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MODELING IRON-POWDER INDUCTORS AT HIGH FREQUENCIES 

M. Bartoli, A. Reatti, Member, IEEE 
University of Florence, 

Department of Electronic Engineering 
Via di S. Marta, 3, 50139 Florence, Italy 

Phone: (39)( 534796-389 and Fax: (39)( 59494569 
E - Mail: CIRCUITI@VM.IDG.CNR.FI 

Absfrucf - A high-frequency model of iron-powder core 
inductors is studied. The skin and proximity effects that cause 
the winding parasitic resistance to increase with the operating 
frequency are  considered. The inductor self-resonance due to 
the parasitic capacitances is taken into account as well. The 
frequency response of the inductor model is compared to that 
of an experimentally tested iron-powder core inductor. The 
first self-resonant frequency is determined from the plot of the 
measured reactance and allows for the calculation of the 
parasitic capacitance. Equations for the inductor parasitic 
resistance are  derived in a closed form. Expressions giving the 
ac resistance as a function of the operating frequency are 
given. These expressions allow for an accurate prediction of 
the inductor power loss over a wide frequency range. The 
measured and calculated values of the inductor impedance 
magnitude and phase, the real and imaginary parts of the 
inductor impedance, the inductance, and the inductor quality 
factor are  plotted versus frequency and compared. Theoretical 
results were in good agreement with those experimentally 
measured. Therefore, it is demonstrated that the discussed 
equivalent circuit has a frequency response matching that of 
the real inductor. Moreover, the circuit model is simple, it 
allows for an immediate understanding of iron-powder core 
inductor behavior and can be easily used in computer 
simulations of electronic circuits. 

I .  INTRODUCTION 

The increasing demand for power supplies with small 
volumes and weights has necessitated the development of 
switching power converters operating at frequencies above 
several hundred kilohertz to achieve a size reduction of mag- 
netic components. At high operating frequencies parasitic re- 
sistances and capacitances of inductors can adversely affect 
the operation of power converters. Therefore, an accurate 
prediction of the frequency response of inductors is crucial to 
the design of high-frequency power circuits. Parasitic 
resistance due to core losses is drastically reduced if 
distributed air gap cores with a low permeability such as 
iron-powder cores are used. However, the winding ac 
resistance at high frequencies is much higher than the dc 
resistance because of the skin and proximity effects. 
Moreover, many tums must be wound on a low permeability 
core, resulting in a relatively large parasitic capacitance that 
affects the inductor frequency response. As a result, the first 
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self-resonant frequency of the inductor is low and parasitic 
resistance is high at frequencies close to the self-resonant 
frequency, and the inductor behaves like a capacitor if it is 
operated above the self-resonant frequency. Unfortunately, 
the parasitic capacitances and resistances are distributed pa- 
rameters and their values depend on the operating frequency. 
Therefore, it is very difficult to theoretically predict the 
frequency response of an inductor. 

The problem of lugh-frequency magnetic components is 
discussed in [1]--[13]. In [l], only the skin and proximity 
effect contributions to the ac resistance are considered. 
References [2]-[3] deal with the problem of high-frequency 
transformer and inductor design but do not give any model 
of these components. Equivalent circuits of magnetic compo- 
nents are shown in references [6] arid [7], but the effect of 
parasitic capacitances on the frequency response is studied in 
detail for wide-band transformers used in transmission of 
information. Therefore, the results of these studies cannot be 
transferred to power magnetic components. High-frequency 
equivalent circuits of power inductors are given in [8]-[ 131, 
but resistances of the models are assumed to be frequency 
independent and have too low values at high operating 
frequencies. 

The purpose of this paper is to study a circuit model of 
iron powder-core inductors including both parasitic 
capacitances and frequency-dependent windmg and core 
resistances. The impedance magnitude and phase, equivalent 
series resistance R, (ESR) and reactance X,, inductance, and 
quality factor of the equivalent inductor model are plotted as 
functions of the operating frequency and compared with 
those obtained experimentally for an iron-powder core 
inductor. Theoretical and experimental results were in good 
agreement. 

The new contribution of this work is the simple 
lumped-parameter equivalent circuit that accurately 
describes the frequency response of iron-powder inductors. 
A procedure for determining the values the model 
components is also presented in the paper. The significance 
of the paper is that the introduced equivalent circuit is sim- 
ple, leads to a straightforward understanding of the behavior 
of iron-powder core inductors, and describes their frequency 
response very accurately. For this reason, it can be usefully 
used in designing electronic circuits such as EM1 filters, 
resonant circuits, filters for power converters, etc. The 
inductor operation over a wide range of frequencies can be 
predicted by using the model. From this examination, 
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operation at frequencies too close to the self-resonant fre- 
quency and with too low efficiencies can be prevented. 
Moreover, the model is particularly suitable for applications 
in computer simulations of electronic circuits. 

U. INDUCTOR EQUIVALENT CIRCUIT AND COMPUTATIONAL 
PROCEDURE OF EQUIVALENT CIRCUIT PARAMETERS 

A. Equivalent Circuit of Iron-Powder Inductors 

Fig. 1 shows an equivalent circuit of a two-layer 
inductor. Parasitic capacitances affecting the high-frequency 
inductor operation are the turn-to-turn capacitances of each 
j-th turn cr+ the turn-to-core capacitances cr+ and the 
layer-to-layer capacitances cl+ Parasitic resistances are the 
winding resistance rP the core resistance rCj associated with 
the finite resistivity of the inductor core, and the resistance 
of the dielectric material coated on the wire rdi. Since the 
distributed-parameter equivalent circuit of Fig. 1 is 
cumbersome, a lumped-parameter equivalent circuit of 
Fig. 2(a) is considered to model the inductor. Here, L is the 
coil inductance, R ,  is the winding resistance, and R, is the 
core resistance. Both resistances are frequency dependent. In 
an inductor wound on an iron-powder core, the turn-to-turn 
and layer-to-layer capacitances represent the major 
components of the total parallel capacitance C, shown in 
Fig. 2(a). The total parasitic ac resistance R,, = R ,  + R, is 
the series combination of R ,  and R,, as shown in Fig. 2(b). 

rd7 rdJ rd6 

CORE 

Fig. 1. Model of a two-layer inductor. 

The impedance of the equivalent circuits depicted in 
Figs. 2(a) and (b) is 

Rac+ jwL(1-w’ LC-CRicIL) 

(1-w’LC)’ + O ’ C ’ R ~ ~  
z, = 

= R, + j X ,  = IZ,lei( 

where R, and X,  are the real and the imaginary parts of Z,, 
and lZ,l and f are the magnitude and phase of Z,, 
respectively. 
By definition, the self-resonant frequency S, = or /2x occurs 
when X ,  = 0. Since CR:c/ L << 1, (1) gives the inductor 
parasitic capacitance 

Fig. 2(c) shows the resistance R, and reactance X, 
measured by LCR meters when the equivalent series circuit 
model is selected for the device test. Other impedance 
parameters are calculated by the LCR meters [12] from 
R ,  +jX,.. In part~cular, the equivalent series inductance 
(ESL) at a given frequency is 

L , = - .  x, 
w (3) 

Since the series equivalent reactance is positive for f < S, and 
negative forf> f, the series inductance L, becomes negative 
for frequencies above the self-resonant frequency. 

The inductor quality factor at a given frequency is 

(4) 

The quality factor can also be defined by using the energy 
stored in the magnetic field 

where E, is the maximum energy stored in the inductor and 
PR is the power loss in Roc. 

Rac L R,  L,=X,/o 

Fig. 2. Equivalent circuits of an inductor. 
(a) Lumped parameter equivalent circuit. 
(b) Simplified lumped parameter equivalent circuit. 
(c) Equivalent series circuit. 
(d) Equivalent circuit assumed by many LCR meters. 

B. Winding Equivalent Resistance 

The winding dc resistance is expressed by 

4P Rdc = rL NI, = -NI, 
nd’ 
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where N is the number of turns of the winding, 1, (mm) is 
the average length of one turn of the winding, rL (Wmm) is 
the resistance per unit length of the winding wire at a given 
operating temperature T, d is the conductor diameter in mm, 
and p is the conductor resistivity (p = 1 7 . 2 4 ~ 1 0 ~ ~  Rmm for 
a copper conductor at an operating temperature of 20 OC). 
Wire data sheets usually give two values of rL at 20 O C  and 
100 OC; the latter is typically 1.33 times higher than the 
former. 

The ac resistance of a coil winding with an integer 
number of layers N! is given by [ 11 

+2sin2A e2A - e-2A 

- 2 c 0 ~ 2 A  = RdcA e2A ~ e-2A i 
where [ 131 

f is the operating frequency in hertz, t i s  the distance 
between the centres of two adjacent conductors in mm, ,urw 
is the relative magnetic permeability of the conductor 
material (pw= 1 for a copper conductor), p0 = 4n10-7 Wm 
= 4xlO-'O Wmm, and the skin depth in mm is 

Fig. 3 shows a plot of the winding ac resistance R, 
calculated for a one layer inductor that is made of 95 turns 
of a solid copper round wire with a diameter d =  0.45 mm 
and is wound on an Amidon T94 toroidal core made of the 
iron-powder material #2. 

I--'-- ' " " " '  ' "- _____ml 

100 I E3 1 0 E 3  100E3 1 E6 10E6 
f W )  

Fig. 3. Winding ac resistance Rw versus frequencyf: 

The distance between two adjacent turn centers t = 0.51 

mm is equal to the external diameter of the round wire 
including the insulation layer. Since the average length of 
one turn is 1, = 28 nun and the resistance of a 0.45 mm 
diameter wire is rL= 1 0 6 . 2 ~ 1 0 ~   mm at 20 OC, a dc 
resistance R ,  = 0.28 R is evaluated by using (6). It can be 
seen from Fig. 3 that the winding resistance is approximately 
equal to the dc resistance R ,  = 0.28 R up to 40 kHz and 
then abruptly increases with frequency. It becomes 5 times 
higher than Rd, a t f =  1 h4Hz and 15 times higher than R ,  
atf= 10 MHz. 

From (7), it follows that a multilayer winding results in a 
higher ac resistance because the second term of (7) is not 
zero for NI > 1. 

It is shown in the Appendix that the winding ac 
resistance can be approximated by 

for 

if Ne = 1 

and for 

Moreover, R,, c R ,  for f <  fbs and for 

if N ,  > 1. A single layer and a multilayer windings have the 
same dc resistance if the same diameter wire is wound and 
the distance between two adjacent turns is increased 
proportionally to the number of layers. For a solid wire with 
d = 0.45 mm, t = 0.51 mm, and N ,  = 1, (1 1) gives&$ = 35 
kHz. From (7), the winding ac resistance is R,. = 1.07Rd, at 

Fig. 4 depicts plots of the exact and approximated ac 
resistances calculated from (7) and (1 3), respectively, for the 
winding with h f =  2, d = 0.45 mm, and t = 1.02 mm. 
Observe that both plots become identical for f > 0.8 MHz 
which is consistent with inequality (12). From (13), we have 
fbrl ,  = 8.75 kHz. At this frequency, the ac resistance for a 
two layer winding with d = 0.45 mm and f N I =  1.02 mm 
resulting from (7) is R, = 1.07 R,. 

Comparison of Figs. 3 and 4 shows that the same wire 
wound on two layers has an ac resistance higher than when 
it IS wound on one layer only. This yields the following 

f = 35 kHz. 
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design rule: once the number of turns on the winding is 
known, the wire should have the largest diameter whch still 
allows the winding to fit in one layer. 

C. Core Equivalent Resistance 

Power losses occurring in magnetic materials are: 
hysteresis losses, residual losses, and eddy current losses. 
Power loss due to the hysteresis and residual losses can be 
specified per unit volume, while eddy current loss not only 
depends on the core volume but also on its shape. For this 
reason, eddy current losses should be separately calculated. 
Since the eddy currents for relatively small toroidal cores 
have very small amplitude, the contribution of eddy current 
loss to the core resistance Rc is neglected ( h s  is in 
agreement with recommendations of Standard IEC 401). 

n 
/ -  

I _-- 1 
0 '~ _-  

100 1 E3 10E3 100E3 1 E6 10E6 
f (HZ1 

Fig. 4.  Winding ac resistance R, of a two layer winding versus 
frequency j: 

The core loss per unit volume is given by 

Pcv = Kf 'B; (14) 

were Pcv is given in W/m3 and x, y, and K are coefficients, 
dependent on the core material. Coefficient K also depends 
on the inductor operating temperature. The maximum ac 
flux density the core is operated at is expressed as 

where I ,  (A) is the amplitude of the current through R,, prc 
is the core relative magnetic permeability, I, (m) is the 
length of the core magnetic path, and A ,  is the core cross 
sectional area (m2) . The power loss in core resistance R, of 
Fig. 2(a) is 

(16) 

where V, is the core volume (m3). Combination of (14) 
through (16) yields the core resistance 

For a Amidon material #2 T-94 toroidal core, p,., = 10, 
K = 8.87 x lO"at 20 OC, x = 1.14, y = 2.19, I, = 6 x m, 
A ,  = 38.5 x lo6 m2, and V, = 2.3 1 x 10" m3. Resistance R, 
calculated at flux densities of 45 and 250 mT is plotted 
versus frequency in Fig. 5 .  Because of the low values of prc 
and K for the Amidon material #2 material, the core 
resistance R, is much lower than the winding resistance R,. 
As a result, the overall inductor resistance is R,, = R,. 

111. INDUCTOR DESIGN CRITERIA 

According to the Amidon core data sheet, the number of 
turns to be wound on the core is given by 

N = 1 0 0  - \jA", 
where the inductance L is in pI4 and A,  (pH/lOO turns) is 
the inductance factor (A, = 84 p H / l O O  turns for a Amidon 
T94 material #2 core). As a result, 95 turns should be wound 
on this core to achieve an inductance of 75 pH. 

(a) B m  = 250 mT 70 

Rc 

100 1 E3 10E3 100E3 1 E6 10E6 

Fig. 5. Core equivalent resistance R, versus, frequencyf: 
f (Hz) 

The number of turns that can be wound on one layer is 
calculated as follows: 

where d, (mm) is the internal diameter of the ring core. To 
reduce the parasitic capacitance, increase the first self- 
resonant frequency, and achieve the lowest ac resistance, 
only one layer should be wound on the core. Since the 
internal diameter of a T94 toroidal core is d, = 14.3 mm, 
(19) yields a maximum external diameter of the solid round 
wire t = 0.47 mm. The available wire with an external 
diameter close to t = 0.47 mm is the AWG#25 with t = 0.51 
mm. An AWG#26 solid round wire (with t = 0.46) could be 
used but it results in a dc resistance 26% higher than the 

1228 



AVG#25 round solid wire. 
Typical design current densities J range from 1 to 

5 A/mm2. Once the rms value of the current I,,, and the 
diameter d of a solid round wire are known, the operating 
current density is calculated by using J = 4 I,,, / R&. 

If a solid round wire with an external diameter 
I = 0.51 mm is used, the number of turns wound on one layer 
is NTL = 88. Since N = 95, only 7 turns must be wound on 
the second layer and the number of layers can be assumed to 
be N ,  = 1. The dc and winding ac resistance can now be 
calculated by using (6) and (7). From (17), the core 
resistance is also calculated. 

IV. EXPERIMENTAL RESULTS 

The measurements were performed with an HP 4192/A 
LCR meter for an inductor with a nominal inductance 
L = 75 pH, designed according to the procedure given in the 
previous section and assembled by winding one layer of 95 
turns of a solid round wire with d = 0.45 mm on an Amidon 
toroidal core of iron-powder core material #2. Fig. 7 shows 
a plot of measured X ,  versus frequency. From Fig. 6, it was 
found thatS, = 6.2 MHz and L, = L = XJm = 75 pH. Hence, 
from (2), C = 8.78 pF. The dc resistance calculated from (6) 
is R, = 0.28 R. This was also the measured inductor 
resistance a t f=  5 Hz, that is, the lowest operating frequency 
of the HP 4192/A LCR meter. 

3.5 
( k Q )  

2.5 

2 

1.5 

1 

0.5 

0 

x, 

-0.5 L - L  
10 E3 100 E3 1 E6 10 E6 

f (W 
Fig. 6 .  Measured reactance X, versus frequencyf: 

Ls -5: 1 
-100 

~. Calculated 
_ _ _ _  Measured 

-150 1 

.. , .-- 
2 i 
-300 

100 1 E3 10E3 100E3 1 E6 10E6 
I (Hz) 

Fig. 7. Apparent inductance L,  versus frequencyj 

The measured and theoretical values of the equivalent 
series inductance L, are compared in Fig. 8. Both calculated 
and measured L, were zero at f = 6.2 MHz.  

The experimental and theoretical plots of R, are 
compared in Fig. 8(a). Note that R, is approximately ten 
times higher than R, at f = 2 MHz and R, increases at 
higher frequencies. Reactance X,  is depicted in Fig. 8@). 
The calculated and measured values of both R, and X ,  are 
practically the same for f<&. Note that around the 
self-resonant frequency accurate measurements cannot be 
achieved with an LCR meter because the meter can only be 
operated at factory specified frequencies. 

Fig. 9 shows that the impedance magmtude and phase of 
the equivalent circuits of Fig. 2 closely agree with those of 
the real inductor. Phase 4 increased with frequency starting 
from 0 "C because both real inductor and equivalent circuit 
behave as a resistor when driven by a dc current and/or 
voltage. 

t __ Calculated i' lii 
Measured 

4 t  

2 Rs 

10 E3 100 E3 1 Eh 10 E6 

3.5 
( kQ) 

2.5 

2 

1.5 

1 

0.5 

0 

x s  

10 E3 100 E3 1 E6 10 E6 
f W )  

@) 
Fig. 8. Inductor impedance Z, versus frequencyj: 

(a) Series resistance R, versus frequencyf: 
(b) Series reactance X, versus frequencyf: 

The plots of the calculated and measured quality factor of 
the inductor are shown in Fig. 10. The maximum measured 
value of Q, was 228 and occurred at f= 1 MHz. The 
theoretical values were in good agreement with those 
experimentally measured up to about 60 YO of the 
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self-resonant frequencyf,. 
The plot of Q, given by ( 5 )  is compared with the plot of 

measured Q, in Fig. 11. The values of Q, are nearly equal to 
the measured ones for frequencies up tof= 500 Mz. 

1 E6 

(n) E5 

1E4 

1 E3 

1 E2 

1 El 

1 EO 

I Z,I 

__ Calculated 

- - - Measured 

-21) L I'I 1 
__ Calculated 

Measured 
-60 

-80 

100 1 E3 10E3 100E3 1 E6 10E6 10E7 

f (Hz) 
(b) 

Fig. 9. Inductor impedance Z, versus frequencyf: 
(a) Magnitude I Z, I versus frequency f 
(b) Phasefversus frequencyf 

The comparison of the plots of R, and R,, depicted in 
Fig. 12 demonstrates that the effect of parasitic capacitance 
C is negligible up to 1 MHz, that is, up to 20 % of the self 
resonant frequency. Therefore, for frequencies lower than 
1 MHZ,  the equivalent series resistance of the inductor can 
be predicted by using the presented equivalent circuit and 
using the core and wire data sheets. Since the expressions for 
R,, and Q, do not require the self-resonant frequency and 
parasitic capacitance to be known, they can be predicted 
without the need of any measurement. Therefore, they can be 
used when designing the inductor. Inductor temperature rise 
is one important parameter which should be controlled 
during the inductor design. From Amidon core data sheet, 
the temperature rise is given by 

I"' ,833 
AT2,, =(a) = [ .[ 0. 5Ra,J,,,x103 

hd, + hd, + O S (  d: - d;)] 
(20) 

where PI is the overall power loss in the inductor in mW and 
Sa is the surface area of the toroidal core in cm2, h is the 
core height in cm, di is the inner diameter of the core in cm 
and do is outer diameter of the core in cm. From the wire 
data sheets, it is found that the copper resistance per unit 
length at T = 100 OC is 33% higher than at T = 20 OC. 

~ Calculated 

Qs .___ Measured 
200 

150 

100 . 

50 - 

0- 
100 1 E3 10E3 100E3 1 E6 10E6 

f (Hz) 
Fig. 10. Quality factor Q, versus frequencyf: 

_ _ _  Measured 200 1 
Q ,  

150 . 

100 - 

50 . 
' i  --- 0 , , ..1.. 

100 1 E3 10E3 100E3 1 E6 10E6 

Fig. 1 1. Quality factor Q, versus frequencyf 
f (Hz) 

Assuming that the resistance per unit length of the 
copper is proportional to the operating temperature, the ac 
resistance R,, as a function of the operating temperature is 
given by 

Roc( T) = (1 + 4.125~1 OP3 AT2,, )Roc( 20°) 
(2 1) 

= (9 12. 5 ~ 1 0 ~ ~  + 4.125~10-~ T)Rac( 20") 

where ATz,, is the temperature rise with respect to a 20 O C  
ambient temperature. Substitution of (21) into (20) allows 
the operating temperature of the inductor to be calculated. 
For a T94 toroidal core, the surface area is S, = 15.3 1 cm2. 
If the core is operated at f= 330 kHz, then the ac resistance 
at 20 OC is R,=0.86 R. Assuming a sinusoidal current 
through the winding with an amplitude of I, = 1.5 A a 
power loss P,=O.95 W is calculated at T = 20 O C ,  the 
temperature rise is AT20~ = 35 OC, the operating temperature 
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*C, the operating temperature of the inductor is T =  55 O C ,  
the ac resistance at this temperature is R,, = 0.97 Cl, and the 
effective power loss is PI = 1 W at T = 55 OC. 

A solid round wire with a larger diameter can be used to 
achieve a lower dc resistance. If 95 turns of a solid round 
wire with d =  0.9 mm, f = 0.99 mm, and rL = 2 6 2 . 6 ~ 1 0 ~  
Wmm are wound on a T94 toroidal core, a dc resistance 
R,  = 0.069 R is acheved. As expected, this resistance is 
four times lower than the dc resistance of the winding 
assembled with a 0.45 mm diameter round wire. As shown 
in Fig. 13, if the coil has one layer only, also the ac 
resistance R,, is lower over the entire frequency range. 
However, from (19), the number of turns that can be wound 
on one layer is N ,  = 45 and, therefore, two layers are 
needed to achieve an inductance L = 75 pH. Fig. 13 shows 
that the ac resistance for the winding assembled with two 
layers of d = 0.9 mm is higher than the ac resistance of the 
winding assembled with a single layer of d = 0.45 mm round 
wire forf > 30 kHz. 

0.5 

4.5  1 
(Q) 

3.5 

3 
2.5 

2 -  

l S  1 i 
'i -/' 

V. CONCLUSIONS 

An equivalent circuit of an iron-powder core inductor 
including parasitic capacitances and resistances has been 
examined. The winding ac resistance due to the skin and 
proximity effects have been considered. The expression for 
the impedance of the inductor model has been derived along 
with the procedure for identifying the equivalent circuit 
components. Experimental and theoretical plots of 
parameters such as the magnitude and phase of the 
impedance, the equivalent series resistance, the equivalent 
series reactance and inductance, and the quality factor have 
been plotted versus inductor operating frequency and 
compared. The theoretical values match all of the measured 
parameters for an operating frequency below the first self- 
resonant frequency of the inductor. Above the self-resonant 
frequency. both the equivalent circuit and tested inductor 
behave as a capacitor. It has also been demonstrated that the 
quality factor of an inductor highly depends on the operating 
frequency. The inductor can be modeled by a series 
combination of an inductance and a resistance for operating 

frequencies up to 20 YO off,, while beyond this frequency 
capacitor C should be taken into account. Core loss is much 
lower than copper loss also at high flux densities. Moreover, 
the core resistance is not significantly affected by flux 
density variations. For these reasons, the overall inductor 
resistance is primarily determined by the winding resistance. 

5 7- ' ' """ ' ' ' """ ' ' ' " " " '  ' ' R 

3 1 
2.5 2 I / i  

100 I E3 1OE3 100E3 1 E6 1 0 E 6  
f (W 

Fig. 13. Resistances Roc of a one layer winding of solid round 
wire with d = 0.45 mm and one layer and two layer winding of 
solid round wire with d = 0.9 mm versus frequencyf: 

The inductor equivalent series resistance and associated 
power losses can be calculated for an operating temperature 
higher than 20 O C  by using appropriate values of p, rL, and 
K. Coefficient K should be given as a function of the 
inductor operating temperature by core manufacturers to 
allow the designer for an accurate prediction of inductor 
power loss. 

The iron-powder inductor ac resistance highly increases 
with the operating frequency and also highly depends on the 
wound number of layers because of the proximity and slun 
effects on the winding. As a consequence, the dc resistance 
is reduced if the solid wire diameter is increased. However, 
this results in a higher ac resistance when the number of the 
winding layers is increased. 

It has been shown that the lowest ac resistance is 
achieved when only one layer is wound on the core, if a solid 
round wire is used. Further studies are recommended for 
strand and Litz wires. 

Approximated expressions of single layer and multilayer 
equivalent series winding resistances have been introduced. 
This allows for an immediate evaluation of the high 
frequency resistance of the winding during the inductor 
design. The frequency range where the winding resistance 
does not significatively differs from the dc resistance has 
been also determined. 

The examined equivalent circuit can also be used for 
inductor operated at non sinusoidal current waveforms. In 
this case, the equations given in this paper have to be 
evaluated for a sufficiently large number of harmonics of the 
inductor current. 

The inductor model along with the procedure for 
extracting the values of the parasitic components can be used 
by designers to determine the frequency range an iron- 
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powder core inductor can properly work and prevent its 
operation close to the self-resonant frequency and/or with 
too high values of the parasitic resistance. Moreover, the 
inductor model can be used in computer simulations of elec- 
tronic circuits to predict their high-frequency operation. 

APPENDIX 

The winding ac resistance is 

where 

eA - e-A - Zsin A 
eA + e-' + 2cosA '2 = 

and 

F, = A  [ F,, +- """-" i.2]. 

= R& 

Fig. 14 clearly shows that Frl and Frz are nearly constant 
and approach unity for A 2 1 and A 2 4, respectively. If both 
Frl = 1 and Fr2 = 1, (25) gives (10). 

Since in one layer winding only F,., contributes to the 
winding ac resistance rise with frequency, approximation 
(10) is applicable for A 2 1, that is, for frequencies higher 
than fbs given by (1 1). For a multilayer winding, the Fr2 
represents the major contribution to F,. Therefore, 
approximation (10) is accurate for A 2 4, which yields (12). 

2.5 t I 1 \ Frl 
1.5 t 

I 
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 

A 
Fig. 14. Coefficients Frl and Fr2 versus A. 

Fig 15 shows that the ratio of the ac and the dc resistance 
F,. of a one layer winding slightly increases starting from 1 
for A < 1. Therefore, R,, = R, for f < fbs. For A 2 1, F, 
linearly increases with A. Using (lo), a one layer winding ac 
resistance ( Nc = 1) is approximated by 

5 

4.5 
4 

3.5 
3 

Fr 2.5 

2 

1.5 
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0.5 

0 
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 
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Fig. 15. Coefficient F, of a one layer winding versus A. 
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