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Fig. 2. Hysteresis curve and residual flux.

After the transformer is disconnected from the source, the
residual flux depends on the operating point before disconnec-
tion. As the result, at the moment of reconnection, the inrush
currents may occur at different levels depending on the residual
flux. Therefore, in this paper, inrush current experiments are per-
formed on demagnetized transformers to obtain consistent mea-
surements and to be able to validate the transient simulations.
A zero-crossing sinusoidal voltage is applied to the transformer
on the primary side when the secondary side is open circuit. The
primary voltage is illustrated in Fig. 1(a). After a half cycle, the
magnitude of the flux in the core is (theoretically) doubled when
compared to the maximum flux of the steady-state condition [4].
This high flux drives the core into saturation and inrush currents
are drawn from the source.

B. Phase-Hop Currents

Phase-hop currents occur when the transformer goes into su-
persaturation (more than double of rated flux). Supersaturation is
observed when the transformer is energized with a zero-crossing
voltage and simultaneously the core has maximum residual flux
with the same polarity [3]. This could be explained from the
transformer terminal voltage shown in Fig. 1(a). The first half
cycle of voltage impresses a high level flux in the magnetic
core. Then, the voltage is zero for a half cycle. Therefore, flux
remains in the core at the moment the second voltage positive
semicycle is applied. Hence, the flux magnitude becomes (theo-
retically) larger than double. This larger flux drives the core into
much deeper saturation when compared with the inrush current
condition, and thus, a larger current is drawn from the source
[see Fig. 1(b)].

The phase-hop condition is similar in nature to inrush cur-
rents with residual flux. However, there are some important
differences when comparing the residual flux of phase-hop and
inrush conditions. The magnitude of inrush currents depends on
the initial conditions, before the zero voltage switching. If the
transformer is disconnected from the circuit, then the operating
point is on the A axis at the point of zero current on the mag-
netizing characteristic; A, in Fig. 2. Therefore, the worst case
scenario of inrush currents happens with the initial flux of A,
and at the moment of zero voltage switching, with a polarity of
voltage which builds up the flux (in this case positive). On the
other hand, phase-hop is a transient that happens when the trans-
former is magnetized higher than A, . For example, in the case of
a fault at the primary terminals or when voltage sags happen, the
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Fig.3. Phase-hop caused by the normal operation of a UPS system. (a) Normal
operating condition. Utility power is on. (b) No power is delivered to the load.
(c) Power is supplied by the UPS.

terminal current will not jump to zero and will keep circulating
in the primary winding. Therefore, magnetic flux will be trapped
in the core for a period of time that depends on the time constant
(total resistance and inductance of the system). The operating
point in some cases may stay on the saturated section of the
magnetizing curve; for example, As in Fig. 2. In this condition,
the worst case scenario also happens at the moment of zero volt-
age switching with the polarity of voltage which builds up flux.
Therefore, phase-hop and the worst case of inrush current (with
residual flux) are similar in nature, but the phase-hop condition
yields higher currents since the core is at a higher initial flux.

To observe the phase-hop current, two consecutive semicycles
of voltage [see Fig. 1(a)] is applied to the transformer on the
primary side when the secondary side is open circuited and
the transformer is demagnetized. The first half cycle of voltage
impresses a high level flux in the magnetic core. The worst case
of phase-hop occurs when there is a 0.5 cycle delay between two
consecutive voltage semicycles of the same polarity [3]. If there
is longer delay than a 0.5 cycle, the residual flux decreases.
Therefore, all phase-hop experiments and simulations in this
paper are performed based on a half cycle delay to assure the
worst possible case.

Several operating conditions of electronic circuits create
phase-hop currents. Phase-hop can happen by notching, voltage
sags, maloperation of UPS systems, and voltage interruptions in
the network. These phenomena can be classified into two main
categories:

1) phase-hop caused by a parallel switching action;

2) phase-hop caused by a series switching action.

1) Series Switching: As discussed in [3], the maloperation
of offline UPS systems may cause phase-hop currents. This
phenomenon happens because of the series disconnection of the
UPS system at the terminal of the transformers (see Fig. 3).
When the main source is not available, the UPS is switched
on to feed the load. The time delay between disconnection of
the mains and connection of the UPS may create a phase-hop
phenomenon. Therefore, this operation is modeled by series
switching.

An interruption is defined as a complete loss of voltage for
a specific period of time [22]. This time period could be mo-
mentary (from 0.5 to 180 cycles), temporary (from 180 to 3600
cycles), or sustained (more than 3600 cycles) in a 60 Hz system.
Possible reasons for interruption are the opening of a line as the
result of power system faults, equipment failures, and control
systems malfunctions [23]. They all can be represented with
a series switching as illustrated in Fig. 3. The only difference
between interruption and malfunction of UPS scenarios is that
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Fig. 4. Phase-hop caused by a short circuit. (a) Normal operating condition.
The utility power is on. (b) Short circuit. (c) Short circuit is cleared and power
is back.

(b)

TABLE I
INFORMATION OF THE TOROIDAL TRANSFORMERS

Core Dimensions (mm) Winding Characteristics

Inner Outer Height  Primary  Secondary Wire
Diameter ~ Diameter Turns Turns Gauge
85.7 149.2 50.8 196 196 13

in the interruption the utility power is recovered instead of UPS
reconnection.

2) Parallel Switching: Voltage sags are defined as a percent-
age magnitude value in terms of regular voltage level [23]. They
are often the result of faults, typically single line-to-ground fault
(SLG), in power systems. Therefore, this phenomenon could be
simulated with the switching of a parallel resistance with the
terminals of the transformer. This resistance represents the fault
impedance (see Fig. 4).

Notching is a disturbance of opposite polarity to the voltage
waveform which is frequently caused by malfunctions of the
electronic switches or power conditioners [24]. Voltage notch-
ing is primarily caused by three-phase rectifiers or converters.
Voltage notches happen when the current commutates from one
phase to another. Subsequently, a momentary short circuit be-
tween two phases will occur during this period [23]. The worst
case is when the fault resistance is negligible. Also, it should
be noted that this phenomenon last at most for half a cycle.
Therefore, notching is a particular situation of the voltage sag
case when Ry is equal zero and can be represented with parallel
switching as shown in Fig. 4.

III. EFFECT OF AIR-GAP AND LOW-PERMEABILITY MATERIAL
ON THE ELECTROMAGNETIC BEHAVIOR OF TRANSFORMERS

In this paper, several toroidal transformers are studied for the
mitigation of inrush and phase-hop currents. All transformers
are geometrically similar, single-phase, same voltage (120 V),
and have 1 kVA rated power. The core dimensions and wind-
ings characteristics are shown in Table I. The first prototype
(T1) shown in Fig. 5 does not have an air-gap and is wound
on an annealed iron core. Prototypes T2 to T7 are wound on
annealed iron cores and have 2, 4, 8, 16, 32, and 64 mil total
air-gaps ( = 2 g), respectively. The last transformer (T8) is man-
ufactured on an unannealed core of the same material (M4), thus
having a different magnetic permeability than the rest since the
manufacturing stresses have not been relieved.

Toroidal transformers have very sharp hysteresis curves when
compared to standard transformers because they do not have



Fig. 8. Hysteresis characteristic (L) of transformer iron core represented by
two constant slopes; the effect of the gap (Lg) on the hysteresis curve is shown.

the length of the air-gap. Most importantly, the residual flux
reduces noticeably. Therefore, for a transformer with an air-
gap, when the terminal current tends to zero at the moment of
disconnection from the source, the flux also tends to zero, and
the core will be demagnetized.

Theoretically, a larger gap results in a lower slope (see Fig. 6).
The reason can be explained from the reluctance circuit of the
toroidal transformer shown in Fig. 7 and a piecewise linear
approximation of the hysteresis curve (see Fig. 8).

According to the principle of duality between magnetic and
equivalent electrical circuits, the air-gap can be represented
with a parallel linear inductance with the nonlinear magnetizing
branch as shown in Fig. 7 [27]. The parallel connection of the
linear inductance (Lg), changes the slope of the magnetizing
curve (L) that is shown in Fig. 8. According to this figure, the
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Fig. 11. Reversible ™ model of transformer including the representation of
the air-gap.

model to represent the single-phase transformers. In addition, it
is capable to accurately represent transients from both primary
and secondary windings.

The reversible T model can be directly used to represent the
unannealed transformer (T8) without air-gap. The only differ-
ence between the annealed (T1) and unannealed (T8) transform-
ers in terms of modeling is their different magnetizing character-
istics which should be measured from the open-circuit tests and
modeled in time domain [25]. However, time domain models
for air-gap transformers require modifications.

According to principle of duality (see Fig. 7), for a gap trans-
former, a linear inductance shall be added in parallel to the mag-
netizing inductance. Since two nonlinear magnetizing branches
exist in the reversible T model, the air-gap inductance L is also
divided into two linear parts Lg; and Lgy (see Fig. 11). The
value of these inductances can be calculated based on (7). The
computed values of Lg; and Ly, are presented in Table III for
all transformers.

To identify other parameters of the model, standard short-
circuit and open-circuit tests are performed as per IEEE Standard
C57.12.91-1995 [25]. The total series resistance (Rs; + Rs2)
of transformers and the leakage inductances (Ls) are obtained
from the impedance measurements. The measured ac resistance
is broken into primary and secondary sides proportionally to the
dc resistances of the windings [26].

The open-circuit test is performed to obtain the transformer
magnetizing branch parameters consisting of magnetizing re-
sistances (R; and R3) and nonlinear inductances (L; and L,).
The nonlinear inductors correspond to the magnetic behavior
of the core. Furthermore, the deep saturation characteristic of
the transformer is very important to get precise results dur-
ing transients drawing very large currents from both windings.
Hence, saturation inductance (frequently called the air-core in-
ductance) tests are performed for the transformers according to
the guidelines presented in [33]. The geometry of the windings
and the number of turns are the same for all transformers; thus,
the measured saturation inductances of all transformers are al-
most identical. In this paper, the small differences between the
saturation inductances in different transformers are neglected.
The measured value of the saturation inductance is 274 {H. All
transformer parameters are presented in Table III. A piece-wise
linear approximation of the magnetic characteristics with two
slopes is used in the transient simulations (see Table IV).

V. LABORATORY MEASUREMENTS AND VALIDATION

To evaluate the effect of the air-gap and low-permeability
iron material, experiments are conducted in two stages. First,
the effect of the two methods on the ordinary zero-crossing
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inrush currents is tested and then the mitigation of the phase-
hop current phenomenon is investigated.

A. Inrush Current Experiments

A programmable microcontroller switch is designed to emu-
late the inrush current conditions described in Section II. This
switch consists of two parallel and two series MOSFETs with the
terminal of the transformer and a control unit as shown in Fig. 12.
Note that the core is completely demagnetized before each ex-
periment. The measurement results for the all transformers are
shown in Fig. 13(a). The peak values of the zero-crossing inrush
currents are between 325 and 335 A. The results demonstrate
that the air-gap has no significant effect on the zero-crossing in-
rush currents when the core is demagnetized. This is so because
the dominant effective factors on the inrush current peak value
are the saturation inductance and the terminal resistance [26].
Furthermore, the same transformers are analyzed with transient

Fig. 13.  Inrush currents of all transformers. (a) Measurements. (b) Transient
simulations (EMTP-RV).

simulations (EMTP-RV) to validate the T model. These simu-
lations are shown in Fig. 13(b). Almost exactly the same results
are obtained with simulations (inrush currents between 328 and
330 A). The peaks of the inrush current for T1, T2, T7, and T8
are shown in Table V.

B. Phase-Hop Current Experiments

As discussed in Section II, there are two general conditions
that cause phase-hop currents: series switching and parallel
switching. These conditions are emulated with the power elec-
tronic device presented in Fig. 12.

1) Voltage Interruption and UPS System Cases: To create
the voltage interruption and UPS system disconnection cases
in laboratory, the parallel MOSFET of the switch needs to be
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