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ABSTRACT 

The paper presents two techniques to calculate inductance from numeric field solutions. The set up of the numeric 

model representing a simple magnetic-core inductor is described. Inductance calculations are based on the concept 

of normalized or rated inductance. This concept is used as an artifice to obtain the total inductance value of the 

device when the total magnetomotive force is known but detailed information about the excitation winding is not 

available. The initial configuration of the inductor used in the study consists of a coil of 1000 turns wound around 

the central limb of a highly permeable gapless rectangular magnetic core. When operating at high excitation levels, 

this gapless inductor is adversely affected by magnetic saturation, and the overall drop in inductance value reaches 

unacceptably high values. To contour this difficulty, a new configuration is proposed. The alterations include the 

insertion of short air gaps in the lateral limbs of the core, as well as the choice of a different excitation winding. 

Numerical results place emphasis on the improved performance of the new, gapped-core inductor with 1200 turns in 

its excitation winding.  The new inductor exhibits a significant reduction in the overall drop in inductance values 

under extreme levels of excitation. 
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1. INTRODUCTION 

The calculation of terminal inductance values is a very common task of magnetics design and, despite its frequent 

occurrence, there exist subtle difficulties in the determination of inductance. To show that, the problem of 

determining the inductance values of a simple magnetic-core reactor excited with different levels of electric currents 

is analyzed in detail. 

In magnetism, we distinguish two types of magnetic field strength: the magnetic field strength Hm due to permanent 

magnets, and the magnetic field strength Hi due to electric currents. Hm is a conservative field, and is associated with 

magnetic potentials, whereas Hi is a non-conservative field and is associated with magnetomotive force.  Electric 

charges possess inertia, not only on account of their gravitating mass but also on account of their electrical charge. 

The ratio of charge to mass in an electron is 1.76x10
11

 coulomb/kilogram and, clearly, the kinetic energy due to 

charge is several times larger than the kinetic energy due to mass. In practice, the latter is usually ignored, except in 

some applications of high-frequency oscillations in ionized gases [1]. 

Inductance is associated with the kinetic energy of electric current, just as capacitance is associated to potential 

energy stored by electric charge distributions. In the analysis of electromagnetic systems, there are three different 

forms of energy, and they are associated to three physical properties: resistance R, capacitance C and inductance L. 

For a given electric current I and a given electric charge Q, the rate of energy dissipation by resistance is RI
2
, the 

electrostatic energy is ½(Q
2
/C) and the electrokinetic or magnetic energy is ½(LI

2
). 

Analytical calculation of inductance uses magnetic circuits that include the sources of magnetomotive forces and a 

number of interconnected reluctors crossed by a given flux. Equations based on magnetic Ohms’s law are used to 

describe each part of the device where the flux density B is more or less uniform. Analytical calculations are 

important because they give insight into the subject, but are restricted to devices with very simple geometries [2].  

The inductance calculation problem is widely researched and well established, with extensive published theory. The 

applications presented in the literature range from computer-based problems discussed in elementary tutorials [3], to 

problems of high complexity involving the transient conditions of electrical machines [4].  

In electronic power equipment, inductors are used to smooth out ripple voltage in direct current (dc) supplies, an 

application where they carry direct current in the coils. Most practical designs include an air gap in the magnetic 

core to prevent magnetic saturation and, therefore, control the inductance value under a wide range of operating 

conditions [5]. The definition of the number of turns, geometry of the magnetic core and length of the air gap has to 

take into account the following interrelated factors: desired inductance value, direct current in the winding and 

alternating voltage across the winding [6]. 

When measurements or numerical simulations using increasing values of excitation show that the value of 

inductance remains nearly constant up to high excitation levels, the device is called a linear inductor. If, on the other 
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hand, the inductance value drops with the increasing of excitation, the device is a nonlinear inductor. This nonlinear 

effect is reflected not only on the low inductance value but also as a source of noise and mechanical vibration. 

Following the different definitions for the phenomenon of inductance, this work focuses on well-established 

practical measures that can control the inductance value of simple magnetic-core inductors. The objectives of the 

present analysis include: 

 the introduction of different techniques for calculating the inductance numerically; 

 a clear explanation on how these numerical techniques are used to calculate inductance values of magnetic-core 

inductors; 

 a comparative study contrasting two configurations of a magnetic-core inductor. The use of magnetic cores, 

with and without air gaps, is the main feature distinguishing the two configurations. 

2. DEFINITIONS OF INDUCTANCE 

According to Lowther and Silvester [7], the computation of inductance from numerical field solutions is based on 

different definitions for the phenomenon of inductance. The inductance of a given device can be defined, either in 

terms of its stored energy or in terms of the number of flux linkages of the winding. If the inductance L is defined in 

terms of flux linkages,  

i

n
L


  (1) 

where n is the number of times the winding links the flux , and i is the terminal current of the inductor. If the 

inductance is defined in terms of the magnetically stored energy W, 

,
2

2I

W
L   (2) 

where I=ni is the total number of ampere-turns or magnetomotive force. 

3. THE MAGNETIC-CORE INDUCTOR 

The initial configuration for the inductor used in the study consists of a coil of 1000 turns wound around the central 

limb of a rectangular magnetic core. The geometrical dimensions of the device are indicated in figure 1. The size of 

each window is 20.0 cm by 20.0 cm, and the coil sides are accommodated in rectangular regions of 12.0 cm height 

and 6.0 cm width. A non-magnetic insulating layer of 4.0 cm surrounds the coil and separates it from the magnetic 

core. The depth of the device is 5.0 cm, equal to the width of the outer limbs.  

The symmetry of the core and winding allows analyzing only one-half of the device. An outline of the numerical 

model representing the right portion of the core inductor is shown in figure 2. The modeling of the side limbs 

includes artificial layers of magnetic material, and this numerical artifact enables the future inclusion of air gaps 

with different lengths. The air layer that surrounds the magnetic core terminates at the artificial boundary wherein 

the magnetic vector potential A is made equal to zero. This boundary condition is commonly referred to as a 

”Dirichlet boundary”, and is used to close the domain of analysis. The placement of the external boundary a little 

further from the geometrical limits of the magnetic core enables the task of modeling the fringing flux of inductors 

containing air gaps in the external limbs. 

 

Figure 1. Sketch of the core-inductor; dimensions in centimeter. 
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Figure 2. Regions of the inductor’s numerical model. 

4. NUMERICAL FIELD SOLUTIONS 

Numerical field solutions have been obtained using the simulation software FEMM, based on the finite element 

method [8]. The numerical model uses a unique finite element mesh, and the technique of material re-identification 

is used to simulate the insertion of air-gap layers in the outer limbs. The nonlinear magnetization characteristic of 

the M-36 silicon steel represents the behavior of the material that forms the magnetic core. This characteristic 

appears in the Appendix. The winding is considered to contain only one massive turn and, therefore the total 

excitation I=ni ampere-turns is assigned to the coil region of the half-model. 

4.1. Numerical techniques applied to the gapless core 

In the following, it is made an attempt to present a detailed explanation of the numerical techniques for the 

computation of inductance values. The calculations concern the gapless magnetic core inductor previously 

described, excited by a magnetomotive force F=200 ampere-turns. Preliminary hand calculations have shown that, 

the for this excitation level, the operating (B,H) points of the magnetic core represent, in the mean, the highest value 

of the relative permeability µr of the M-36 silicon steel. For higher excitations, the relative permeability and the 

inductance value decrease. 

 

Sometimes, the number of turns n of the excitation winding is not known or even difficult to count. To overcome 

this difficulty, one can simply work with the normalized or rated value of the inductance Lr. If L denotes the real or 

total value of the device’s inductance, the value of Lr, the inductance value rated with respect to the number of turns 

squared n
2
 is 

.
2n

L
Lr         (3) 

Inductance calculations based on the rated inductance Lr represent a convenient way of deriving information related 

to the real value of the device’s inductance. To use this artifice, the coil region is represented as a single-turn 

massive conductor carrying a total current of I amperes. The rated or artificial value of inductance Lr calculated from 

this field solution is simply multiplied by n
2
 to yield the inductance value of the real winding. 
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 In the following development, i is the terminal current of the inductor, and I=ni denotes the total excitation in 

ampere-turns. The first technique for inductance calculation is based on the concept of flux linkages and uses the 

following expression 

,

n
I

n

i

n
L





        (4) 

where  is the flux linked by the winding. Calculation of the inductance rated with respect to the number of turns 

squared n
2
 is then 

.
2 In

L 
        (5) 

The postprocessing tasks for determining the flux start with the selection of two points quoting the desired flux. In 

the illustration of figure 3, points p and q quote half of the total flux linked by the coil. 

 

 

 

Figure 3. Potentials at selected points p and q, and the Dirichlet boundary where A=0. 

The flux can be determined by noting the values of the magnetic vector potential A at these points. For the solution 

representing an excitation level of 200 A-turn, magnetic vector potentials at these points are Ap=0 and 

Aq=0.0275157 weber/meter. Once the depth z, or the length of the device in the longitudinal direction is 0.05 m, the 

flux  that circulates along the right portion of the core is calculated as 

  milliweber 10376.105.0)00275157.0(

)(

3



x

zAA qp        (6) 

For the half-model, the rated inductance is given by 

. 88.6
200

1037604.1 3

H
x

I
L halfr 






       (7) 

 

For the complete model, this value ought to be doubled, giving  

. 7604.13 HLr         (8) 

Once the real winding contains 1000 turns, the total inductance L of the device is readily computed as 

. 7604.13)107604.13()1000( 622 HxLnL r           (9) 
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The other technique for the calculation of inductance based on the concept of flux linkages uses the following 

expression: 

,
22 I

AJd

n

L  
        (10) 

where Ω denotes the coil region. A and J represent the distributions of magnetic vector potential and current density, 

respectively. For the solution representing the excitation level of 200 A-turn, the area integral totals 0.275315 HA
2
. 

Calculation of inductance for the complete model is  

  . 7658.13
)200(

)275315.0(
100022

2

2

2

2 H
I

AJd
nL 




        (11) 

Inductance values given by (9) and (11) are very close and computationally equivalent, and this corroborates the 

theoretical predictions: both techniques should give identical results for linear inductors.  

 

4.2. Magnetic saturation 

Magnetic saturation is a limiting factor in the operation of real power inductors.  As the level of excitation increases, 

inductance values decrease due to the effect of magnetic saturation. To show that, inductance values for the gapless 

core inductor have been computed using a wide range of excitations, ranging from 200 to 1000 ampere-turns. 

Results are summarized in the graph of figure 4. 

 

Observation of the graph of figure 4 shows a continuing decrease in inductance values along the range of 

excitations. In the graph, maximum and minimum values of inductance are 13.76 H and 5.58 H, respectively. The 

per cent drop in inductance value, L%, along this range of excitation is then 

%.59100
76.13

58.5
1% 








L        (12) 

This high value for the per cent drop L% clearly indicates a poor performance for any practical power inductor. It 

is possible, however, to control the inductance value under varying operating conditions, as shown in the following. 

5. THE NEW DESIGN 

The most obvious way of avoiding the drop in inductance caused by magnetic saturation is to increase the reluctance 

of the flux path in order to limit the increase of the circulating flux.  On the other hand, the limited increase of flux 

must be compensated, for example, by increasing the number of turns of the excitation coil. The new design 

proposed for the core inductor is based on these considerations.  

 

 
Figure 4. Variation of inductance with respect to the excitation. 
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The underlying idea of the design work is to allow alterations in only two of the design parameters. In the new 

design, it is assumed the use of the same magnetic material, silicon iron M-36, in the magnetic core. It is also 

assumed that the area of the magnetic core is kept unaltered. The first alteration consists in inserting short air gaps 

with length g in each of the lateral limbs. The second alteration concerns the choice of a different excitation winding 

with greater number of turns to compensate the reduction in inductance value caused by the presence of the air gaps. 

To implement the first alteration, the technique of material re-identification has been employed, and an air gap of 2 

millimeters long has been inserted in the right-hand side limb of the magnetic core. From now on, this new model 

will be referred to as the gapped core model. For an excitation of 200 A-turns applied to the field solution of the 

gapped core model, the rated inductance for the full inductor is Lr,2=9.4499 µH. The rated inductance of the gapless 

core inductor has been previously computed as Lr1=13.7604 µH. In order to compare the two inductance values for 

the inductors operating at low excitation level, the expressions for the rated inductances can be combined as 

 .69.0
7604.13

4499.9
1,1,2, rrr LLL         (13) 

Observation of equation (13) shows that, for the same level of excitation, the rated inductance of the gapped-core 

inductor represents only 69% of the rated inductance of the gapless core inductor. In other words, the rated 

inductance has decreased by approximately 31%. The reduction in inductance can, however, be compensated by 

choosing an adequate new winding with, say, n2 turns. The number of turns of the gapless core inductor is n1=1000 

turns, and its total inductance, L1, may be expressed as  

  .1,
2

11 rLnL         (14)  

In the same way, the total inductance of the gapped core inductor, L2, is expressed as 

  .2,
2

22 rLnL         (15) 

By enforcing the equality L2=L1,  

    1,
2

12,
2

2 rr LnLn         (16) 

After some algebraic manipulation, we obtain 

 
 

.
69.0

2
12

2

n
n         (17) 

The exact solution of equation (17) gives n2=1203.86 turns. In most practical design works, a fractional number of 

turns is usually approximated by a close round number. Following this rule, the number of turns of the new, gapped 

core inductor has been chosen as n2=1200 turns. The step-by-step procedure employed to choose the number of 

turns of the second winding  is summarized in the flow chart of figure 5. The design parameters of the two 

configurations are summarized in table 1. 
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Figure 5. Flow chart showing the steps for the specification of the number of turns for the gapped core inductor. 

 
Table 1. Design parameters. 

 Initial configuration New configuration 

Air-gap length (mm) 0 2 

Number of turns, n 1000 1200 

Area of external limbs (cm
2
) 25 25 

 

6. COMPARATIVE STUDY 

The comparative study includes two sets of field solutions corresponding to the previously described configurations 

of the core inductor. For each configuration, potential solutions have been obtained for a range of excitations that 

varies from 200 to 1000 A-turn. The graph presented in figure 6 exhibits the variation of inductance values with 

respect to the excitation for both configurations. 
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Figure 6. Inductance variation with respect to the excitation.  : initial configuration; : new configuration. 

 

A close observation of the graph presented in figure 6 shows that, along most of the excursion, inductance values 

associated to the new configuration are kept higher than those of the initial configuration. For the characteristic 

representing the inductance values of the new configuration, the mean value of inductance is 11.0 henries, against 

8.81 henries for the initial configuration. In other words, inductance values of the new device are, in the mean, 25% 

higher than those of the first device. 

 

Still with reference to the characteristic marked with triangles in the graph of figure 6, maximum and minimum 

values of inductance are 13.88 H and 7.78 H, respectively. The per cent drop in inductance value, L2%, for the new 

device is 

%.44100
88.13

78.7
1%2 








L        (18) 

The per cent drop of 44% for the new device ought to be compared with the percentage of 59% computed by (17) 

and associated to the first inductor. The new, gapped-core inductor with 1200 turns clearly represents an improved 

design, and the gains are also related to the reduction in the overall drop in inductance value under extreme levels of 

excitation. 

7. CONCLUSIONS 

The work focuses on the calculation of inductance from numerical field solutions. Following different definitions of 

inductance, two techniques for the calculation of inductance have been introduced. A flexible and economical 

numerical model has been produced to simulate several operating conditions of two magnetic-core inductors under 

changes in the level of excitation. To minimize the drop in inductance due to magnetic core saturation, an improved 

design of the original gapless magnetic-core inductor is proposed. The design strategy combines the insertion of 

discrete gaps in the lateral limbs of the rectangular magnetic core and the use of a new winding with greater number 

of turns. Numerical results clearly show the improved performance of the second inductor. For operation under 

extreme levels of excitation, the overall drop in inductance value for the second inductor is 44%, significantly lower 

than the per cent drop of 59% exhibited by the first inductor. It is worth noting that inductance values of the new 

device are, in the mean, 25% higher than those of the first device along the range of operating conditions. 
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8. APPENDIX 

MAGNETIZATION CHARACTERISTIC FOR THE SILICON STEEL M-36 
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