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Abstract

The non-ideal inductor exhibits both resonance and non-linear current characteristics. These effects can be modelled in
SPICE by adding only 3 additional elements to model the real inductor characteristics of dc resistance, wire capacitance and
magnetic core loss. The values for these model parameters can all be obtained from standard data sheet parameters via a fe
simple calculations. The resulting model gives accurate impedance and phase simulations over a wide frequency range and
over the peak resonance frequency. The dc current saturation characteristics is modelled by a simple 2nd order polynomial
that gives a close simulation to measured performance over 2.5 times the recommended dc current limit. Comparisons of
measured inductor performance and simulation results are given to illustrate the proximity of the models to real inductor
behaviour.

Introduction phase with the applied voltage and there would be no effect

Modelling of inductors and inductive elements in SPICEof DC current bias on the behaviour of an ideal inductor.

has always been of low importance to analogue designers.

This is partly because SPICE was developed primarily folf we compare the measured frequency response for the im-

IC design where inductive elements are usually parasitic armedance of a real inductor to the ideal model we can see two

very small. distinct differences at either end of the frequency spectrum
(figure 1). At the low frequency (near DC) there is a domi-

The widespread use of SPICE for discrete analogue circuitant resistive element, observed in the constant impedance

design has seen the program being used to analyze switalalue and loss of the phase shift. At high frequency the in-

ing power supplies and filters in which the behaviour of thaluctor goes though a resonance peak and the impedance then

inductive element is critical to the accuracy of the simulafalls and a voltage phase shift of 2¥observed, indicative

tion. In general these circuits operate using ideal inductorsf capacitive dominance. The frequency response is there-

reasonably well since the current and frequency of operdere observed to be non-ideal, however, it can be stated that

tion are in the ideal operating region of the inductors usedear ideal behaviour does occur over the majority of the

(i.e. relatively low frequency and well below the saturationinductors operating region.

current limit).

Inductance Under DC Current Bias
1mH Toroidal Inductor

More recent applications employing inductive elements are™”
electromagnetic interference (EMI) filters, in which the reso-
nances across a very wide range of frequencies needs to_be
examined. Likewise employing inductors in dc supply fil- ¢ "’
ters can put the inductor near its dc saturation region. ﬁ’]
both later cases the modelling of the non-ideal behaviour df _

the inductor is important for accurate predictions of circuit el A
performance. @ *
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In an ideal inductor the impedance (Z) is purely reactive Figure 2

and proportional to the inductance (L) only; The phase of

signal across the ideal inductor would always be 690 of Under DC C””er?t bias Fh?re s a loss of mdugta_nce due to
o magnetic saturation. This is observed as a fall in inductance

Tt as the DC current through the inductor is increased.
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Modelling Non-Ideal Behaviour

o / There are essentially two non-ideal characteristiz are

100 / - encountered when using an inductor; one is the resonance
w // of the inductor and the other is magnetic saturation. Since
0 .// these essentially act in different analyses in SPICE (i.e. AC

: : or DC analyses), they can be considered separately, although
/ combined into a single model.

—Ideal e Measured

Impedance (Ohms)

10 100 1000 10000 100000 1000000 10000000
frequency (Hz)

Figure 1



In SPICE 3E2 the polynomial inductor is no longer avail-

e
-

able and a more complex method of modelling this effect is
o1 required using the non-linear element B and a zero value
RDC LO voltage source to measure the current through the inductor.
%_w
Figure 3: Basic Inductor Model The complete polynomial inductor of SPICE 2G6 can be

written as a subcircuit in SPICE 3E2.
The additional parasitics that cause the behaviour of an in-
ductor to be non-ideal over the frequency range can be east 1 2 POLYL L L, L,L,....
ily visualised and characterised. There are essentially two
additional parameters that contribute; the dc resistance dSUBCKT POLYL 1 2
the wire and its self capacitance (figure 3). These two addi¥1 1 3 DC 0
tional parameters can usually be easily obtained from theO 3 2 L,
specification for the inductor, hence additional measuremergl 2 3 I=I(V1)"2*L /(2*L )+I(V1)"3*
by the circuit designer should not be required, just a few L/(3*L )+I(V1)M*L J(4*L )+....
simple calculations. .ENDS

The series resistance is obtained simply from the quoted ddéere we are only interested in modelling the second order
resistance of the inductor (R The parallel capacitancepQC polynomial, hence only the, lterm is of interest. This can
can be obtained from the self resonant frequency of the ifbe determined from the SPICE 2G6 coefficients, or directly
ductor, since at this frequency the reactance of the wire c&om the maximum DC current value.

pacitance (X) and the reactance of the inductancg) @fe

equal. Hence the capacitance can be expressed as; _ L2 _ 1 (5)
L= =~
1 3 LO 30 I dc
= 1) The polynomial sub-circuit can hence be rewritten;
@rf,) Lo
Where { is the self resonant frequency. -SUBCKT POLYL 1 2
V113DCO

The effect of dc current causing magnetic saturation can B 3 2 L

modelled as a simple second order polynomial. In SPICB1 23 1= |(V1)A3*|-3E2
2G6 this was available directly in the standard polynomialENDS

inductor model by using the POLY key word after the node

description. It should be noted that this subcircuit only replicates the
polynomial equation from version 2G6, the additional model
The polynomial is specified by the equation; elements also need to be added.
Li= Lot Lol + Lol ?+ .ot Lol" (2) Simulation and Test Results
A radial leaded bobbin inductor (14 105 40) was measured
where 1£20. for the non-ideal characteristics described above. Imped-

ance and phase were determined on a Hewlett-Packard
An inductor specification usually gives the dc currep) (I HP4192A Low Frequency Impedance Analyzer, dc current
at which the inductance falls to 90% of its nominal valuecharacteristic was determined on a Wayne-Kerr (WK) 3245
(L,). Hence, using a second order approximation, the equerecision Impedance Analyzer and 3220 Bias Unit.
tion becomes;
3) The effect of dc current saturation proved long winded to
0.9L0= Lo+ Lal & simulate. The reason for this is that an AC analysis cannot
be performed concurrently with a DC sweep. Hence the dc

Yielding a second order coefficient of; current through the inductor had to be manually changed

0.1L and the circuit re-simulated to get a simulation of imped-
= - ° (4 ance over a range of dc current (the inductance was calcu-
| dc lated from the simulated impedance characteristic from

SPICE and read directly from the WK3245).
Note that the first order co-efficient will have to be speci-
fied as zero.



3 Element Model Simulation
1mH Toroidal Inductor

not required. What the simulation implies is that it results in
the worse case characteristic for the least effort.

Peak Resonance Impedance Plot
1mH Toroidal Inductor
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Impedance results proved to be exceptionally well matcheqi;igure 4: Peak Resonance Impedance Analysis
the only discrepancy being a slight difference in the reso-

nant frequency. The difference in resonant frequency ipeak Resonance

purely a production variation, the model is centred on thé ihe peak resonance is more closely examined it is observed
typical value of 800kHz, whereas the sample used was resgyat there is some disparity between simuldtard mea-
nant at 696kHz. surement for both the peak impedance result (figure 4) and

rate of phase change (figure 5). This can be expected in that

In simulation it is important that the measuring instrumentpere is no provision is this simple model for the finite loss
is modelled as closely as possible so that any effects thig ihe magnetic material.

may load onto the component is determined. The problem

of the measurement system model is clearly illustrated in ity
the phase results. If a 500 oscillator source to load imped-
ance is used (as suggested in the HP manual) a poor simu:-: [ soemenone )
lated phase response is observed due to the loading of the . « veased
source, however, using a IMO impedance gave an accurate, X
simulated match to the measurement characteristic (the simy-,
lated impedance response was the same with either souice
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The magnetic loss can be modelled reasonably well as a
parallel resistor (B across the existing model. The value

Inductance (% of nominal)

- can again be calculated from data sheet parameters, using
" the quality factor (Q). In a parallel RECircuit the rela-
T T T S e a e a A o tionship between the quality factor and inductance is given
oc e eor o) by:
Figure 3: DC Current Analysis
The simulated dc current characteristic looks dissimilar to = Rp (6)
the measured result. The initial inductance is higher for the 2 f L,

measured part (1.05mH) and it can be observed that the char-

acteristic is more likely a 3rd order polynomial expressionThe data sheet value for the 14 105 40 inductor used here is
However, the simulation is reasonably close and estimatesig-49, hence a parallel resistance of 246k0 is calculated
worse case (particularly since thedurrent value for the  (225k0 using the actual values for the sample part).
sample used was nearer 5A; Newport inductors are always

reasonably close over 2.5 times the parts recommended Qfutch the measured results exceptionally well. This indi-

erating current shown and using the 2nd order polynomialates the method for determiningi&a reasonable approxi-
rather than a 3rd means that additional measurements &igytion from a circuit designers point of view.



The above simulation results suggest the model gives a reBummary

sonably good approximation to the real behaviour of thét is possible to simulate several complex aspects of induc-
inductor over a wide frequency and current range. The intor operation in SPICE using only 3 extra passive elements
provement has also been gained for no additional measur@igure 6) and a simple polynomial expression. The result-
ments, which means that the model can be derived from thieg model gives accurate inductor simulations over a wide

component specification. range of operating conditions with a minimal increase in
computation time (only one extra node is introduced) and
Limitations no additional measurements are required.

The above model is now quite sophisticated for an induc-
tive element, however, there are still limitations and thisSPICE 2G6 Example
should be borne in mind. The model assumes that there The following example is a model for a Newport Compo-
no variance of resistance and capacitance with dc current,@nts 1400 series 1mH inductor (14 105 40) wheréroH,
low values of these parameters this may be adequate as th&ge=0.1730, | =4.0A, Q=49 and F800kHz.
will tend to be swamped by the rest of the circuit.
.SUBCKT IND14105 1 2
Negative inductance values can be obtained when the d© 3 2 POLY 1E-3 0 -6.25E-6
current exceeds approximately 3.16 times thedlu¢. In  RDC 1 3 0.173
the SPICE 3E2 sub-circuit this can be compensated for b§P 1 2 39.6E-12
putting in an IF.. THEN conditional statement, this can ei-RP 1 2 250K
ther set the value of the inductor to zero, or some specifiedENDS
value. In SPICE 2G6 this facility is not available, it is there-
fore advisable to have a some measure of the dc current 8PICE 3E2 Example
the circuit element if it is suspected that the dc current i$he following example is a model for a Newport Compo-
greater than 2.5 times the. halue. nents 1400 series 1mH inductor (14 105 40) wheréroH,
R,=0.1730, | =4.0A, Q=49 and £800kHz.
Parameter Tolerances
The tolerance for inductance is usually specified in the datssUBCKT L14105 1 2
sheet (£10% for the sample used), however, few of the oth&O 1 4 1E-3
parameters have a tolerance figure. Inthe casegah® V1 4 3 DCO
|, these are worse case values and no other tolerance isBt- 4 1 1=I(V1)"3*-2.08E-3
quired. RDC 3 2 0.173
CP 1 2 39.6E-12
The tolerance of the self resonant frequency is related to th&P 1 2 250K
inductance value and wire capacitance. The tolerance dENDS L14105
the wire capacitance is difficult to estimate accurately since,
even with machine wound products, the value is so small
that slight variations in winding cause noticeable changes iReferences
the capacitance. As an estimate, it could be expected tHal SPICE Version 2G1 User’s Guide, A. Vladimirescu, A.R.

+20% variation in the value of @ould be observed. Newton, D.O. Pederson, UCB, 1980 (+2G6 upgrade, undated).
[2] Electric Circuits, 2nd ed., J.A. Edminster, Schaum’s Outline
Series, McGraw-Hill, 1983.

The tolerance in the Ralue is also difficult to determine, ¢ .
P I[:3] Soft Ferrites, 2nd ed., E.C. Snelling, Butterworths, 1988.

even the core manufacturers do not usually specify tole& ] I1sSPICE 3 User's Guide, Intusoft, 1992

ances of j[he IOS_S parameters.o_f the core. Again a +20 ] Private communication, M. Penberth, Technology Sources
tolerance is predicted to be sufficient to allow a Monte-Carlq 14 November 1993.

analysis to accurately predict worse cases. [6] Inductor Databook, Newport Components Limited, 1993.
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