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Abstract—Inrush currents in transformers can have very dis-
ruptive effects, such as voltage sags, false tripping of the protective
devices, and mechanical stresses in the transformer windings.
This paper shows that there are operating situations that may
cause a transformer to draw abnormally high inrush currents.
Examples include the normal operation of offline uninterruptible
power-supply (UPS) systems, interruptions, voltage sags, and
notching. These conditions may produce inrush-like currents
of more than twice the value of the “normal” maximum inrush
caused by energizing at voltage zero-crossing. For this condition,
the term “phase-hop” is used in this paper. Laboratory exper-
iments were performed on four different transformers (1 kVA)
with varied characteristics and show the impact of phase-hop in
the magnitude of inrush currents. The experiments are also used
to validate the Electromagnetic Transients Program model used
for the analysis of multiple cases. In addition, the behavior of the
magnetic flux in a transformer under phase-hop is investigated
and compared with different operating conditions using finite ele-
ments. The results of this paper have implications in transformer
design and in the operation and design of UPS systems to prevent
the damaging effects of phase-hop.

Index Terms—Inrush currents, interruptions, phase-hop, trans-
former modeling, uninterruptible power-supply (UPS) systems,
voltage sags.

I. INTRODUCTION

P OWER-QUALITY (PQ) problems are critical issues
nowadays because of the increased use of power elec-

tronics loads. Interruptions and blackouts are the worst forms of
power quality problems. Blackout is a complete loss of supply
voltage or load current for longer than a minute [1]. Harmonics,
interharmonics, power frequency variations, voltage unbal-
ances, interruptions, notching, undervoltages, overvoltages,
swells, noise, dc offset, voltage fluctuations, and voltage sags
are common power system operation phenomena which cause
PQ problems [2].
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Fig. 1. Voltage wave shape of the phase-hop condition.

In order to solve the aforementioned problems, uninterrupt-
ible power supplies (UPSs) are often used [3]. UPS systems are
designed to automatically provide emergency electricity to crit-
ical loads in case of supply voltage failure. Some UPS systems
also regulate or filter the utility power [1].
As it will be explained below, the operation of offline UPS

systems, interruptions, voltage sags, and notching in power sys-
tems can lead to a condition called “phase-hop” coined for the
shape of the voltage wave shown in Fig. 1. When this condition
occurs, there are two positive (or negative) semi-cycles applied
consecutively to the transformer. The maximum phase-hop cur-
rent has been reported as an important design parameter by en-
gineers of the leading manufacturers of UPS systems for trans-
formers rated at 25 kVA [4].
Phase-hop causes the transformer core to go into a deep

saturation level and draws very large inrush-like currents.
Transformers and protections need to be designed to prevent
false tripping or damages during phase-hop. The large currents
could also damage the UPS systems, or cause problems in the
switching operation of the rectifiers, since they may not be
designed for these abnormally large currents.
This paper introduces and investigates for the first time the

effect of phase-hop on transformers. The study is performed
both experimentally and with validated computer simulations.
It is found that phase-hop currents can be over twice as large as
the “normal” maximum inrush currents caused by switching at
zero crossing.
False tripping during phase-hop is more probable than during

transformer energization because of the unpredictable timing of
this phenomenon. In practice, a common technique used to pre-
vent false tripping of the protective devices during transformer
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energization is to add a time delay. However, the occurrence of
phase-hop is not predictable and a delay cannot be applied.
The correct estimation of phase-hop currents is important for

power system design. Inasmuch as their quantification is vital
for UPS operation and design since UPS systems are precisely
used to provide backup power, therefore false tripping of vital
loads could be disastrous.

II. EFFECTS ON TRANSFORMER INRUSH CURRENTS OF POWER
SYSTEM ELECTROMAGNETIC PHENOMENA

The variation of the rms voltage from its nominal value is de-
scribed by two parameters: the magnitude of the voltage change
and its duration. Power system electromagnetic phenomena are
classified in four main groups based on the duration of the dis-
turbance: steady state variations, long duration variations, short
duration variations, and transients [2].
This section discusses how interruptions, voltage sags, and

notching in power systems can produce a phase-hop voltage to
be applied to transformers. In this section, it is assumed that a
UPS system is not used to prevent these effects.

A. Interruptions

Interruptions are caused by transients that trigger utility
breakers or switches to open. A voltage interruption occurs
when the supply voltage decreases to less than 10% of its
nominal value in one or more phase conductors. The causes
for this phenomenon are: faults, component failure, switching,
false breaker tripping, and malfunction of control systems.
Depending on the duration of interruptions, they are classified

in three types: momentary (0.5 cycle to 3 s), temporary (3 s to 1
min), and sustained (greater than 1 min) [2]. The first two types
are short duration variations and the third is a long duration vari-
ation. The duration of the interruption depends on the reclosing
capability and speed of the protective device. Note that an in-
terruption of exactly 0.5 cycle produces the phase-hop voltage
wave shape illustrated in Fig. 1.

B. Voltage Sags

A voltage sag is a short duration decrease of the voltage be-
tween 0.1 and 0.9 p.u. of the nominal voltage at the power fre-
quency for durations of 0.5 cycle to 1 min [2]. The IEC word
for this phenomenon is “dip” [5]. Sag durations are divided into
three categories: instantaneous (0.5 to 30 cycles), momentary
(30 cycles to 3 s), and temporary (3 s to 1 min). The causes
for this phenomenon are system faults, switching of large loads,
and starting of large motors [2]. Voltage sags cause a partial
phase-hop, but currents can be larger than the “normal” inrush.

C. Notching

Notching is a repetitive steady state voltage disturbance
lasting less than a half cycle. It represents a phenomenon
that is considered both a transient and a harmonic distortion
since it occurs continuously and the frequency components
related to it are high [2]. It can occur in opposite polarity to the
main waveform. In this case, it is subtracted from the normal
waveform. In an extreme case, notching may lead to a complete
loss of voltage for up to a half cycle [3] corresponding to the
phase-hop wave of Fig. 1.

Fig. 2. Off-line UPS performance when utility power is present (normal ac
power mode).

Fig. 3. Offline UPS performance when there is over/undervoltage or power
loss (inverter mode).

Notching can be produced during the commutating action
from one phase to another in the normal operation of SCR-con-
trolled equipment, such as three-phase converters, motor con-
trols, and inverters. In this condition, a brief short circuit be-
tween two phases occurs [3], [6].

III. UPS SYSTEMS

UPS systems are intended to provide constant and regulated
output voltage and power to critical loads regardless of power
quality disturbances present in the mains. The objective is to
prevent voltage sags, power outages, impulses, noise, over-
voltages or swells, harmonic distortions, frequency variations,
voltage fluctuations, and voltage surges [7], [8].
UPSs are classified into two groups: rotary and static. Rotary

UPSs normally use a diesel-fueled motor generator set and static
UPSs use battery as the backup power source [1]. Because there
are several technical problems with rotary UPS systems, most of
the modern UPSs are static [1]. There are three kinds of UPSs:
offline, line interactive, and online.

A. Offline (Standby) UPS
During the time when the utility power is present, offline UPS

systems pass the power directly to the load; the load is not iso-
lated from the mains. During this time, the battery backup is
also charged and the inverter connected to the battery is off (see
Fig. 2).
When the utility voltage is below a specified value or during

a utility power outage, the UPS turns on its internal dc ac in-
verter to produce ac power from the battery. In this case, the
equipment is connected to the inverter output mechanically (see
Fig. 3).
This method saves battery life by avoiding continuous

charging and discharging. However, as stated by most manu-
facturers, there is a switch changeover time between 4 and 10
ms to engage the UPS during an interruption [1]. Practically,
this delay can be as long as 25 ms depending on the time that
it takes the UPS to detect the absence of utility voltage and
transfer to the battery. Therefore, during the changeover time
there is a voltage dropout to the connected equipment and the
phase-hop condition is possible.
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Fig. 4. On-line UPS system.

TABLE I
CIRCUIT PARAMETERS FOR DIFFERENT TRANSFORMERS

B. Line-Interactive UPS

Line-interactive UPS is an offline UPS connected with a tap-
switching automatic voltage regulator (AVR). In this system,
when the power comes from the utility line, the AVR senses
the UPS output voltage. When the utility voltage is low (utility
brownout), the AVR automatically switches transformer taps to
increase the output voltage. When the utility voltage is large,
the AVR reduces the output voltage. The setup of this case is
the same as the offline UPS (Figs. 2 and 3) with the addition
of a multitap variable voltage auto transformer after the utility
block. In this case, the load is not completely isolated from the
mains power and therefore, phase-hop can occur.

C. Online UPS

The online UPS system, as shown in Fig. 4, converts in-
coming ac power to rectified and regulated dc voltage and then
the inverter regenerates a regulated, clean, and sinusoidal ac
power from the dc voltage. Therefore, the load is isolated from
the utility. This double conversion system leads to the elimina-
tion of line noise, transients, harmonic distortion, and voltage/
frequency instability problems from the utility.
In this system, the load is always powered by the inverter

and the battery is connected to the dc bus. Therefore, this
is a no-break system and there is no change-over time and
phase-hop will not occur. This system provides a fully charged
battery backup available at all times. It has the disadvantage
of shorter battery life because of the continuous charging and
discharging of the battery. This UPS system is more expensive
and less reliable than standby and line-interactive UPSs because
there are additional components connected in series.

IV. TRANSFORMER MODEL

In this paper, the model is selected to represent the trans-
former [9]. Tests have been performed on four different trans-
formers ( , , , and ) to obtain the parameters. Trans-
former consists of four windings. In this paper, the inner-

TABLE II
AIR-CORE INDUCTANCES FOR THE FOUR TRANSFORMERS UNDER STUDY

most winding is called the first winding, the one after is called
second winding, and so forth. The open-circuit test is used to
obtain the magnetizing parameters of the transformers as in [9].
The leakage parameters of the transformers are obtained accu-
rately from the bucking test [10].
The total series ac resistance is computed from

(1)

Individual breakdown of the resistances is done based on the
dc resistance division between primary and secondary dc wind-
ings obtained from the dc test. Total leakage inductance is com-
puted from

(2)

where is the active power computed from the bucking test.
and , are the values of voltages and currents in

the bucking test, respectively. is the total leakage inductance.
and are the primary and the secondary ac resistances,

respectively, and 60 Hz. The applied voltage is 125 V rms.
The parameters computed from measurements are shown in

Table I. Data given for transformer is for the innermost (first)
winding. Hysteresis loops of the three transformers are obtained
from Faraday’s Law integrating the induced voltage to find the
flux as in [9].
The proper estimation of the air-core inductance is highly im-

portant to compute the inrush current precisely. 3-D finite-el-
ement method (FEM) simulations (using the commercial pro-
gram Maxwell 14) are carried out. The air-core inductance is
calculated as follows [9], [11]:

(3)

where is the volumemagnetic energy (computed from FEM),
and is the winding current. Table II presents the air-core in-
ductances of the four transformers. The air-core inductances are
used to complete the hysteresis loops. They are the slopes used
to extend the hysteresis loops from the final measured point (ob-
tained from the open circuit test) to infinity. The model is im-
plemented in the EMTP-RV [12].

V. MODEL VALIDATION AND WORST PHASE-HOP CURRENTS

To validate the model, laboratory experiments are performed
on all four transformers under the worst possible phase-hop
conditions. In this case, the phase-hop condition occurs fol-
lowing themoment of energizing the transformer using the zero-
crossing switch. A zero-crossing and phase-hop switch is built
and utilized in the laboratory to connect and disconnect trans-
formers at specific time-instants. For the zero-crossing condi-
tion, the switch energizes the transformer when the voltage of
the ac power source crosses zero. For phase-hop, the switch, in
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Fig. 5. Comparison of model and experiment for the worst case of phase-hop
for the first winding of transformer . One can see a perfect agreement between
simulation and experiment.

Fig. 6. Comparison of model and experiment for the worst case of phase–hop
for transformer . One can see a very good match between simulation and
experiment.

addition to energizing the transformer at voltage zero-crossing,
opens the connection between the second and third zero-cross-
ings, thus re-establishing power at the third zero-crossing (see
Appendix for more details).
Fig. 5 shows the waveshapes and compares the results from

experiments and the model for the first winding of transformer
. The first peak values of inrush current (caused by the first

peak of the primary voltage) from experiment and simulation
are 157.7 A and 162.5 A, respectively (difference of 3%). The
second peak (caused by the phase-hop voltage) from experiment
and simulation are 328.9 A and 330.2 A, respectively (differ-
ence of only 0.4%). Fig. 6 compares the results for transformer

under the abovementioned condition. The difference be-
tween the peak currents of the model and the experiment is 3.9%
for the first peak and 3.3% for the second peak. Note, however,
that the inrush and phase-hop currents are much higher because
transformer is a toroidal transformer.
Tables III and IV compare the results of the first and second

peaks of inrush current under the worst case of phase-hop for
all four transformers under study. Looking at Figs. 5 and 6 and
Tables III and IV, one can observe a strong agreement between
simulation and experimental results.
Note from Figs. 5 and 6 that the second positive peak of the

voltage in the phase-hop condition is smaller than the first peak.
The reason for this is the existence of a large voltage drop in the
source resistance 0.1 caused by the extremely
large phase-hop currents. If the short-circuit power rating of the

TABLE III
FIRST PEAK VALUES OF INRUSH CURRENT FOR DIFFERENT TRANSFORMERS
UNDER WORST CASE OF PHASE-HOP (EXPERIMENT VERSUS SIMULATION)

TABLE IV
SECOND PEAK VALUES OF INRUSH CURRENT FOR DIFFERENT TRANSFORMERS
UNDER WORST CASE OF PHASE-HOP (EXPERIMENT VERSUS SIMULATION)

source was larger, higher inrush (and phase-hop) currents would
occur.

VI. TRANSFORMERS UNDER THE PHASE-HOP CONDITION

In practice, it may not be common to have the phase-hop con-
dition right after the transformer energization (inrush). That cir-
cumstance was used in Section IV to analyze this extreme, yet
possible, case of phase-hop and validate the model. The most
practical and probable condition of the phase-hop is when it hap-
pens during the normal operation in steady state (long after en-
ergizing the transformer for the first time). In order to simulate
this condition in the EMTP and compare the results, the trans-
former is energized at voltage zero-crossing and after reaching
the steady state, phase-hop occurs.
The results for the first winding of transformer under

phase-hop are shown in Fig. 7(a). The first peak of inrush cur-
rent is 162.5 A while the one caused by phase-hop is 313.3 A.
Fig. 7(b) shows a closer view of the phase-hop condition for
this case. Fig. 8(a) and 8(b) presents the results for transformer
under typical phase-hop condition. The first peak of inrush

current is 307 A, and the second peak is 1.46 times higher at
446.8 A. Table V compares the results for all four transformers
for the inrush currents caused by zero-crossing voltage, typical
condition of phase-hop, and worst case of phase-hop through
simulation. One can appreciate that the values of inrush cur-
rent from the phase-hop condition are much higher than the
first peak of inrush current caused by zero-crossing voltage.
As an example, for transformer , the peak value of inrush
current under normal phase-hop condition is 2.15 times higher
than the first peak of inrush current, and under the worst case of
phase-hop, it is 2.41 times higher.
Note that for transformers and , which are toroidal

transformers, the difference between peak values of inrush cur-
rent in the normal and the worst cases of phase-hop is small (see
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Fig. 7. Simulation of transformer Ta (first winding) under the phase-hop con-
dition. (a) Transient from the beginning of excitation. (b) Close view of the
phase-hop part.

Fig. 8. Simulation of transformer under phase-hop condition. (a) Transient
from the beginning of excitation. (b) Close view of the phase-hop part.

Table V). This is because in these transformers, the hysteresis
cycles are thinner and flatter than the ones of standard trans-
formers, because the cores have no gap. Therefore, under the
worst case of phase-hop, the first spike of inrush current reached
zero at the start of the second peak, while for standard trans-
formers ( and ), the second inrush current occurs while
the current is not yet zero; see Figs. 5 and 6 to compare the re-
sults for transformers and .

TABLE V
COMPARISON OF MAXIMUM INRUSH CURRENT UNDER DIFFERENT CONDITIONS

FOR DIFFERENT TRANSFORMERS

Fig. 9. Primary voltage and caused inrush current of the first winding of the
transformer Ta under 0% interruption.

Fig. 9 shows the effect of the duration of an interruption on
phase-hop current. The primary currents and the applied voltage
(primary voltage) to the first winding of the transformer are
presented for a zero volts interruption lasting 0.5, 0.75, and 1
cycle. One can see that the largest peak current is when the dura-
tion of the interruption is half a cycle (313.3 A), which is almost
twice the normal zero-crossing inrush current (162.5 A). Under
this situation, a complete instance of phase-hop occurs. The case
with no inrush current is when the duration of the interruption
is one full cycle. This situation corresponds to the normal sinu-
soidal condition since one complete cycle is eliminated. For an
interruption of 0.75 cycle, the peak current is 178.1 A.
An example of a voltage sag is presented in Fig. 10. The pri-

mary voltage and inrush currents under zero-crossing and 10%
voltage sag lasting for 10.5 cycle are shown, for the first winding
of transformer . The value of inrush current caused by the sag
is 274.7 A (69% larger than the zero-crossing inrush current).
Table VI summarizes the inrush current results for 0% and 5%

interruptions, and for 10% and 50% voltage sags. The duration
of the transient is between half a cycle (worst case) and 3600.5
cycles (around 1 min). As shown in Table VI, the worst cases
of inrush-like currents occur when the fault duration is
cycles; where . This is so because there are two
half cycles consecutively, which is the complete phase-hop. In
contrast, for sags lasting cycles, there is a small flux-can-
cellation effect which decreasesmagnitude of the inrush current.
To illustrate this, the 20% sag with 2.5-cycle duration 2)
is depicted in Fig. 11. Note that the integral of the voltage is the
flux. The areas A, B, C, and D cancel each other but the extra
half cycle, E (highlighted in Fig. 11) leads to a decrease in the
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Fig. 10. Primary voltage and caused inrush current of the first winding of the
transformer Ta under 10% voltage sag for 10.5-cycle duration.

TABLE VI
INRUSH CURRENTS UNDER DIFFERENT KINDS OF INTERRUPTIONS AND
VOLTAGE SAGS FOR THE FIRST WINDING OF TRANSFORMER

Fig. 11. The 20% sag with 2.5-cycle duration.

built flux. This is the reason why sags with larger voltage mag-
nitude, cause smaller inrush currents.
In addition, a longer interruption or voltage sag causes a

larger reduction in the built flux and as a result in the inrush
currents (see Table VI).
To complete the study, EMTP simulations for various under-

voltages were performed [2], [3]. Undervoltages lasting longer
than 1 min with magnitudes between 0.8 and 0.9 p.u. were ana-
lyzed. In no case, including undervoltages lasting cycles,
the phase-hop phenomenon is observed.
Form this study, it is concluded that under the phase-hop

condition a very large current can be drawn by transformers
due to heavy saturation of the iron core. Therefore, phase-hop
should be considered in transformer and UPS design and opera-
tion to prevent its potential destructive effects. As it was shown,
phase-hop can occur partially or fully depending on the magni-
tude and duration of electromagnetic phenomena causing dis-
torted input voltage to the transformer.

VII. PHYSICAL EXPLANATION OF THE PHASE-HOP CONDITION

Figs. 12 and 13 explain the phase-hop phenomenon physi-
cally by illustrating the behavior of the primary voltage, internal
voltage, magnetic flux, and current. The graphs correspond to
the first winding of the transformer under the worst condition
of phase-hop (phase-hop following transformer energization at
zero crossing). An important component of the explanation is
the internal voltage , which is computed as follows:

(4)

where is the primary terminal voltage, is the primary cur-
rent, and is the primary winding ac resistance.
Nine points: , , , , , , , , and are identified in

Figs. 12 and 13 to highlight important performance stages of
the transformer at different times during the inrush followed by
a phase-hop transient.
The energization is done with zero residual flux (point ). At

that instant, voltage, current, and flux are all zero. When the
voltage reaches its first peak (at point ) a quarter of a cycle
later, magnetic flux is building (0.4 Wb) and the current is still
small at about the value of the normal magnetizing current, 0.6
A peak. At point , the internal voltage is crossing zero from
positive to negative, at that moment the magnetic flux presents a
first peak (0.81Wb) and the “normal” peak of the inrush currents
is reached (162.5 A). Then, the phase-hop occurs and the neg-
ative semi-cycle of the voltage, between points and disap-
pears [see Fig. 13(a) and (b)].When the terminal voltage reaches
the next zero crossing at point , the flux has reduced a small
amount, but it is still at a very high value (0.65 Wb) and the cur-
rent has not reduced to zero (11.8 A). Because of the existence
of a positive voltage between points and , the flux increases
further until the transient reaches the maximum at point with
a flux of 0.95 Wb and a phase-hop current of 330.2 A, which is
almost twice as large as the zero-crossing inrush current. At this
time, the internal voltage is crossing zero from positive to nega-
tive. From this point on, the peaks of magnetic flux and current
reduce in magnitude as the dc component damps. At point
voltage reaches its first negative peak after phase-hop, with the
value of 0.3 Wb for the flux and 0.31 A for the primary current.
The reversing points of the hysteresis cycle in the third quadrant
(points , and ) progressively decrease as the transient damps
out and the flux becomes increasingly symmetric. The magni-
tudes of the magnetic flux are 0.2 Wb, 0.26 Wb, and 0.28
Wb for these three points, respectively, which correspond to the
voltage zero crossings from negative to positive.

VIII. MAGNETIC-FIELD BEHAVIOR

To shed light into the internal behavior of the transformer,
in this section, the magnetic field of the transformer is investi-
gated for different operating conditions including: open circuit,
normal operation (on-load), zero-crossing inrush, and phase-
hop. Simulations are performed using the FEM computer pro-
gram, Maxwell 14. Magnetic flux lines are shown inside and
outside the core in Fig. 14. Note that due to the geometrical sym-
metry of the transformer, only a part of the core is shown.
During open circuit for the situation presented in Fig. 14(a),

the magnetic field is concentrated inside the iron core (the lines
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Fig. 12. Core flux versus primary current for the first winding of transformer Ta under the worst condition of phase-hop.

Fig. 13. (a) Primary voltage versus time. (b) Primary internal voltage versus time. (c) Core flux versus time. (d) Primary current versus time for the first winding
of the transformer under the worst condition of phase-hop.

Fig. 14. Magnetic field behavior for the saturated and nonsaturated transformer iron core: (a) open circuit, (b) normal operating condition—transformer loaded,
(c) peak condition for inrush currents at zero-crossing switching, and (d) peak condition for phase-hop currents.

in the window are the boundaries of the windings). During
normal operation, when the transformer is supplying the nom-
inal load, a part of magnetic flux “leaks” into the interwinding
region [see Fig. 14(b)]. This flux is what produces the leakage
inductance. In Fig. 14(c), the magnetic flux for transformer

energization at zero crossing is presented. One can see that
there is a considerable amount of flux in the air. In fact, the
flux distribution resembles the behavior of an air-core inductor.
As shown in Fig. 14(d), the flux pattern during the phase-hop
does not change significantly in comparison with that of the
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normal inrush current. However, the amplitude (seen by the
concentration of lines) of the magnetic field is larger.

IX. POSSIBLE SOLUTIONS FOR PHASE-HOP

The transient phenomenon known as transformer inrush
currents was first published by John Fleming in 1892 [13].
Since then, many publications have proposed techniques to
limit inrush currents to prevent its destructive effects. Some
of the methods are external (to the transformer) and others
are transformer-based solutions. External solutions consist
of preinsertion impedances, negative temperature coefficient
thermistors (NTC) [14], transformer core demagnetizing [15],
phase-delayed switching [16], [17], and sequential phase en-
ergization [18], [19]. Transformer-based solutions consist of
air gaps, virtual gaps [20], using low permeability materials
for the core, and special designs with larger values of air-core
inductance.
To some extent, each of the existing approaches diminishes

inrush currents; however, there is a trade-off with each one of
them. In addition, some methods are not applicable for phase-
hop. External demagnetizing techniques, for example, are not
possible because there is not enough time to demagnetize the
transformer core during the half a cycle between two consec-
utive peaks. Switching methods have some problems with the
mutual effects with switches applied in the UPS systems and
also the reliability of the system. Implementations of preinser-
tion impedance methods are very complicated due to the diffi-
culty in the detection of the phase-hop condition. Thermistors
do not work either because at the time of the phase-hop the
system is already on, therefore, thermistor resistances are very
small and cannot reduce the inrush current effectively. In gen-
eral, there are several problems with the addition of series com-
ponents with the transformer: (1) the reliability of the system
reduces, and (2) depending on the voltage level the additional
components need to comply with safety standards, which makes
them expensive.
It seems that the best solutions to prevent the destructive ef-

fects of the phase-hop phenomena are transformer based. Appli-
cation of these methods will be treated in a forthcoming paper.

X. CONCLUSION

This paper has shown, for the first time, how the occurrence
of the phase-hop phenomenon in transformers can lead to ex-
tremely large currents. Phase-hop can occur at any time in a
power system because interruptions, voltage sags, and notching
in the network are not predictable. In order to prevent these phe-
nomena, a UPS system can be used. However, the action of of-
fline UPS systems may itself lead to large levels of inrush cur-
rents for the transformers located between the load and the UPS
system as well.
The value of the phase-hop currents can be several times

higher than the magnitude of the “normal” inrush currents that
occur when a transformer is energized at voltage zero-crossing.
The extremely large currents produced by the phase-hop con-

dition can lead to serious problems, such as PQ issues, mechan-
ical stresses on transformer windings, and false tripping of vital
protections. The best techniques to prevent these serious effects
seem to be transformer-based solutions.

Fig. 15. Power and control circuits implemented in the zero-crossing and
phase-hop switch.

Fig. 16. Schematics of the phase-hop circuit.

APPENDIX

Fig. 15 presents a block diagram of the power and control
circuits implemented in the zero-crossing and phase-hop switch
developed for this project. This switch consists of voltage
regulators, optoisolators, a digital logic control circuit, and
metal–oxide semiconductor field-effect transistor (MOSFET)
switches. When the ac power source is on, the optoisolator will
pass the sinusoidal waveform to a comparator, which checks
for a zero value. As a result, a 50% duty ratio square wave,
which rising and falling edges correspond to the zero-crossing
of power source, appears at the output of comparator. The first
rising edge triggers the digital logic control circuit, which turns
on the switch and finally energizes the transformer.
The phase-hop circuit of the switch is essentially the same

as the zero-crossing circuit except for the digital logic control
circuit and an extra pair of MOSFETs. Three precise timers are
utilized in the control circuit to generate the signals for switches
1 and 2 in Fig. 16. Switch 1 consists of two MOSFETs. It closes
at the first zero-crossing and only opens between the second and
third zero-crossings. Switch 2 is added to prevent cutting large
inductive currents. When switch 2 is closed, the inrush current
inside the transformer will only flow through switch 2. As a
result, switch 1 and other circuit elements are protected from
the high voltages caused by large values.
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