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FILTER INDUCTOR AND FLYBACK TRANSFORMER DESIGN
FOR SWITCHING POWER SUPPLIES

Lloyd H. Dixon, Jr

This design procedure applies to magnetic devices used primarily to store
energy. This includes inductors used for filtering in Buck regulators and
for energy storage in Boost circuits, and "flyback transformers" (actually
inductors with multiple windings) which provide energy storage, coupling and
isolation in Flyback regulators. The design of true transformers used for
coupling and isolation in circuits of the Buck and Boost families (in which
energy storage is undesired) is covered in Section M5 of this manual.

Symbols, definitions, basic magnetic design equations and various core and
wire data used in this section are defined in Reference Sections M1, M2, and
M3, and in Appendix A at the end of this section. The specific equations
used in this design procedure are derived in Appendix B. The Standard
International system of units (rationalized MKS) is used in developing the
equations, but dimensions have been converted from meters to centimeters.

All circuit values such as inductance, peak and rms currents and turns
ratios must be defined before beginning the magnetics design procedure.

A practical design example of a flyback transformer design using this
procedure is in the paper: "150 Watt Flyback Regulator".

Step 1. Select the Core Material and Configuration

Ferrite is the most widely used core material for commercial applications
(see Section M3). Molybdenum-permalloy powder toroidal cores have higher
losses, but they are often used at switching frequencies below 100 kHz when
the flux swing is small -- in filter inductors and flyback transformers
operated in the continuous mode. Powdered iron cores are sometimes used,
but they are generally either too low in permeability or too lossy for
practical use in switching power supply applications above 20 kHz.

The basic magnetic materials above all have very high permeabilities (ur =
3000 - 100,000) and cannot therefore store much energy. This is good for a
true transformer, but not for an inductor. The large amount of energy that
must be stored in a filter inductor or flyback transformer is in fact stored
in an air gap (or other non-magnetic material with ur = 1) in series with
the high permeability core material. In moly-permalloy and powdered iron
cores the energy storage gap is actually in the non-magnetic binder holding
the magnetic particles together. This distributed gap cannot be measured or
specified directly, so the equivalent permeability of the overall composite
core is specified instead.

Step 2. Determine the Peak Flux Density

In the following procedure, inductance and current values are referred to
the primary. (The single winding of a simple inductor will also be called
the primary.) The inductance, L, required and the peak short-circuit
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inductor current, Ipk, are dictated by the circuit application. Ipk is set
by the current limiting circuit. Together, these define the absolute
maximum inductor energy, (LIpk?)/2, that the inductor must be designed to
store (in the gap) without saturating the core and with acceptable core
losses and copper losses.

The maximum peak flux density, Bmax, that will occur at Ipk must be defined.
The inductor should be operated at Bpmax as large as possible to achieve the
smallest possible gap capable of storing the reguired energy. This minimizes
the winding turns, eddy current losses, and inductor size and cost.

In practice, Bpax is limited either by core saturation, Bgagt, or by core
losses. Core losses in ferrite are proportional to frequency and to the
approximate 2.4th power of the peak-to-peak flux density swing, AB, during
each switching cycle. In an inductor designed to operate in the continuous
current mode (such as a buck regulator filter inductor or a continuous mode
flyback transformer), core losses are usually negligible at frequencies
below 500 kHz because ABp is a small fraction of the DC flux level. 1In
these cases, Bmax can be almost equal to Bgat, with a small safety margin.
Bsat for most power ferrites such as 3C8 material is above 0.3 Tesla (3000
Gauss), and Bpmax of 0.28 - 0.3 Tesla may be tentatively chosen.

In an inductor designed to operate in the discontinuous mode, flux density
swings all the way from zero to Bpax (flux remnance is negligible because of
the gap). Thus the maximum flux density swing, ABp, equals Bpax. In the
discontinuous mode, especially at high frequencies, ABp (and Bpax) will
usually be limited by core losses so that Bmgx will be much less than Bgat.

Step 3. Determine Core Size

The core used must be able to store the required peak energy in a small gap
without saturating and with acceptable core losses. It must contain the
required turns with acceptable winding losses. Core selection can be made
through an iterative process involving trial solutions, but Equations 1A and
1B provide an approximation of the core area product, AP, required for the
application. (AP = window area Ay, times magnetic cross section Ae).
Select the smallest core available from catalog data whose area product
exceeds the calculated value.

Equation 1A applies when Bpagx is limited by saturation and Equation 1B when
limited by core losses. It may be necessary to try both equations, using
the largest resulting AP value. First, the saturation limited case. (Refer
to Appendix A for symbol definitions):

AP = ALAL = M ledn3 Cmb
wre 450 K Bpax

With L in Henries, B in Tesla, K = see Table I
Equation 1A is based on copper losses at current density Jpax resulting in a
hot spot temperature rise (at the middle of the center-post) of 30°C. Jmax
is a function of core size:

J30 = 450 AP*'2°%  p/cm2

2-2
UNITRODE CORPORATION e 5 FORBES ROAD e LEXINGTON, MA 02173 e TEL. (617) 861-6540 ® TWX (710) 326-6509 » TELEX 95-1064



For the core loss limited case, Equation 1B is also based on a hot spot
temperature rise of 30°C, but only half due to copper losses and half core

losses. i
. LY .
(1B) AP = A An = LAIp Iprel0 «(ky £ +Kg £2)*559 cm

130k
For most power ferrites, hysteresis coefficient ky = 410-5, eddy current
coefficient, kg = 4°10-10. Equation 1B is based on operating at a current
density, Jmax, contributing 15°C to the hot spot temperature rise:
(2B) Ji5 = 318 AP~*'2%  p/cm2

Multiple windings, if any, should be proportioned to operate at the same rms
current density to assure uniform power distribution in the windings.

TABLE I -- K Factors

Ku  Kp K=kuKp

Continuous Buck, Boost Inductor: 0.7 1.0 0.7
Discontinuous Boost Inductor: 0.7 1.0 0.7
Continuous Flyback Transformer: 0.4 0.5 0.2
Discontinuous Flyback Transformer: 0.4 0.5 0.2

Window utilization factor Ky of 0.4 for the flyback transformers in Table I
includes insulation to meet VDE line isolation requirements, but does not
include a bobbin. Ky should be halved for toriodal cores. The primary area
factor Kp of 0.5 is for half of the copper area apportioned to the primary,
half to the secondary.

4. Define N

The minimum number of turns is next calculated:

LI
Nmin = —EE 104 when Bga¢ limited
maxate

_ LAIL

Npin = «10% when core loss limited
ABpAg

The actual number of turns is the next possible integer value greater than
Nmin. In a flyback transformer with multiple windings, the primary turns
may be constrained to specific multiples such as 22, 44, 66, 88 etc. because
of turns ratio considerations. 1In this case if Npjp is 36 turns, the
smallest possible N is 44 turns. It may be that these additional turns
above the minimum will not fit the core unless the actual core area product
is sufficiently greater than the minimum AP calculated in Equation 1. For
the same inductance, the larger N also results in a Bpax or ABp less than
the original limit, and the core losses will be less. Using Equation 3B
with the larger value of N and the actual AIp of the application, calculate
the smaller value of ABp and use this to find the actual core losses, Pg,
from the core manufacturers core loss tables.
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5. Calculate the Gap

The gap length is calculated using the classic inductance formula:

uuNzA
(4R) g =._Q_£ET_Q 102 cm

With Ferrite E-E or pot cores, the gap should be in the center-post only,
which requires grinding it to size if not available as a standard part. The
grinding operation may be avoided by shimming the core halves apart by
approximately half the calculated gap length. This puts half the gap in the
center-post, with the other half in the outer legs of the core, assuming the
cross section area of the combined outer legs equals the centerpost area.
The shimming technique results in considerable external magnetic field -- a
possible source of EMI. The effective gap is difficult to calculate and it
must be adjusted empirically.

In toroidal cores, the gap is distributed between magnetic particles around
the entire core, and is inaccessible. Instead of gap length, the core
manufacturer specifies the equivalent relative permeability as though the
core were made entirely of a homogeneous magnetic material. te is the
effective magnetic path length around the entire core:

L%
Max up = ——5o— «1072

uoN“Ag

3. Design the Windings

Calculate the maximum total power dissipation, Ppax, based on the maximum
hot spot temperature rise, AT, and core thermal resistance, RT. Subtract
the previously calculated core losses, Pg, to determine the maximum winding
losses, Pcu:

(5) Pcu = AT/RT - Pc W
If thermal resistance of the core used is not known, calculate it from the
approximation:
RT = 23 AP—+37 ©°C/W
Primary winding loss, Pp, obviously equals Pcy in single winding inductors,

but Pp equals Py/2 with multiple windings. Calculate the maximum primary
resistance, using the maximum rms primary current:

Rp = Pp/IFL?2 @

Divide Rp by the total length of the primary winding to obtain the maximum
resistance/cm of the primary conductor:

1) Rp/cm = Rp/(N &t)

Enter the wire tables with this Rp/cm value and find the minimum required
wire size and its copper area, Ax. Check the total primary conductor area
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Wwith N wires to make sure it will fit the area available in the core windot
(8) Ap = NAx ¢ KuyKpAw

If Ap is too large, then a larger core must be used and the procedure
repeated from Equation 3A or 3B (or a larger temperature rise must be
accepted). If Ap is considerably smaller, it may be desirable to use a
smaller core. In multiple winding inductors, do not use a wire size larger
than Equation 7 requires, or leakage inductance and eddy current losses will
increase.

The secondary conductor areas are proportioned to the primary conductor area
according to the rms currents in each winding, so that the current densities
are the same in all windings.

To obtain good coupling between multiple windings, each winding must
stretch across the entire breadth of the window (the longer dimension),
allowing suitable creepage distance at each end. If the turns in any
winding, closely wound, do not extend across the entire available winding
breadth, they should be spread out. However, this poorly utilizes the
window area and results in high eddy current losses if the wire diameter
approaches twice the penetration depth. It is much better to replace a
single large diameter conductor with several paralleled conductors which can
occupy the available area much more compactly and also reduce eddy current
losses.

For example, suppose a tightly wound winding of N turns of diameter D and
area A occupies only half the available winding breadth. The height of the
winding layer equals D. If this winding is spread out, the coupling to
other windings will greatly improve, but the height is still D and it
occupies twice the volume that it should. If the single wire is replaced by
four wires paralleled, each with area A/4, diameter D/2 and N turns (close
wound adjacent to one another as though they were one wire), they will
extend exactly across the winding breadth, with a winding height of only
D/2, and the eddy current losses and leakage inductance will be greatly
reduced. The ultimate of this technique is to use thin copper strip for
high current windings that have only one or two turns.

The total rms current, I, in any winding usually has a DC component and ar
AC component according to the relationship:

= Ipc2? + IAC?

The losses in any winding as calculated earlier are caused by the total rms
current flowing through the DC resistance of the winding. However, the AC
resistance may be much greater than the DC resistance because skin effect
and proximity effect cause the AC current component to flow in only a small
portion of the total wire area. The ratio RAc/Rpc is the resistance factor,
FR. Eddy current losses result from the rms AC current componert only, IAC,
flowing through the higher effective AC resistance of the wire.

In filter inductors used in buck regulators, Eddy current losses are seldom
a problem because the AC current component is so small. IAc2 is typically
1/200 of Ipc2, so FR would have to be 200 for the eddy current losses to
equal the low frequency losses. In continuous mode flyback transformers,
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the AC component of total inductor current is small and the core losses are
therefore small. However, the AC component in each winding is quite large
because the current switches back and forth from primary to secondaries, and
eddy current losses are usually significant.

The proximity effect is caused by the AC component of the magnetic field
that exists between primary and secondary windings. This AC field induces
circulating AC currents within each conductor, adding to the DC current in
some areas and subtracting in others and greatly increasing the losses.
This effect is combated by using paralleled fine wires or thin copper strips
which reduce the circulating currents, and by reducing the magnetic field
strength. The latter is accomplished by using a wider window to stretch the
windings out, by reducing the number of layers in the windings, and by
interleaving -- putting half the primary turns inside and half outside the
secondaries. The paper "150 Watt Flyback Regulator" gives a practical
example of handling these problems.

The thermal resistance with natural convection cooling, RT, upon which the
hot spot temperature rise depends is probably the weakest approximation used
in this procedure. RT is strongly influenced by the shape of the enclosure
in which the transformer is mounted, size and location of cooling vents,
horizontal vs. vertical mounting surfaces (chimney effect), and obviously by
forced air. As a final check, it is a good idea to attach a fine wire
thermocouple to the middle of the centerpost and check the temperature rise
under conditions approximating the application.
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APPENDIX A. SYMBOL. DEFINITIONS

International Standard (SI) units are used except dimensions are converted
from meters to centimeters. In flyback transformers or multiple winding
inductors, symbols refer to primary winding values.

General:
IF], total rms primary current at full load
Ipk peak short circuit primary current
Inm maximum continuous peak-to-peak primary current swing
L primary winding inductance, Henries
PmMax total power dissipation
RT hot spot thermal resistance, natural convection
AT hot spot temperature rise
AP core area product = AyRe, cCm“

Winding Parameters:

Aw total winding window area in core, cm2
Acu total conductor area - all windings

Ap conductor area of primary winding = N Ax
Ax conductor area of one primary turn
Imax maximum flux density, A/cm2

Ky window utilization factor = Acu/Aw

Kp primary factor = Ap/Acy

K winding factor = KuKp

Lt avg. length of 1 turn (MLT), cm

n turns ratio

N number of turns

Pcu winding losses

Core Parameters:

Ap Conductor area of primary winding, cm2
Ae effective center-post area
Bsat saturation flux density, Tesla
Bmax maximum peak flux density
ABnp maximum peak-to-peak flux density swing
kH core hysteresis loss coefficient
kg core eddy current loss coefficient
Lg gap length, cm
1195) permeability of free space = 4w+10-7 ‘ (SI units)
Mr relative permeability
Pc core losses
Ve core volume
2-7
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APPENDIX B. DERIVATION OF EQUATIONS

International Standard (SI) units are used in the initial development of
these equations, but dimensions are later changed from meters to
centimeters. All values are referred to the primary winding.

Circuit energy equals magnetic energy stored in the gap:

1 1
(B1) SLI2 = 5BHAg

Ampere's Law applied to the nearly linear field within the gap:
NI = ng

Substitute ng into (Bl and simplifying:

LI = BAgN
Solve for N:
LI LI
N= — = —Bk when Bgat limited
BAE Bmaer
L AI L AT
N = = —10 when core loss limited
ABAg ABRAe

The primary ampere-turns equals the current density times the total primary
conductor area:

NI = ap = JAK
AyJ K A, K
(Bd) N = w) _  MwImax
I Ipr

For the saturation limited case, equating N in (B3A) and (B4)

AmeaxK - L Iek
IrL BpaxAe

solve for Area Product and convert dimensions (only) to cei imeters:

LIppIppelOt
(B5) AP = AAg = —BRCELT-— g
ImaxK Bmax

In the case where core operation is saturation limited, core losses are not
dominant and the windings are operated at a current density that will
produce a 30°C rise with natural convection cooling, from practice:

(B6) Jzo = 450ApP~*1%%  ascm2
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Substitute (B6) into (B5) and solve for Area Product:

«10% leln3
(B7) AP = A A, = LI4501K Bmii cmb

In the core loss limited case, equate (B3B) and (B4) and convert dimensions
to centimeters:

Y b
(B8) AP = AwAe = _w cmt
ImaxK ABp

Assume 15°C temperature rise contribution from core losses, 15°C from the
windings operating at a current density of:

(B9) Jis5 = 318AP~*'%%  a/cm2

J15 will be substituted for Jp,x in (B8). First, find ABp value that will
result in 15°C rise from core losses. Core losses/cm3 can be calculated
from the following empirical formula:

(B10) Pc/cm3 = ABp2e%(kyf+kpf2)

Temperature rise depends upon the core losses/cm3 as well as the core volume
and thermal resistance:

(B11) AT = 15°C = RpVg(Po/cm3)

Thermal resistance and core volume are related empirically to area product:

e

(B12) Rp 23 AP=+37  °C/W

(B13) Ve 5.7 AP+68  cn3

e

Substitute (B10), (B12), and (Bl13) into (Bll) and solve for ABp:

(B14) AB 0.405.ap—*12%
m (Ky £ +Kg £2)**17

Finally, substitute (B9) and (Bl14) into (B8) and solve for the core loss
limited Area Product requirement;

LAIpIppe104 1°3%

(B15) AP = AyAp = o & «(ky £ + kg £2)°559 cm
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