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ABSTRACT
The paper addresses complementary approaches to the calculation of electromagnetic parameters of an industrial
alternating current (AC) contactor rated for 220 volts and 60 hertz. The methods of analysis include conventional
electric circuits derived from measurements of terminal characteristics. The duality between interlinked electric and
magnetic circuits is employed to calculate the contactor’s magnetizing reactance during a locked closing maneuver
and during the closed-core configuration. The parameters obtained from the circuit analyses are compared to the
more precise estimates of finite element analyses. Special attention is given to the subtle differences of circuit
properties applied to the conductive regions containing driving currents as well as to regions where current is
actually induced due to time variation of the magnetic flux. Attempt is made to facilitate the understanding of the
physical phenomena related to the presence of eddy currents in the shading rings.
Keywords: Contactor, Finite element analysis, Magnetic circuits, Magnetic forces, Shading ring.
1. INTRODUCTION
The design and manufacture of electromechanical devices is a highly specialized process subject to many
requirements due to the interconnected nature of the electrical, mechanical and thermal designs. Contactors are
electromechanical switches employed in applications that require processes of electric circuit “making and
breaking”, such as starter motors, electric vehicles, heaters, and lighting applications [1]. In the past, the design and
development of electromechanical contactors has been based on extremely simple analytic models, supplemented by
experience and intuition. By that time, any change in the device’s parameters would be time consuming and difficult
to be accommodated by those traditional development methods. The decade of 1980 witnessed a shrinking number
of experienced designers and, simultaneously, an increasing number of electric equipment manufacturers relying on
computer-aided design (CAD) packages in their development processes. Major manufacturing companies and
academic research groups have experienced that fast changing era in different ways, all depending on existing
facilities and the nature of the equipment. Designers of electromechanical contactors and other type of forceproducing actuators, for example, were more likely to use finite element-based CAD systems than the designer of
induction motors. The latter kind of electric equipment has always been more difficult to analyze using finite
elements and has usually required a judicious balanced blend of classical and numerical methods. Some of the larger
manufacturers have developed their own CAD facilities, locally or remotely, to assist them in their design tasks [2].
Alternatively, academic groups have developed their own CAD packages and worked together with manufacturing
organizations to jointly perform a broad variety of experimental and simulated work [3].
The object of the present study is the characterization of an industrial alternating current (AC) contactor rated for
220 volts and 60 hertz. A photograph showing details of the double-E magnetic core at closed position, the location
of air-gap regions and shading coils appears in figure 1.
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Figure 1. Photograph of the AC contactor, showing the double-E magnetic core, copper rings and air gaps.

The methods of analysis employed in the present study have been chosen considering that the laminated structures
that form the contactors’ magnetic cores are usually designed and built using methods similar to those existent in the
manufacturing processes of other electromagnetic devices such as transformers and industrial inductors [4]. The
chosen analysis techniques are based on: (i) conventional equivalent electrical circuits; and (ii) duality between
interlinked magnetic and electrical circuits. The conventional electrical circuits contain resistors and inductors that
represent the physical phenomena in the device, like copper loss in the winding and stored energy in the magnetic
core [5]. The electric circuits derived from magnetic circuits using the principle of duality are employed to estimate
the magnetizing reactance of the contactor [6], [7], [8]. Values of the components that form the electrical circuits
representing different operation stages of the contactor are compared with numeric estimates generated by the finite
element analysis.
2. CONTACTORS AND FORCE PRODUCTION
Electromechanical contactors contain three major components: the metallic contacts, the electromagnet, and the
enclosure. The contacts are the current carrying part of the contactor, and are used to switch large amount of electric
power, particularly the power consumption of electric motors. The electromagnet produces the magnetic force
required to bring together the movable and fixed sections of the magnetic core. The enclosure is a frame made of
insulating material that houses the electromagnet and the set of metallic contacts. The electromagnet usually
contains a coil input which may be driven by either, an AC or DC supply. Over 80% of electromechanical contactors
used in industries worldwide are equipped with AC powered coils.
When industrial contactors are powered with DC supplies, the generated magnetic field H is constant with time, and
so are the attractive forces between stator and armature. However, the alternating magnetic fields produced by AC
powered coils generate alternating forces that drop to zero twice each cycle of the driving alternating current. This
causes undesired mechanical vibration of the magnetized parts and metallic contacts. In a well-designed AC
contactor, the magnetic force should never drop below the mechanical forces created by the restoring springs. In the
illustration of figure 2, the dashed characteristic represents the time variation of per unit values of the AC driving
current. It is assumed, for simplicity, an idealized purely sinusoidal time variation for the current. Per unit time
variation of the magnetic force is represented by the solid characteristic. This force characteristic would represent
the “odd” case where only the magnetic flux created by the driving coil circulates in the stator and armature of the
AC contactor. To avoid the resulting undesired vibration or chatter, two conductive rings known as shading rings are
placed at the external pole faces of the contactor’s stationary core. These shading rings play an important role in the
overall performance of AC contactors. As a result of the time variation of the alternating magnetic flux crossing the
region surrounded by the shading ring, eddy currents are induced in these conductive rings. The current flowing in
the shading ring generates a magnetic flux out of phase with respect to the flux created by the driving coil current in
a way that the net flux crossing the interfaces between the movable and fixed cores never drops to zero. This
guarantees that, at the closed core configuration, the holding force does not drop to zero, thus eliminating the
vibrations.
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Figure 2. The magnetic force drops to zero twice each cycle of the ac current.

Contactors are energy conversion devices wherein input electrical energy in the form of voltage and current is
converted into magnetic energy. Before the closure process, the magnetic force necessary to produce mechanical
motion is mainly provided by the useful or force-producing magnetic flux that crosses the air-gap regions that
separate the movable and fixed sections of the core. Fringing flux around these gaps give a smaller but important
contribution to the resulting magnetic force, and this effect must be included in any calculation procedure used to
estimate the magnetic force with reasonable accuracy. For the configuration where the two sections of the magnetic
core are separated, the evaluation of the contactor’s attractive force or drive force is easier because there is only
interest in determining the global value of the force that appears at the air-lamination interfaces. In this case,
traditional force calculation methods based on the virtual work principle or on the concept of Maxwell stress tensor
may be employed [9], [10], [11]. The evaluation of the holding force, on the other hand, is far more complicated and
force calculation methods intended to evaluate the generated forces between magnetized bodies in contact must be
employed [12], [13], [14].
3. LITERATURE REVIEW
The literature documents extensive research in the analysis of the dynamic behavior of electromechanical contactors.
The theoretical background of most research papers usually relies on the development of magnetic and electrical
circuits that represent different operation stages of a given electromechanical contactor. Results obtained from the
magnetic and/or electric circuit analyses provide the basic set of mathematical equations and boundary conditions
required by the computational modeling tasks. Data required by computer programs are sometimes supported by
experimental work. Measurement of electrical variables like terminal voltages, currents and power consumption are
easily performed with the use of, e.g. a simple power quality analyzer. Measurement of mechanical variables like
displacement and spring forces, on the other hand, are more difficult to perform and requires the use of specially
constructed and instrumented sensors and test devices.
Different numeric methods have been used to predict the dynamic response of AC contactors. Computer software
based on the finite element method is the most common in the computational modeling of the dynamic
characteristics of electromechanical contactors [15]. There are, on the other hand, university groups that have carried
out their dynamic simulations and engineering education activities with the aid of Matlab-Simulink platforms [16],
[17].
Many practical problems faced by industrial designers of electromechanical contactors are related to the mechanical
displacement of the contactor’s components, and the resulting effects of the closure impact. The impact that occurs
during the closure operation is the origin of contact bounce, i.e. a sequence of re-opening operations that generate
electric arcs. Each bounce is in fact a very fast “break and make” operation, during which the electric arc is not
usually extinguished. Electric arcs can cause severe erosion of the metallic contacts and, as a consequence, the
lifespan and reliability of the contacts may be dramatically reduced. Since the early 1990s, several researchers have
focused attention on the characterization of the phenomena that occur immediately before contacts closure or
immediately after contacts separation [18], [19], [20]. By the same time, attempts to minimize the effects of contact
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bounce based on the reduction of the contactor’s kinetic energy at impact time have been made by major
manufacturers of electric equipment [21].
In recent years, the merits of AC permanent-magnet contactors such as high reliability and low energy consumption
when compared to the conventional electromagnetic contactors has motivated industrial designers to study the
dynamic and motion characteristics of this new class of contactors [22], [23], [24]. Other relevant contributions to the
art are the recent publications with emphasis on the use of electronic control units employed to achieve contactor’s
multi-objective optimization targets [25], [26], [27], [28].
4. PROBLEM DESCRIPTION
The contactor’s electromagnet consists of a single coil wound around the central limb of the lower or stationary
portion of the double-E laminated core. For the closed-core configuration, the size of each rectangular window is 3.2
cm by 1.05 cm. The driving coil contains 5,000 turns and its height is approximately 1.4 cm. The main geometrical
dimensions are indicated in figure 3, and the depth of the device is 1.2 cm.

Figure 3. Sketch of the contactor’s electromagnet, dimensions in centimeter. Not to scale.

The contact between the two magnetized portions of the E-shaped magnetic cores is, in fact, restricted to small
regions located at the side limbs. The innermost portions of the magnetized surfaces in contact are known as
unshaded poles, whereas the regions surrounded by the shading rings are known as shaded poles. These geometrical
features are illustrated in figure 4. The gap separating the two portions of the central limb is 8.0 mm when contactor
is open and only 0.4 mm at the closed core configuration.
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Figure 4: Shaded and unshaded poles.

5. DERIVATION OF ELECTRICAL CIRCUITS
5.1. Conventional Equivalent Electrical Circuit
AC contactors may be described by the conventional electric circuit shown in figure 5. The components of the circuit
correspond to the physical phenomena in the device. The resistor Rw in the horizontal branch accounts for the ohmic
loss in the winding of the exciting coil. The inductor L in the vertical branch accounts for the magnetic field energy
storage in the magnetic cores and leakage fields in the windows and air gaps. The shunt resistor R in the vertical
branch represents the active power loss in the magnetic cores.

Figure 5: Conventional equivalent electric circuit of the contactor.

To validate the proposed equivalent circuit, measurements of the various terminal electric variables have been
carried out. The first set of measurements concern a closing maneuver, whereas the second one refers to the
configuration where the movable and fixed cores are in contact, from now on referred to as the closed core
configuration. Information related to the readings of power consumption is presented in figure 6. In the illustration,
P denotes the active power, Q denotes the reactive power, and S is the complex power. In this illustration, both
triangles are scaled to the same view size, and the subscripts “1” and “2” refer to the power consumption of the
locked closing maneuver and closed core configuration, respectively. A careful observation of the illustration shows
that: (i) the power consumptions associated the two operations differ significantly; (ii) the power required to
overcome the mechanical force generated by the mechanical springs and bring together the movable and fixed
magnetic cores is considerably higher; (iii) once the two magnetic cores are in contact, the power consumption is
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significantly reduced, particularly the consumption of the active power P that undergoes a fold reduction of
approximately 15 times.

Figure 6: Contactor’s power consumption; (a) Locked closing maneuver; (b) Closed core configuration.

5.1.1. Contactor’s locked closing maneuver
To facilitate the measurement of the terminal electric quantities related to the locked closing maneuver, the armature
movement has been blocked by the presence of a non-magnetic rubber spacer 8 millimeter high inserted in the airgap regions that separate the fixed and movable cores. Measured values of root-mean-square (rms) applied voltage
and current, together with the registered power consumption at a 60-hertz operation are summarized in table 1. The
table also includes the values of cos(), the power factor, and the electric resistance Rw of the exciting coil. The
power factor has been computed from the readings of active power P and apparent power S.
Table 1: Measured 60 Hz input signals related to the locked closing maneuver.

Irms (mA)
Vrms (V)
P (W)
Q (VAr)
S (VA)
cos()
Rw (Ω)

268.00
218.00
48.30
33.10
58.60
0.82
534.00

The conventional equivalent electrical circuit related to the locked closing maneuver is presented in figure 7. The
sequence of calculations relating the measured terminal characteristics and the circuit’s components is presented in
the Appendix A.

Figure 7: Conventional equivalent electrical circuit for the locked closing maneuver.

5.1.2. Contactor’s closed core configuration
The electrical characteristics of the conventional equivalent electrical circuit that represents the physical phenomena
in the closed core configuration differ significantly from those that form the circuit for the locked closing maneuver.
Measured values of the input signals for the closed core configuration are summarized in table 2. The conventional
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equivalent electrical circuit related to the latter state of operation is presented in figure 8, and the sequence of
calculations is presented in the Appendix A.
Table 2. Measured 60 Hz input signals related to the closed core configuration.

Irms (mA)
Vrms (V)
P (W)
Q (VAr)
S (VA)
cos()
Rw (Ω)

50.50
222.00
3.20
10.90
11.40
0.29
534.00

Figure 8: Conventional equivalent electrical circuit for the closed core configuration.
5.2. Duality between Magnetic and Electric Circuits
In order to derive the equivalent electrical circuit of a given device employing the duality between interlinked
electric and magnetic circuits, the starting point may be a draft of a magnetic structure containing the parts that
directly affect the electromagnetic action of the device under analysis. This is followed by the creation of a magnetic
circuit containing sources of magnetomotive forces and a number of interconnected lumped elements known as
reluctors. These components represent the storage of magnetic energy in magnetic cores, air gaps, fringing flux
around the gaps, and leakage fields. In the definition of the lumped elements, each region where the magnetic flux
density B is more or less uniform is represented by an element of a given magnetic reluctance. The relationship
between the variables is

F  ,

(1)

where F is the magnetomotive force,  is the magnetic reluctance, and  is the magnetic flux.
The theory related to the derivation of the dual equivalent electrical circuits is presented in references [6-8]. The
estimates of the contactor’s magnetizing inductance obtained by the principle of duality for the two configurations
are summarized in table 3.
Table 3. Contactor’s magnetizing inductance obtained by the principle of duality.

Locked closing maneuver
Closed core configuration

0.82 H
10.46 H

6. FINITE ELEMENT ANALYSIS
Numerical field solutions have been obtained using the two-dimensional Cartesian magnetostatic processors and
solver of the simulation software FEMM [29]. To permit two-dimensional analysis, all magnetic structures that
represent the contactor are considered longitudinally uniform, and the depth of these planar structures is 1.2 cm. The
solutions are obtained for the magnetic vector potential A, and first-order triangular finite elements are employed in
all computations.
All numerical models include an external circle concentric with respect to the centre of the magnetic structures.
These circles are not shown in the illustration of figure 3. The radius of each circle is 10 cm, and represents about
three times the length of the smallest circular boundary that completely encircles the rectangular geometry of the
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contactor. All problems’ boundary conditions are homogeneous Dirichlet, wherein the condition A=0 is prescribed
on the external circular boundary [30]. All finite-element calculations are performed by specifying a 60-hertz
frequency in the problem definition. The specification of a non-zero frequency automatically implies a time
harmonic analysis, in which all field quantities oscillate at the prescribed frequency.
To model the magnetic core in the finite element model, all regions containing the thin laminations are specified by
the homogeneous composite material, commercially known as “Carpenter Silicon Core Iron A 1066C Anneal”. The
specifications include lamination thickness of 0.5 mm and fill factor of 80%.
6.1. Regions with conductive materials
The numeric calculation of eddy currents, i.e. currents that arise from time-varying magnetic fields present in
conductive materials is a task of major interest in the analysis of AC contactors. Stranded coils that carry the
excitation current are usually modeled by two non-contiguous regions, and the properties of these regions include
the specification of the coil’s number of turns and the terminal current. In the finite-element program FEMM, each
pair of regions representing a stranded coil must be defined as series-connected [29]. On the other hand, the
constraints applied to the conductive regions where current arises from time-varying magnetic fields, i.e. regions
where the eddy currents are actually induced, are quite different. Each pair of regions representing, e.g. the two sides
of a shading coil must be defined as parallel-connected. By applying a parallel-connected circuit with zero net
current to each side of a shading coil or any pair of physically connected solid conductors, one guarantees that the
“computed” total current in one region will return through the other region intended to be in fact parallel-connected
to the first one.
The constraints applied to the regions that represent the contactor’s driving coil and one of the shading coils are
summarized in table 4. It is worth noting that the number of turns assigned to a given region that represents the endside of a given coil can be either a positive or a negative number. The sign on the number of turns indicates the
direction of current flow associated with a positive-valued circuit current.
Table 4. Definition of properties for conductive regions

Driving coil
(closed core)
Shading coil

Number of turns
Peak current (mA)
Number of turns
Peak current (mA)

Left-hand side
region
-5,000
71.41
-1
0

Right-hand side
region
+5,000
71.41
+1
0

Connection between the two
regions
Series
Parallel

7. NUMERICAL RESULTS
7.1. Magnetizing inductances
For the two operating conditions considered in the analysis, the magnetizing inductances of the contactor have been
determined by three different methods, and the computed values are summarized in table 5. Per cent errors indicated
in table 5 are computed taking the more precise finite element estimates as benchmarks.
Table 5. Contactor’s magnetizing inductances obtained by three different methods. Values in henry.

Configuration
Locked closing maneuver
Closed core

Conventional electric circuit
Inductance (H)
Error
0.85
23.4%
10.43
3.9%

Dual electric circuit
Inductance (H)
Error
0.82
26.1%
10.46
4.4%

Finite elements
Inductance (H)
1.11
10.02

The amount of reactive power consumption is frequency dependent and a direct consequence of the magnitude of
the magnetizing reactance. Values of reactive power consumption obtained by both, measurements and finite
element computations are compared in table 6. Finite element estimates are taken as benchmarks.
Table 6. Contactor’s reactive power consumption obtained by measurements and finite element computations.

Configuration
Locked closing maneuver
Closed core

Measurements
Reactive power (VAr)
33.10
10.90
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7.2. Eddy currents in the shading rings
The major effect of the shading rings is the creation of a magnetic flux out of phase with respect to the flux created
by the driving coil. In this way, one guarantees that the net flux crossing the interfaces between the movable and
fixed cores never drops to zero. This guarantees that the holding force, which varies with the magnitude of flux
squared, does not drop to zero. A quantity of major interest in the time-harmonic finite element analysis is the
magnitude of the currents induced in the shading rings. For the closed core configuration, the computed magnitude
of the current induced in each ring is 47.159 A.
The understanding of the physical phenomena is facilitated by observing the operation condition wherein all
circulating flux arises from the eddy currents in the shading rings. To simulate this condition, the main coil is
specified as a series-connected circuit with zero current, and a series-connected circuit with currents of +47.159 A
and -47.159 A is applied to each side of the shading coils. Results of this simulation can be observed in figure 9.

Figure 9. Flux lines and density plot of the B-field when all flux arises from the eddy current in the shading rings.

Observation of the plot shows that, the circulating flux created by the eddy current is somewhat restricted to the
regions around the shading rings. Most of the flux crosses the shading ring transversally in the vertical direction, and
closes its path through the unshaded pole face. Only a small proportion of the total generated flux makes its return
path through the central limb.
At normal operation, the device’s flux distribution results from the combined effect of two sources of magnetic flux:
(i) the flux due to the magnetomotive force of the main coil; and (ii) the flux due to the magnetomotive force of the
shading rings. For the closed core configuration, the peak driving current is 71.41 mA, which corresponds to the
measured rms current of 50.5 mA. The magnetomotive force due to the 5,000-turn coil is 357.09 A-turn, the
magnetomotive force due to each single-turn shading ring is 47.159 A-turn. Results of this simulation can be
observed in figure 10.
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Figure 10. Flux lines and density plot of the B-field showing the combined effect of the main coil and shading rings.

Observation of the plot shows that the combined effect of the magnetomotive forces of the main coil and shading
rings leads to a decrease in the flux crossing the shading rings and, simultaneously, a substantial increase in the flux
crossing the unshaded region. To make the matter concrete, a quantitative evaluation of the flux distribution along
the interface of the two core portions has been carried out. The first operation condition concerns the flux
distribution for the contactor operating without the shading rings, whereas the second one refers to the contactor
operating normally with the shading rings. The problem that represents the contactor’s operation without shading
rings is easily defined by means of the artifice of material re-identification. In this case, the two rectangular regions
representing the end-sides of the shading rings should be specified as completed filled by air or any other nonmagnetic and non-conductive material. The inspection of the B-field is made along the interface of the fixed and
movable cores. In the two-dimensional view of figure 10, the interface is represented by the straight line segment
that bisects the drawing. Results of this inspection are presented in figure 11. In this graph, the added arrows help to
spot the variations of magnitude of the B-field related to the operating condition with shading rings across the
central limb and unshaded poles.

Figure 11. Magnitude of the B-field along the interface of the fixed and movable cores; (a) The solid characteristic represents
the operation without shading rings; (b) The characteristic with circles represents the operation with shading rings.
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Observation of the graph presented in figure 11 helps to understand the physical phenomena related to the presence
of eddy currents in the shading rings. It is worth noting that the generation of flux by the eddy currents is, in fact, a
reaction of the electromagnetic system to change in its circulating flux. In other words, the flux of the shading rings
bucks or opposes any change or variation in the circulating flux. One of the effects is the reduction of the flux
crossing the central limb, and this is easily observed in the central portion of the graph. Along the central limb, the
average magnitude of flux density undergoes a fold reduction of 12%. Simultaneously, it is possible to spot a
substantial increase of 36.6% in the flux density crossing each unshaded pole.
8. CONCLUSIONS
Three different analysis techniques have been employed in the analysis and characterization of an industrial AC
contactor rated for 220 volts, 60 hertz. Two operating conditions are considered: a locked closing maneuver and the
configuration where the movable and fixed cores are in contact. Conventional electric circuits containing elements
that represent physical phenomena like ohmic loss and energy storage have been derived from measurement of
terminal characteristics like voltage, current and power consumption for the two operating conditions. Dual electric
circuits have been derived to obtain estimates of the contactor’s magnetizing inductance at the two operating
conditions. The main contribution of the work is related to the numeric calculation of eddy currents. The discussion
places emphasis to the numerical constraints applied, in different ways, to the conductive regions where current
arises from time-varying magnetic fields and regions containing stranded coils that carry the driving currents,
respectively. Two variations of the contactor’s closed-core configuration have been considered in order to illustrate
the effect of the shading coils.
9. APPENDIX A: DERIVATION OF CONVENTIONAL ELECTRICAL CIRCUITS
9.1. Contactor’s locked closing maneuver
The relationship between the electric quantities and the parameters of the conventional equivalent circuit related to
the locked closing maneuver are discussed in the following.
For an applied rms voltage of 218.0 V, the measured rms source current is I=268 mA. The computed voltage drop V1
across the resistor Rw that represents the DC winding resistance is
V1  IRw  (268  103 )(534)  143.11 V.
The voltage across the parallel impedance RL is
V2  V  V1  218.00  143.11  74.89 V.
The computed mean active power Pw that represents the losses due to the winding resistance is
Pw  Rw ( I ) 2  35.34 W.
The mean active power P that represents losses due to the magnetic core can be calculated as the difference
P  Ps  Pw  48.30  38.35  9.95 W.
where Ps represents the measured active power supplied by the AC source. The value of the resistor R that represents
the magnetic core losses may be computed by
2
2
R  (V2 )
 (74.89)
 563.67 .
P
(9.95)
The current Ir in the resistive branch is then
I r  V2  74.89
 132.86 mA.
R
563.67
The current Ix in the inductive branch is
I x  (I )2  (I r )2
I x  (268  10 3 ) 2  (132.86  10 3 ) 2  232.75 mA.

The value of the inductive reactance XL is frequency dependent and, for a 60-hertz power supply, can be calculated
from the lagging current Ix,
X L  L  V2  74.89
 321.76 m.
Ix
232.75
where ω=2πf is the angular frequency of the power supply.
The inductor shown in the vertical leg of the circuit accounts for the energy stored in the leakage fields, including
fringing. The circuit is fed by a 60-hertz power supply and the value of the inductor L is given by
523

IJRRAS 14 (3) ● March 2013

L  XL



 321.76 10

3

120

Nogueira & Maldonado ● AC Contactors Combining Electric Circuits

 0.854 H.

9.2. Contactor’s closed core configuration
The relationship between the electric quantities and the parameters of the conventional equivalent circuit related to
the contactor’s closed configuration are discussed in the following.
For an applied rms voltage of 222.0 V, the measured rms source current is I=50.50 mA. The computed voltage drop
V1 across the resistor Rw that represents the DC winding resistance is
V1  IRw  (50.5 10 3 )(534)  26.97 V.
The voltage across the parallel impedance RL is
V2  V  V1  222.00  26.97  195.03 V.
The computed mean active power Pw that represents the losses due to the winding resistance is
Pw  Rw ( I ) 2  534.00(50.50 103 ) 2  1.36 W.
The mean active power P that represents losses due to the magnetic core can be calculated as the difference
P  Ps  Pw  3.20  1.36  1.84 W.
where Ps represents the measured active power supplied by the AC source.
The value of the resistor R that represents the magnetic core losses is
2
2
R  (V2 )
 (195.03)
 20.672 k.
P
(1.84)
The current Ir in the resistive branch is then
I r  V2  195.03
 9.43 mA.
R
(20.672  103 )
The current Ix in the inductive branch is
I x  (I )2  (I r )2
I x  (50.50  10 3 ) 2  (9.43  10 3 ) 2  49.61 mA.

The value of the inductive reactance XL is frequency dependent and, for a 60-hertz power supply, can be calculated
from the lagging current Ix,
X L  L  V2  195.03
 3931.26 .
Ix
49.61 103
where ω=2πf is the angular frequency of the power supply.
The inductor shown in the vertical leg of the circuit accounts mainly for the energy stored in the magnetic core. The
circuit is fed by a 60-hertz power supply and the value of the inductor L is given by
L  X L  3931.26
 10.43 H.
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