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Abstract-Voltage stability is predominantly a load stability
phenomenon and solutions to voltage stability can be found by
control of the load as seen from the bulk power network. A delay
of the load restoration gives time for other corrective actions.
The load restoration may be delayed and/or limited by certain
countermeasures, such as blocking of Under Load Tap Changers
(ULTC). In this paper it was studied the impact of the ULTC on
the dynamic voltage collapse of an electric power system with
large scale of wind generation. It is used the Cigré Electric
Power Network with 32 bus and three wind farms equipped with
wind turbines including pitch control coupled with a Fixed
Speed Induction Generator (FSIG) and a shunt capacitor bank.
The automatic voltage regulators (AVR) of the generating units
and the turbine speed governors were modelled. Different load
models were used and the ULTC were taken into account.
Several significant disturbances were simulated in the test power
network, such as the increase of the wind speed, the tripping of
an overhead transmission line and three-phase short-circuits.
The simulation results were obtained using the EUROSTAG
software package. Finally, some conclusions that provide a
better understanding of the ULTC effect on the dynamic voltage
stability in a system with a large amount of wind power
generation are pointed out.

Index Terms--Load model, Under load tap changers, Voltage
collapse, Wind farm, Wind generation.

I. INTRODUCTION

The voltage collapse normally involves large disturbances.
The most important evidences of voltage collapse are
unacceptable voltage profiles, heavy reactive power flows in
transmission lines, insufficient reactive support and heavily
loaded systems [1]. The consequences of a voltage collapse
often require long system restoration, while large groups of
customers are left without supply for extended periods of
time. The practical importance of dynamic voltage stability
analysis is the help in designing and selecting
countermeasures in order to avoid voltage collapse and
enhance system stability. Corrective schemes that mitigate
voltage collapse problems need to use the symptoms to
diagnose the approach of the collapse in time to initiate
corrective actions, such as load shedding and blocking of tap
changers [2].

ULTC are a contributing element to voltage instability
although it is also a possible solution for this problem. ULTC
restore customer voltage profiles following contingencies and
thereby increase load on a weakened system. If ULTC can be

blocked so that customer voltages remain low, or are not fully
restored, following a voltage disturbance, the load relief
provided may help avoid collapse or reduce the investment in
reactive sources to avoid voltage collapse [3]. The simplest
method to eliminate the ULTC as a contributor to voltage
collapse is to block the control’s automatic raise operation
during any period, where voltage collapse appears to be of
concern [4]. However, this action may result in a period of
low voltage profile on the affected loads. The effect of the
reduced supply voltages on power quality to customers in the
whole service area must be weighed against the possible
alternative of complete disconnection of some customers in a
smaller area [5].

The benefit of limiting ULTC response to voltage
disturbances depends on load characteristics. Constant power
loads are independent of voltage, while for the more frequent
case, the real power loads have some voltage dependency.
Limiting ULTC response to voltage stability problems at least
slows the restoration of load, and where the load is
permanently sensitive to voltage, provides a long term
reduction in load. Nevertheless, the ULTC can be used to
reduce the severity of the voltage collapse, if appropriate
control measures are implemented [6].

II. ULTC MODEL

An under load tap changer controller is a device designed
to change the taps on an ULTC transformer. The ULTC is an
important power network voltage regulation device that
automatically adjusts its transformation ratio in order to keep
the load side voltage profile within an acceptable range. The
regulator of the tap changer usually tries to minimize the
number, or frequency, of tap changes in order to prolong the
life of the tap changer [7].

A. Automatic voltage or active flow regulation
The node voltage or the transformer active flow in the

positive sequence to be changed with any compounding
necessary is compared with a voltage set point or flow VC.
When the voltage difference is outside a pre-defined
insensitivity zone, the tap change is delayed for a time T1.
If after the tap change, the voltage or flow difference is still
outside the defined dead band, change of a new tap is delayed
for time TINT < T1. Voltage regulation may be remote, flow
regulation is always local [8].



 The voltage V in the positive sequence on the changed
node, is calculated by the formula:

2 22 2 cosV U R I U R I    (1)

where:
jR IU U U  − Voltage in the positive sequence on

controlled node;
jR II I I  − Current in the positive sequence flowing

through the transformer;
   arctg / arctg /I R I RI I U U   − Phase differences

between current and voltage in the positive sequence;
R − compounding factor, compounding is allowed only for
2 winding transformer when the changed voltage is either at
sending node or at receiving node. Otherwise, compounding
is not taken into account, especially for the 3 winding
transformers.

 The flow in the positive sequence is calculated at a given
end of the transformer (option available only for two-
winding transformers).
The voltage or flow difference CDV V V  should be
between 1E .
If it is no, the following process is applied:
1. When the difference DV is under threshold 1E or

over threshold 1E , a counter 1C is set.
2. If the voltage or flow difference after being under 1E

rises to a value of over 2E or if the voltage or flow
difference after being over 1E drops back to a value
under 2E , counter 1C is cleared  2 1E E .

3. If counter 1C remains set for 1T seconds, there is:
- transmission of an order to reduce or increase a

transformer tap on the basis of the value of ISENS.
This tap change is performed within the temporal
margin “Margin” (remembering that if t is the event
order issue time, it is actually performed between
times t and t + Margin);

- tap changer is disabled for TINT seconds.
4. When the disable time is reached, the controller tests

the voltage again:
- if the voltage or flow difference is still under 2E or

over 2E , the counter 1C is still set and the
controller issues a new order to change a transformer
tap. The change is effective at TINT seconds after the
previous one;

- if the voltage or flow difference becomes over 2E
or under 2E , the counter 1C is unset and the
operating cycle recommences at point 1.

The transformer ratio variation direction with respect to the
tap change direction must be specified by the user in order to
obtain a stable control:
 ISENS = 1 if the regulated voltage or flow increases;
 ISENS = −1 if the regulated voltage or flow is reduced.
The temporal margin “Margin” is used to synchronize the

events produced by several automatic devices of this type.

B. Automatic blocking on voltage criterion
If the voltage V at the controlled node drops below a given

value 1V , a counter 3C is set. When the voltage increases
over a value 2V where  2 1V V , this 3C counter is instantly
cleared. If 3C remains set for TV1 seconds, an “under load tap
changer blocking” order blocks the under load tap changer
after TDEL seconds (transmission time modelling). The
blocking is always on the active tap. Fig. 1 presents the
diagram of automatic blocking on voltage criterion [8].

Fig. 1. Diagram of automatic blocking on voltage criterion.

III. CASE STUDIES

In fig. 2, it is shown the modified Cigré Electric Power
Network with 32 buses that was used in this study [9], [10].
The external system is simulated by means of three 380 kV
infinite buses (N12, N15 and N16). Connected at this voltage
level there are two important power stations, N1 and N10
(M1 and M2 with a rated power of 2000 MVA and M6 with
5000 MVA). The total power generated at the 380 kV is
7000 MVA.

Three wind farms with 318 MVA each are connected
respectively at buses N101, N103 and N105. The total
generation at 150 kV level is 954 MVA (wind farm 1, wind
farm 2, wind farm 3). Approximately 12% of the energy
produced are from wind turbines.

The total load of the system is 5000 MW and is mainly
located at the sub transmission level (70 kV). The 70 kV
loads are a mix of induction motor loads, constant impedance
loads and compensation capacitors. The other loads were
modelled as constant impedance type. The generators were
modelled in detail.

The AVR of the generating units and the turbine speed
governors were taken into account in the study. The
380/150 kV transformers have remote controlled taps. The
150/70 kV distribution transformers are fitted with automatic
tap-changers regulating on the low voltage side. In this study
the out-of-step and under voltage relays protecting the
generating units were modelled.
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The three wind farms are connected to the grid by a three
winding transformer 150/0.69/0.69 kV. In this study
simulations the wind farms are represented as an aggregated
equivalent model. the three wind farms were modelled
considering that the wind turbines were equipped with pitch
control coupled with a Fixed Speed Induction Generator
(FSIG) and a shunt capacitor bank.

The FSIG consists of a squirrel cage induction machine
where the blades of the turbine are coupled directly to the
induction generator through a gearbox. The stator of the
generator is connected to the electric power grid while the
rotor is short-circuited. The speed of the turbine rotor is
changed with a gearbox. The squirrel cage induction
generator uses the reactive power for generating the
magnetizing current. It is excited by the grid and consumes
reactive power. For this reasons in this case, shunt capacitors
bank are connected at the terminals of induction generators to
provide the reactive power.

Two scenarios were analysed. In the first one (case I) the
seven distribution transformers (150/70 kV) are equipped
with automatic tap-changers regulating on the low voltage
side and are represented considering a time delay and a
deadband. Time delays for ULTC operations are assumed to

be 30 seconds (T1) for the first tap movement and 5 seconds
(TINT) for subsequent tap movements. In the second situation
(case II) the controller of the seven distribution transformers
(150/70 kV) are blocked automatically if the voltage remains
lower than 0.95 p.u. ( 1V ) for at least 60 seconds (TV1). The
automatic blocking system operates with a transmission delay
of 1.0 second (TDEL). In the two cases the following events
were simulated:

• an increase of the wind speed from 7 to 25 m/s, from
20 seconds to 90 seconds;

• a contingency occurs at the 100 seconds and M2 trips;
• a three-phase fault occurs in the bus N101 at 300 seconds;
• at 300.2 seconds the three-phase short-circuit is remove;
• the tripping of the 380 kV overhead transmission line

between buses N3 and N16 at 400 seconds.

IV. RESULTS

For a better understanding of the obtained simulation
results, this section is organized as follows: part A is devoted
to case I, part B is dedicated to case II and in part C some of
the results obtained in the previous cases were compared in
order to show the influence of the ULTC on the dynamic
voltage stability of the system.

Fig. 2.  Cigré test power network single line diagram [8], [9].



Part A- case I
In fig. 3 it is shown the field currents of M1, M2 and M6.

After unit M2 tripping at 100 s, since M1 is closer to M2, it
produces more reactive power. The OvereXcitation Limiter
(OXL) of M1 operates and the field current changes to its
maximum value of 3 p.u., at 117 seconds. The minimum
voltage relay trips (approximately at 574 seconds) when the
M1 terminal voltage decay abruptly.

Fig. 3. Field currents of M1, M2 and M6.

Fig. 4 and fig. 5 present, respectively the reactive power
injection of the shunt capacitor bank and reactive power
consumed by the FSIG for the three wind farms.

Fig. 4.  Reactive power injection of the shunt capacitor bank.

The FSIG wind turbine using a squirrel-cage induction
generator, usually have the ability to withstand high currents
during a voltage dip, due to its high thermal capacity. In this
situation, the magnetization must be fast enough in order to
prevent the overspeed protection tripping. These machines do
not possess the ability to participate in voltage regulation, on
the contrary, this type of machines consume reactive power,
which can lead to a voltage collapse situation as shown in this
case. The capacitors banks connected in parallel are not
effective to prevent the voltage collapse, since the reactive
power production diminishes with the terminals voltage
decreasing.

Fig. 5.  Reactive power consumed by the FSIG for the three wind farms.

Fig. 6 presents the changes in the transformers taps of the
seven distribution transformers (150/70 kV).

Fig. 6. ULTC position of the 7 (150/70 kV) distribution transformers.

Part B- case II
In fig. 7 it is shown the field currents of M1, M2 and M6.

In this case, M1 remains in service, since the minimum
voltage relay does not trip.

Fig. 7. Field currents of M1, M2 and M6.
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Fig. 8 and fig. 9 present, respectively, the reactive power
injection of the shunt capacitor bank and reactive power
consumed by the FSIG for the wind farms.

Fig. 8. Reactive power injection of the shunt capacitor bank.

Fig. 9. Reactive power consumed by the FSIG for the three wind farms.

Fig. 10 presents the changes in the transformers taps of the
seven distribution transformers (150/70 kV).

Fig. 10. ULTC position of the 7 (150/70 kV) distribution transformers.

Part C- case I and case II
For the voltage stability studies, the voltage variation in

buses N105 and N205 were chosen to exemplify the system
trajectory, since the voltages at the other buses have a similar
behaviour. Figs. 11 and 12 present the voltage variation at bus
N105 and N205 respectively, for case I and Case II.

Fig. 11.  Voltage variation in bus N105.

Fig. 12.  Voltage variation in bus N205.

Fig. 13 and fig. 14 present, respectively, the variation of the
active and reactive power load in bus N205.

Fig. 13. Variation of the active power load in bus N205.
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Fig. 14. Variation of the reactive power load in bus N205.

As it is shown in fig. 13 and 14 the fact that the ULTC is
active (case I) and the voltage swell on bus N205 increases
the active and reactive load power consumption. In case II the
ULTC was blocked and the active and reactive load power
consumption hold their values.

Fig. 15 presents the changes in the transformer taps,
corresponding to the power device connected between buses
N105 and N205.

Fig. 15. ULTC position.

V. CONCLUSION

This paper presents a study of the impact of the ULTC on
the dynamic voltage collapse of an electric power system with
large scale of wind generation. In order to assess the power
network voltage stability it was simulated severe
contingencies in different locations.

The ULTC act on the ratios of distribution transformers to
control the voltages at the load side. More precisely, each
ULTC aims at keeping the load voltage inside a dead band
around the nominal value. As a result, after grid faults, ULTC
restore the power of the voltage dependent loads to their
pre-contingency values. This behaviour is advantageous for
customers under normal operating conditions, but when

facing severe contingency the ULTC action may lead to
voltage instability and voltage collapse.

In this study tap blocking is used as action aimed at
counteracting long-term voltage instability in the presence of
distribution loads modelled with a mix of induction motor
loads and constant impedance loads (these loads are voltage
sensitive). This control is an indirect way for reducing load
through reduced distribution side voltage. Tap blocking is a
softer form of load reduction than direct load shedding, since
the reduction is distributed among all loads connected to the
same substation.

The great advantage of this countermeasure the tap
blocking is that can be easily implemented, nevertheless this
measure could not be enough to guarantee the voltage
stability. In certain cases the voltage can stabilize in very low
values and lead to action of the minimum voltage protections.
In some situations the load shedding is used as an additional
countermeasure in order to mitigate the voltage collapse.
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