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3.0 Inductors

The principal role of the buck chopper inductor is to establish a desired ripple current
given the specifications of the converter. We quantified this selection either assuming
ideal (or unknown) switch drops by first calculating the “ideal” duty cycle:

,out ave

in

V
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V
 (3.1)

And then evaluating the critical inductance
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where ‘r’ is the ripple ratio , ,max/L L aveI I and SWf the switching frequency (in Hz).

Alternatively if we know the switch ( swV ) and diode ( FV ) drops, we can improve our

estimate of the duty cycle using
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The critical inductance is then given by
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So how does this become an inductor that we can place into our circuit prototype and
what practical considerations are required of a “real” inductor? To answer those
questions, let’s start with identifying some of our commercial options. As shown in
Figure 3.1, we can purchase axial-leaded or toroidal-wound inductors, or we can
purchase a ferromagnetic core and wind our own, with one common option being the
toroid core. A “real” inductor exhibits losses associated with the coil resistance, losses
associated with core losses which are related to current ripple and frequency, and are
limited by how much current they can handle due to both heat and magnetic saturation.
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a. Axial-Lead Wound b. Toroid Wound c. Toroid Core
Figure 3.1: Commercially-Available Inductor Options

Since the wound-inductors do not immediately lend themselves to much technical
discussion, we will instead start with the basics of using a magnetic core to produce a
desired inductance. A magnetic core consists of “soft” magnetic material that has a very
high relative permeability, so it offers very little opposition to flux flow (low reluctance).

Let’s consider the core shown in Figure 3.2a, where we can use the mean path to
establish an equivalent reluctance. The magnetic equivalent circuit of Figure 3.2b then
enables us to predict the flux cutting through the core by

core

core core

mmf NI
  

 
(3.5)

core
core

(a) (b)
Figure 3.2: (a) Inductor Created Using Ferromagnetic Core; (b) Magnetic Equivalent

Circuit
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The flux linkage of the coil is then established via

2

coil core

core

N
N I  


(3.6)

And finally the inductance is defined as the ratio of coil flux linkage to coil current,
enabling us to write

2
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core
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(3.7)

Substituting that the core reluctance is equal to the effective path length divided by the
cross-sectional area multiplied by the permeability, we get
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  (3.8)

Where 74 10 /o H m    is the permeability of free space. This expression shows that

if we can find material with a large relative permeability r , we can create lots of

inductance. Unfortunately, the B-H characteristics of most high-permeability material are
quite nonlinear and the permeability may vary widely for changes in the DC bias point
(for the buck chopper, this means for changes in the average inductor current which is the
same as changes in the load resistance). A solution to this is to incorporate an air gap in
the core as shown in Figure 3.3a.

core

core
gap

(a) (b)
Figure 3.3: (a) Inductor with Air Gap; (b) magnetic Equivalent Circuit
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The magnetic equivalent circuit of Figure 3.3b then predicts an inductance given by
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gapcoretot core gap

r o core o gap
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(3.9)

For a small air gap, “fringing flux” effects are small and we can assume that the cross-
sectional area of the core and the gap are the same. In this case if we assume the same
value of turns used in Figure 3.2, extra reluctance introduced by the air gap will tend to
increase the denominator of (3.6) and decrease the achievable inductance. However, the
constant air-gap reluctance will tend to mitigate the effect of the large changes in the
material relative permeability with bias. Thus while the original material relative
permeability might be as high as 10,000-200,000, upon introducing the air gap the
“effective” permeability drops to 25-500 and the inductor becomes more immune to
magnetic saturation. Now Figure 3.3a can be a bit misleading in that the air gap for a
powdered core shown in Figure 3.1c is actually a “distributed” air gap achieved by
placing insulator material between the “powdered” magnetic material. We can therefore
reformulate the core inductance in terms of an “effective” permeability and the total
mean path of the material
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Let’s next investigate two inductors wrapped using different turns on the same type of
core. If we form of the ratio of these two inductances we get
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which upon canceling common terms yields
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We can then solve for the turns 2N to give
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This equation is particularly useful since manufacturers will typically specify a core using
the parameter LA which is the milli-henries of inductance achieved for 1000 turns

(manufacturing tolerances will enable this value to be about 8% ). If we substitute the

parameter LA in the equation above, we get

12
2

2

1000
eff

L eff

L
N

A




 (3.14)

If we ignore the change in effective permeability due to changes in DC bias, we see that it
becomes trivial to calculate the new number of turns.

, 1000 desired
no DC

L

L
N

A
 (3.15)

In order to evaluate the effect of DC bias, we need to obtain material-specific data sheets
from the core manufacturer like that shown in Figure 3.4.

Figure 3.4: Permeability Variation versus DC Bias for Kool Mu Cores

Here the plot is in terms of the per-unit value of effective permeability  ,/eff eff nom 

versus the DC Magnetizing Force given in oersteds. The curves are parameterized in
terms of the nominal values of effective permeability (26, 60, 75, 90, and 125). The DC
Magnetizing Force can be calculated in terms of Amp-turns/meter by
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, , ,max
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where tot core gapl l l  (a parameter given on the core data sheets). For the distributed air-

gap cores, this is simply the mean circumference about the toroid. This field intensity
value is then converted to oersted by

/
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 (3.17)

This particular vendor, Magnetics, also provides a curve-fit formula that might better be
employed in a spread-sheet design.
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(3.18)

where ,i eff nom  . OK, so given the desired inductance, we can now estimate the

required turns needed on a specific core. This then takes us to three additional questions:
(1) what size wire do we use, (2) how do we evaluate losses in the inductor, and (3) what
limits the applicability of a given core for a given set of converter specifications?

Let’s start with the first: wire sizes are given according to the American Wire Gauge
(AWG) standard. The differences in wire gauge are illustrated in Figure 3.5 and
documented in Table 3.1. Note that the larger the AWG number, the smaller the diameter
and the lower the current capacity (therefore a #12 gauge wire used for household wiring
can carry much more current than a #24 gauge wire used for CAT5 network cables).
Further note that in Table 3.1, the current capacity or “ampacity” is further delineated by

current density within the conductor. A current density of 2800 /A cm represents a top-

end value for a conductor in a well-ventilated space; whereas, 2200 /A cm represents a

low-end value. So your first choice is current density, with 2600 /A cm being a reasonable
compromise between heat and size.
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Figure 3.5: Illustration of Different Wire Gauge Sizes

Next, you need to calculate the maximum RMS value that you anticipate through the
buck chopper inductor. Since in the steady state the inductor current has a triangle ripple
riding upon a DC offset, its RMS value is calculated as follows
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I I

 
   

 
(3.19)

Table 3.1: Wire Table
Current Capacity (Amps)AWG

Wire
Size

Resistance
Ohm/m

Wire
OD (cm) 2200 /A cm 2400 /A cm 2600 /A cm 2800 /A cm

10 0.00328 0.267 10.4 20.8 31.2 41.6
12 0.00522 0.213 6.53 13.1 19.6 26.1
14 0.00827 0.1714 4.11 8.22 12.3 16.4
16 0.01319 0.1369 2.58 5.16 7.74 10.3
18 0.0210 0.1095 1.62 3.25 4.88 6.50
20 0.0332 0.0879 1.02 2.05 3.08 4.10
22 0.0531 0.0701 0.640 1.28 1.92 2.56
24 0.0843 0.0566 0.404 0.808 1.21 1.62
26 0.1345 0.0452 0.253 0.506 0.759 1.01
28 0.214 0.0366 0.159 0.318 0.477 0.636
30 0.341 0.0295 0.100 0.200 0.300 0.400
32 0.531 0.0241 0.0640 0.128 0.192 0.256
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Note with the recommended ripple ratio , ,max/L L aver I I  being between 0.2 and 0.6, this

implies that , ,max , .max0.2 0.6L ave L L aveI I I     . Thus substituting into (3.19) shows that

the rms value of the inductor current is not strongly influenced by the peak-to-peak ripple
current LI and , ,max , , ,max1.0017 1.015L ave L rms L aveI I I    .

Typically, the even-numbered wire gauge values are commercially available, so you

would choose the AWG at 2600 /A cm that offers a current capacity larger than the RMS
value computed above. You can then use the ohms/cm value for that wire gauge together
with the magnetic core dimensions and number of turns to estimate the wire required and
its resistance.

 L cm

ohms
R N MLT

cm
 (3.20)

where cmMLT is the mean-length per turn in centimeters. This is an optimistic value of

resistance in that “skin effect” will tend to push the current to the outside of the
conductor, thereby reducing the available conduction cross-sectional area and increasing
the resistance. The skin effect becomes more pronounced at higher frequencies and
oftentimes forces us to consider either Litz wire or foil conductor solutions. The wire
conduction losses then are computed by

2
, ,L cu L rms LP I R (3.21)

You may always reduce the conduction losses by choosing a larger diameter wire gauge
with greater ampacity, but the larger conductor might be impractical for the core window
space and may be more challenging to manipulate. Automatic core winders exist, just not
at the U.S. Naval Academy! You are the core winder!

The magnetic core will also experience what are called “core losses.” Core losses consist
of both eddy-current losses and hysteresis losses. Eddy-currents are induced in the
material by the AC flux produced by the current ripple and hysteresis losses are caused
by the energy required to make the cycle-by-cycle traversal of the material B-H
characteristic. The core manufacturer will provide data curves that will enable you to
estimate the core losses.

The first step is to identify the change in flux density (B) due to the change in field
intensity (H) caused by the ripple in the inductor current. To do this we first calculate the
zero-to-peak value of the field intensity by

2
L

pk
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H
l

 
 
   (3.22)
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where N is the number of turns and totl is the total mean path around the toroid. We can

then compute the zero-to-peak change in flux density using the effective permeability
(found from (3.18) or Figure 3.4)

,pk T eff o pkB H    (3.23)

As the flux density variable conveys, it is in units of Tesla (T). Our data plot is in terms
of kGauss, so we need one last conversion

, , ,

10,000 1
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1000
pk kG pk T pk T

Gauss kGauss
B B B

Tesla Gauss

  
      

  
(3.24)

or simply
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This value is then used in conjunction with the core loss density curves shown in Figure
3.6. The x-axis is the flux density peak while the y-axis is the power loss per volume.
The curves are parameterized by operating frequency. Clearly, higher frequencies will
result in higher core losses. Higher ripple currents resulting in higher flux density
variations will also increase core losses.

Figure 3.6: Core Loss Density Curves for Kool Mu 125mu Cores
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In the graph is also a function that can be used to calculate the loss density (say in a
spread sheet design)

2 1.46
, ,L pk kG SW kHzD B f  (3.26)

where the units of LD will be 3/mW cm . To get the losses, one needs to only multiply

the power loss density by the volume of material (a value provided on the core data
sheets).

,L core L coreP D V (3.27)

The last issue we need to address is to determine whether an available core is appropriate
for a set of buck chopper specifications (“Is she big enough, Captain?”). Let’s assume
that we set a somewhat arbitrary threshold that we do not want the core to saturate and
have the effective permeability reduce by more than 66.7%. Another way to state this is
that we do not want the inductance to change by more than 66.7% going from no-load
(no DC bias denoted by NL) to full-load (maximum DC bias denoted by FL). In equation
form this is represented as

2

3
FL

NL

L

L
 (3.28)

Or in terms of the effective permeabilities
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,
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 (3.29)

We can find this critical point on the characteristic shown in Figure 3.4 for the various
cores and find the corresponding maximum allowable field intensity (H). These results
are summarized in Table 3.2.

Table 3.2: Maximum Field Intensity when Permeability Reduced by 66.7%
Effective

Permeability
max,oerstedH max, /A mH

125 22 1,751
90 30 2,387
75 40 3,183
60 54 4,297
26 130 10,345
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How do these values impact the maximum energy capability of the core?

22
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Yikes! Well looking at the “massaged” version of (3.30) we see totA l (cross-sectional

area times the mean path) which is simply the volume of core material, coreV . Also,

,L pk

pk

tot

NI
H

l
 so we can substitute and rewrite that the inductor energy is given by

2
, ,

1

2
L pk eff FL o pk coreE H V  (3.31)

Thus if we impose a maximum drop in permeability (3.29), we can then evaluate the
maximum energy that a core can accommodate

2
,max ,

1 2

2 3
L eff NL o pk coreE H V 

 
  

 
(3.32)

Representative values are tabulated in Table 3.3. For example, if you have an application
where the peak current will be 1.5A and the required inductance is 400 H , then the

peak energy is 0.45mJ and the 1.3” core will be more than adequate. If the 0.8” core is
used, then the effective permeability will drop by more than 66.7% and more turns would
be required to compensate.

Table 3.3: Maximum Energy for 125 o Core of Various Sizes

Core Outer
Diameter (in)

Volume

( 3cm )

Mean-
Length/Turn

(cm)

,maxLE

(mJ)

0.4 0.238 1.537 0.0382
0.8 1.15 2.33 0.185
1.3 5.48 3.78 0.879
2.25 20.65 5.30 3.314
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The final point we need to discuss is the window fill factor or simply the ratio of window
area used for conductor to the available area or

used
U

available

Area
K

Area
 (3.33)

The area available is a parameter listed on the core data sheets AW (window area). For the

area used, we simply need to establish the area of one turn  2 / 4wD and multiply the

result by the number of turns so

2 / 4w
U

A

N D
K

W

 
 (3.34)

where wD is the diameter of the wire used. If we are hand winding our inductor, we find

that the fill factor takes on practical limits. For example, we might impose a constraint
that UK should not exceed 0.5 for a design to be achievable. A listing of parameters for

various size cores is provided in Table 3.4.

Table 3.4: Parameters for a set of 125 o Cores from Magnetics Inc

Core
Outer
Diam.

(in)

LA

1000

mH

t

 
 
 

effl

(cm)

Vol.

( 3cm )

Mean-
Length-
Per-Turn

(cm)

Window
Area

( 2cm )

Weight
(g)

0.4 66 2.38 0.238 1.537 0.164 1.46
0.8 68 5.09 1.15 2.33 1.14 7.1
1.3 127 8.15 5.48 3.78 2.93 33.7
2.25 156 14.3 20.65 5.30 9.48 127

The inductor design process is summarized by the flowchart given in Figure 3.7. First,

the inductor current at maximum load must be specified so that we know , ,maxL aveI , ,L pkI ,

and LI . The value of inductance is then used along with the peak current tio determine

the peak inductor energy. The core table is then consulted to find the smallest admissible
core. The rms inductor current is used to establish the required wire gauge (once you
decide upon a current density). Knowing the parameters of the core, the turns can be
found in a two-step process (first not worrying about DC bias, then incorporating the
effect via manufacturer data). The fill-factor is assessed to ensure that the core window
area is large enough. Finally, the copper and core losses are evaluated so we can assess
whether the magnitude of losses is acceptable.
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Figure 3.7: Powdered Toroid Core Design Flowchart
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Example 3.1: We wish to design a buck chopper that converts 15V down to 9V with a
maximum output power of 20W and a minimum output power of 2W to maintain
continuous conduction mode (CCM, r = 0.2). Assume that the switching frequency is set
at 75kHz and that the switch and diode voltage drops are specified as 0.1V and 0.3V,
respectively. Determine the required inductance, the required core from Tables 3.3 and
3.4, the number of turns, the fill factor, and the total inductor losses.

Step 1: Establish the duty cycle and critical inductance for the specified conditions.

, 9 0.3
0.6118

15 0.1 0.3

out ave F

in sw F

V V V V
D

V V V V V V

 
  

   

The average inductor current at rated power is found from
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,

20
2.222

9
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P W
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V V
  

The average current at the boundary of CCM is given by
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0.222
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P W
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V V
  

Thus since at this boundary , ,min / 2L ave LI I  , it follows that the peak-to-peak ripple is

2 0.222 0.444LI A A    and we therefore confirm that the ripple ratio is

, ,max
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L
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I A
r

I A


  

We can then evaluate the critical inductance via

       ,

, ,max

1 9 0.3 1 0.6118
108.3
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V V D V V
L H
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Step 2: Establish the proper “size” of toroid core

First, calculate the peak energy in the inductor

2
, ,

1

2
L pk crit L pkE L I 

Where here , , ,max / 2 2.222 0.222 2.444L pk L ave LI I I A A A      so we get
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2

, 0.5 108.3 2.444 0.324L pkE H A mJ   

Consulting Table 3.3 for the maximum energy capability for our available cores, we find
that the 1.3” diameter core has ,max 0.879LE mJ and so it is good to go! The parameters

of this core are extracted from Table 3.4 here.

Core
Outer
Diam.

(in)

LA

1000

mH

t

 
 
 

effl

(cm)

Vol.

( 3cm )

Mean-
Length-
Per-Turn

(cm)

Window
Area

( 2cm )

Weight
(g)

1.3 127 8.15 5.48 3.78 2.93 33.7

Step 3: Compute the required turns

Start by estimating the turns for zero DC bias

,

108.3
1000 1000 29.2

127
desired

no DC

L

L H
N t

A mH


  

Next we need to estimate the field intensity at maximum output power

 
, , ,max4 4 29.2 2.222
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Using Figure 3.4 (and this is a , 125eff nom  core), we find at 10oe ,/ 0.88eff eff nom   so

,

,

1
29.2 31.1

0.88

eff nom

no DC

eff

N N



    

which we promptly round up to 32 turns.

Step 4: Choose the proper conductor wire gauge

     
2 222

, , ,max / 12 2.222 0.444 / 12 2.23L rms L ave LI I I A A A     

Which confirms that the rms value is not effected very much by the ripple for r = 0.2.

Upon consulting our wire Table 3.1 and using a current density of 2600 /A cm , we find
that #20 should be adequate. Number 20 wire has an outer diameter of 0.0879cm and a
resistance per length of 0.0332 / m .
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Step 5: Verify the fill factor is achievable

   
22

2

32 / 4 0.0879/ 4
0.066

2.93
w

U

A

cmN D
K

W cm

   
  

Since this value is << 0.5, we can assume that we should be able to hand wind this core
with these turns.

Step 6: Estimate the inductor losses

Let’s start with the copper losses. An estimate of the coil resistance is given by

  32 3.78 / 0.0332 / 1 /100 0.04L cm

ohms
R N MLT t cm t m m cm

cm
       

The copper losses are then found to be

 
22

, , 2.23 0.04 0.199L cu L rms LP I R A W    

Note at 75kHz, skin effect can start to be appreciable so we need to recognize that the
coil resistance value may need to be increased. Finally, to get our core losses, we must
first estimate the peak change in flux density using

 
     7

,

/ 2 32 0.444 / 2
10 10 0.88 125 4 10 / 0.12

(8.15 /100)
L

pk kG eff o

tot

N I t A
B H m kG

l m
    

        

The loss density can then be evaluated using (3.26)

   
2 1.462 1.46 3

, , 0.12 75 7.87 /L pk kG SW kHzD B f mW cm    

The volume of core material is retrieved from the core data so

 3 3
, 7.87 / 5.48 43.1L core L coreP D V mW cm cm mW   

Finally the total inductor losses are the combination of the copper and core losses

, , , 0.199 0.0431 0.242L tot L cu L coreP P P W W W    

With 20ratP W , this represents
0.242

100 1.2%
20

W

W
  of the rated power which would

be reasonable for our inductor.
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A wound inductor may also be purchased directly. One such manufacturer is Coilcraft.
At their web-site is software that you can use to directly design the buck chopper inductor
and specify the required inductor. The software is found at

http://www.coilcraft.com/pwrind.cfm

Select
Inductor calculator for DC-DC converters

This opens up the following window where you can choose “Buck” to design a buck
converter inductor.

Figure 3.7: Step 1 in Specifying an Inductor using Coilcraft Software

Upon pressing the “Step 2 – Specify converter parameters” button, you need to fill in the
fields shown in Figure 3.8. Here we are assuming that our input voltage can range from
11V to 14V (possibly a lead acid storage battery), the desired output voltage is 6V, the
voltage drops across the conducting diode ( FV ) and switch ( satV ) are both 1V, the

maximum load current is 1A, the desired switching frequency is 100kHz, and the ripple
current is 20% of the maximum load current (or 0.2A peak-to-peak).

http://www.coilcraft.com/pwrind.cfm
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Figure 3.8: Step 2 in Specifying an Inductor using Coilcraft Software

Upon hitting the “Step 3 – calculate inductor requirements” button, the screen shown in
Figure 3.9 opens. The two critical inductor parameters, the minimum allowable
inductance and the peak current, are displayed.

Figure 3.9: Step 3 in Specifying an Inductor using Coilcraft Software
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Finally to identify a specific Coilcraft part, press the “Step 4 Find a suitable inductor”
button. This opens the final window, shown in Figure 3.10, at which point you can
inspect your options. There are 14 possibilities, where you can notice that the inductance
has been rounded up to the nearest commercial value (150 H versus the 127.27 H

calculated value). The Mounting descriptions are “Leaded,” as shown in Figure 3.11a or
“SM,” which stands for Surface Mount as shown in Figure 3.11b.

Figure 3.10: Step 4 in Specifying an Inductor using Coilcraft Software

(a) (b)
Figure 3.11 Inductor Options: (a) Leaded; (b) Surface Mount
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Note that in Figure 3.10 the inductor dimensions, DC resistance and price are given,
enabling you to tradeoff losses, size, and cost when making your final selection. The
limitation with this inductor design approach is that you will quickly hit a current bound
at which point there will be no Coilcraft products that will satisfy your design
specifications. You would then need to find and wrap an appropriate inductor core as
described previously.

OK, that is enough about capacitors and inductors! Let’s next dive into figuring out what
we must learn about semiconductor switches. Here, we will focus upon using the
MOSFET as a power electronic switch.


