720s. The current is successfully
constrained until the WF active power exceeds the stability
limit (8). Thereafter, the system is unable to find a solution to
restrict the current and hence the instability occurs at t=2896s.
This can be better seen in Fig. 8, where the converter current
plot is enlarged.

Fig. 6.

HV bus controlled transmission voltage V1

As seen in Fig. 5 and Table IV, a 9.19 MW load margin
increase (ΔPBc) is achieved in case (a) with respect to the base
case. This increase is mostly due to the automatic capacitors
switching, and is roughly 77% of the total capacitor rating (12

Figures 9 and 10 are plotted from point D (maximum
current reached) to point M (converter control instability). In
particular, in Fig. 9 the wind generated power is plotted
together with the limits computed using condition (3) and (8).
As seen in Fig. 9, the active power limit varies as the
Thevenin equivalent voltage and resistance changes during the
load ramp simulation. In the same figure both the phase angle

limit (3) and the constant current stability limit (8) are plotted
together with the active generation. As seen, the phase angle
stability limit (assuming the converter voltage is held constant
at its simulated value) remains well above the rated converter
power, while the constant current stability limit is reached at
point M.

Fig. 8.

Enlarged WF Converter Current

VI. INSTABILITY DETECTION AND PREVENTION
A. Protection Scheme Against Converter Instability
In this Section, a protection scheme is proposed, which is
able to detect and prevent the instability of the converter
current limiter. The detection scheme proposed assumes a VSC
operation and is applied only when the converter current
limitation is active and is reducing the converter voltage, as
shown in (12).
The stability monitoring scheme uses inverter current
measurements immediately before and after performing a
voltage reduction ΔV according to (12). Denoting as Iw(i-1) the
current before the i-th operation of voltage reduction and as Iwi
the current after voltage reduction, the converter current to
voltage sensitivity is directly measured as:
𝐼𝑤(𝑖−1) − 𝐼𝑤𝑖
𝜂𝑖 =
(16)
∆𝑉
Note that the sensitivity defined above is positive when the
current is decreasing, thus reducing the overcurrent condition.
According to stability condition (8) the system is stable while
sensitivity is positive (ηi>0). Thus, a stability margin can be
maintained by specifying a positive sensitivity threshold 𝜂𝑚𝑖𝑛 .
The protection is implemented by curtailing the injected active
wind power at the time of sensitivity violation by a preset
percentage δ. The time delay for performing the wind
curtailment is Tprot. If necessary, multiple wind curtailments are
made at successive time instants equal to Tprot. The parameter
values for the protection scheme proposed in this paper are
summarized in Table V.
TABLE V.

Fig. 9.

WF Active Power Generation and limits (pu on Sn=36 MVA)

PROTECTION SCHEME DATA

𝜼𝒎𝒊𝒏

𝜼𝒏𝒐𝒎

δ
(%)

Τprot
(s)

0.6

1.0

10

1

The protection scheme is acting on the wind generation
active power setpoint Pset of (14) as follows:
(1 − 𝛿)𝑃𝑤(𝑘) ,
(𝑘+1)

𝑃𝑠𝑒𝑡

(𝑘)
= (1 + 𝛿)𝑃𝑠𝑒𝑡 ,

{

(𝑘)

𝑃𝑠𝑒𝑡 ,

if 𝜂 ≤ 𝜂𝑚𝑖𝑛
(𝑘)

if 𝜂 ≥ 𝜂𝑛𝑜𝑚 and 𝑃𝑠𝑒𝑡 <

𝑆𝑛
(17)
(1 + 𝛿)

otherwise

0
where 𝑃𝑠𝑒𝑡
=𝑆𝑛 is the initial active power setpoint, 𝑃𝑤(𝑘) = 𝑃(𝑡𝑘 )
(𝑘)
and 𝑃𝑠𝑒𝑡 = 𝑃𝑠𝑒𝑡 (𝑡𝑘 ) are the active power and power setpoint at
time tk=kTprot respectively, 𝜂𝑚𝑖𝑛 and 𝜂𝑛𝑜𝑚 are the threshold and
nominal values of the current-voltage sensitivity shown in
Table V.

Fig. 10.

VSC Current-Voltage Sensitivity (Variable Speed WF)

The loss of current control due to power transfer weakness
can also be expressed through current-voltage (I-V) sensitivity,
described in (9) and seen in Fig. 10.

Hence, each time the sensitivity threshold 𝜂𝑚𝑖𝑛 is violated, a
10% wind power curtailment occurs, thus settling a new
setpoint Pset. If and when the nominal sensitivity 𝜂𝑛𝑜𝑚 is
restored, a 10% increase in Pset is applied at each time instant
of the algorithm, until the active power setpoint is restored
close to the nominal rating of the converter (Sn).

B. Protection Scheme Simulation
The simulation responses of the examined test system of
Fig. 3, including the instability detection and prevention
scheme, are plotted in Figures 11 to 16. Sequence of events is
the same as in Figs. 5-6, up to point N, where the instability is
detected by the violation of the sensitivity limit 𝜂𝑚𝑖𝑛 and Pset is
changed accordingly. As seen in Fig. 11, the WF converter
current Iw is now successfully constrained throughout the
simulation. Figure 12 shows the controlled converter voltage
and Fig. 13 the controlled distribution side voltage throughout
the simulation. As seen, the approaching instability is detected
while the voltage Vw is dropped in order to reduce the reactive
generation and consequently the overcurrent. Moreover, while
V2 is successfully constrained within its deadband, the WF
voltage drops and stabilizes in constant value of 1.06pu.
The current-voltage sensitivity η plot of Fig. 14 shows that
the minimum threshold 𝜂𝑚𝑖𝑛 is violated for the first time at
t=2560s (Point N). Thus, a curtailment of the wind active
power is performed using a setpoint reduction after a time
delay Tprot, as seen in Fig. 15, where the setpoint changes Pset
(blue dashed line) and the WF active power generation Pw are
plotted. In the same figure the active power stability limit
calculated from (8) is plotted with a red dashed line.

Fig. 11.

Fig. 13.

Controlled Distribution Side Voltage

Fig. 14.

Current-Voltage Sensitivity with and without Protection scheme

Fig. 15.

WF active power generation Pw, limit PGlim and setpoint Pset

Constrained WF Converter Current (Ilim=0.36pu on SB=100 MVA)

As seen in Figs 14 and 15, when the nominal sensitivity
𝜂𝑛𝑜𝑚 is restored after t=3306s, a 10% setpoint increase is
Fig. 12.

Controlled Converter Voltage

successively performed until the active power setpoint
approaches again Sn at t=3320s. Finally, the contribution of the
protection scheme in the distribution load power-voltage (PV)
curve is clearly pointed in Fig. 16.

During such operation, it is essential to note that the
converter may have to limit eventually the injected current to
its maximum permitted value, thus becoming prone to power
factor instability, as was shown in the simulations presented in
Section V. It is thus necessary to devise an instability detection
and prevention system, so that the IBG can contribute to
voltage stability of the transmission system without risking a
catastrophic converter instability.
Such a detection and prevention system against converter
instability under maximum current was presented and tested in
Section VI. It essentially curtails the injected active power
when the voltage control mechanism becomes less able to
control an overcurrent condition.

Fig. 16.

Load PV curve with and without Protection scheme

VII. CONCLUSIONS
In this paper some stability issues associated with
generation based on inverters were investigated. In particular,
stressed transmission system conditions were examined, in
which an IBG was participating in system dynamics by
contributing reactive support.
The first part of the paper described two particular types of
converter connected generation instability not previously
clearly distinguished: maximum power related (i) to voltage
phase angle limit and (ii) to current power factor when an
overcurrent limitation is encountered.
Angle instability of type (i), which bears a resemblance to
synchronous machine rotor angle stability (with the obvious
difference of lack of inertia) has been previously reported in
the literature, but as shown in Section II of the paper is not very
realistic in cases where the inverter based generation is
connected in a distribution network where resistances are
prominent, because of the stabilization impact of network
resistance. Thus, even though in the test system used in this
paper line resistance is small, voltage phase instability is not
encountered during a voltage stability simulation involving the
IBG.

As a general comment, this paper investigated converter
instability mechanisms when the converter is assigned to
support the transmission system through reactive power
injection. In the studied cases the converter instability is
encountered after the system has reached the long-term voltage
stability limit, i.e. after the maximum power transfer denoted
by point C in the simulations. This however does not rule out
the need to protect the IBG when it is assigned to contribute
maximum reactive support to the transmission system.
APPENDIX: CONSTANT CURRENT INSTABILITY CONDITION
Proposition: The current sensitivity instability condition (9) is
equivalent to maximum power condition (8) under constant
current, i.e. with the condition cosφ=1 in Fig. 1.
Proof: For the configuration of Fig. 1, where the vector
diagram is plotted in Fig. 17, the converter current magnitude
IG can be expressed as:
𝐼𝐺 =

|𝛥𝑉̂ | √𝑉𝐺2 + 𝐸𝑇2 − 2𝐸𝑇 𝑉𝐺 𝑐𝑜𝑠𝜃
=
𝑍𝑇
𝑍𝑇

(18)

The second type of IBG instability was presented in this
paper for the first time and occurs when the converter operates
on maximum current. The instability condition for this case
was presented in (8) and refers to the inability of the network to
receive the generated power (minus active losses) due to its
diminishing voltage. This condition is not likely to happen in
normal system operation but can occur either during faults (not
examined in detail in this paper) or during a voltage instability
event.

Fig. 17.

A case of long-term voltage instability inducing short-term
converter instability under maximum current was investigated
using a simple test system. The main assumption is that the
distributed IBG will contribute to transmission system
maximum power transfer by injecting its maximum reactive
support using a simple control system based on transmission
side voltage threshold.

Since the active power generation PG is considered
constant, by differentiating (1) with respect to VG, the
sensitivity of the phase angle θ with respect to VG can be
calculated as follows:

Vector Diagram of the Radial System (Fig. 1)

From (18) the converter current sensitivity to voltage is
calculated as follows:
𝜕𝐼𝐺
1
𝜕𝜃
=
(𝑉 − 𝐸𝑇 𝑐𝑜𝑠 𝜃𝜊 +
𝛦 𝑉 𝑠𝑖𝑛 𝜃𝜊 ) (19)
𝜕𝑉𝐺 𝑍𝑇2 𝐼𝐺𝑜 𝐺 𝑜
𝜕𝑉𝐺 𝛵 𝐺 𝑜

0=

2𝑉𝐺 𝑜 𝑅𝑇
𝐸𝑇
𝜕𝜃 𝐸𝑇 𝑉𝐺 𝑜
𝑠𝑖𝑛(𝜃𝑜 − 𝛽) +
𝑐𝑜𝑠(𝜃𝜊 − 𝛽) +
𝑍𝑇
𝜕𝑉𝐺 𝑍𝑇
𝑍𝑇2

From which:
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