6.6220 HW3 Solution™

3.1 Ferroxcube ER core set
3.1.A

One possible magnetic circuit model for the EM
core shown in Fig. 1 is shown in Fig. 2 where the
reluctances can be expressed as:
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Figure 1: Ferroxcube ER core

After plugging in the numbers from datasheet,
we have equivalent reluctance

*Mansi Joisher 2023 (adapted from Yang 2022, Boles
2021, Ranjram 2020)
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Figure 2: A Possible Magnetic Circuit Model

Alternatively, you can model the reluctance of
the core using the effective length and area from the
datasheet, which are pre-computed by the manu-
facturer so that you can have a simple single reluc-
tance representation of the core. In that case, the
magnetic circuit model would just be one source

N1 with one reluctance in series, having R = uljl .

3.1.B
The specific inductance Ay, can be expressed as

1

A= ————————
Rl + 2.R2;-R3

~ 2.8uH/tu1rn2

(Or you can use the effective length and area from
the datasheet: Ay ~ —1-)

nAe

3.1.C

We know the flux density B = % and ® = Li/N =
NApi. There are three possible flux densities in

this magnetic core: in the middle leg, B,, = %1”';
in the top and bottom end plates, By = Nz’jé]; in

the outer legs, B3 = J\;’ZI. Since 245 > 2A3 > Ay,

the flux density in the center leg will be the highest
at any time. Thus,

BgsA,
L

(N)maz = ~ 12.4 A - turns



Alternatively, you can use the listed minimum
core area on the datasheet A,,;, = 100 mm? to get
the same answer quickly without having to manu-
ally compute all the different areas.

3.1.D
For N = 10, the saturation current limit is Ig =
(N1)paz/N =~ 1.24 A.

3.1.E

With the addition of al 250 pm gap, the air gap
reluctance is Rgap = -4 ~ 19.83 X 10° A/Wh,
hence the new inductance value

L' 2 N?/(Ryap + 1/AL) ~ 42.8 uH
and the new maximum current is
I_/g = AlBs(:Rgap + 1/AL)/N ~ 8.18A

The total energy storage is Fgapped = %L’ I g =
1.43mJ. For the ungapped case, the energy storage
is Eungappea = 3LI% = AN?ALI% ~ 0.22mJ. So,
the gapped inductor’s energy storage capability is
substantially greater than the ungapped case by a
factor of 6.6x.

3.2 Boost Inductor Design (KPVS
18.8)

3.2.A - Converter Parameters

The voltage conversion ratio of a boost converter
is %‘1’ = ﬁ. Here, V;, = 12V and V,,; = 36V.
Thus, D = 2/3.

When the switch is on, the voltage across the in-
ductor is V7. Thus the peak-to-peak ripple current
through the inductor is

ViDT _ (12)(2/3)(1/500k)

=533 A
L 3

AiL,pP =

The average input current I; equals the average
inductor current Ir. At full load we have I}, =
I, = P, /V; = 100/12 = 8.33 A. Thus the ripple
ratio and peak current are:

Aip,p/2  5.33/2
Rp = PP = =0.32
L I 8.33

iL,mar = IL + AZ‘L,pp/2 =8.33+ 533/2 =11A

3.2.B - Inductor Design

First, let’s pick a core size. We do not want it to
saturate. We know that

NBsatAc,min > LiL,maw

Thus, we find N - A ;i > 110 mm? - turns. If we
use an RM10 core with A i, = 86.6 mm?, then
Ngar1o > 1.27 (round up to 2, the nearest integer
for a practical implementation). If we use an RM12
core with A¢ i = 121 mm?, then Ngas12 > 0.909
(round up to 1). Let’s go with the RM10 core for
now, since it would be great if we could meet our
requirements in this smaller form-factor. (But for
the purposes of this homework, you can also use
RM12.)

For our example, let’s pick N = 2. In this case,
Ap = L/N? = 750 nH/turn?, which gives us a re-
quired effective core reluctance of R.py = ,TlL ~
1.33 - 10 A/Wb. We can then solve for the gap
length [, that gives us our desired R.fr. We can
model R.f¢ as the ungapped core reluctance in se-
ries with the gap reluctance. Assuming the air
gap’s effective cross-sectional area is the same as
the core’s, we get

e ly
pittoAe  pioAe

Rers

We then get that the required air gap length is
lg = 142pm. (Note: In general, when designing
an inductor, it’s possible to pick N such that you
need a negative gap length to achieve the desired
effective core reluctance. In this case, the design is
not practical, and you should pick a larger N.)
Now, let’s pick a wire. We know it will have
to supply a peak current of 11 A and the cur-
rent density has to be less than 500 A /cm?. Thus,

Apire > “pet = 2.2mm? and the wire diameter

Dayire = 4/ wire > 1.67 mm.



https://�iL,pp/2=8.33

Using KPSV Table 18.1 (or an online reference),
we see that AWG 13 or below meets this spec. Let’s
pick AWG11 which has a diameter of 2.31 mm.

Now we need to make sure we can fit 2 turns of
AWGI11 on the core. The window area of the core
is Awindow = 11.9 % 4.25 = 50.6 mm? (obtained
from example 18.6). The net wire area is Ac, =
NnD?, /4 =0.57(2.312) = 8.4mm?. We are only
using 17% of the window, so we should have no
problem fitting our winding.

Our final design is:

e L =3uH
e RM10 core
e N = 2 turns

e AWGI11 wire (Dyire = 2.31 mm)
e 17% of window area used

e 142um center-post gap

e By =019T

o J =263A/cm?

3.2.C - Inductor Loss

Winding loss arises from the wire resistance which
is related to the wire length [,;- = NIl; = 104 mm.
From Table 18.1, AWGI11 has a per-length resis-
tance of 5.03 £2/km, so our wire has a dc resistance
of Ryire = 104 x 10~%km x 5.04Q/km = 0.524m).

The rms current through the inductor is

Iprms = /17 +Adf /12 = 84TA.  Thus

Puire = I%,rmstire = 37.6mW.

For the given core loss model, core loss depends
on the ac flux only. In particular, we care about
the peak ac flux, i.e. the amplitude (not the peak-

to-peak) of the ac flux. Therefore,

LA;, /2
ABgepi = #ﬁ/{’/ ~ 46.2mT

Now, using Ve = 4.3cm?, we can find core loss
directly from the provided formula:

Prore = 3.9 x 1072(500 - 10*)4(0.0462)-25(4.3)
= 728.6mW

So, the total loss is Py = 37.6 mW + 728.6 mW =
766.2mW.

A few things you would definitely adjust in a
good design:

1. There is an unavoidable “fill factor” that you
must include to account for the fact that you
need to account for unavoidable spacing be-
tween the turns (e.g. due to wire insulation),
so you may actually use 50% or less of the
available bobbin winding area. If you use
round wire, you also lose some area compared
to rectangular /square wire.

2. It is essential to account for skin and proximity
effect in a real design. For example, skin depth

of the wire at 25°C is § = /—2- ~ 93.5 pm.

wpo

This means any ac current in our wire is going
to flow through a tiny fraction of the available
wire area and this can be catastrophic in terms
of loss! Note however that the dc current in
the winding will happily use the available con-
ductor area.

3. Core loss and winding loss (often called copper
loss) are competing loss components in a mag-
netic component and a good design minimizes
the sum of these components. For example,
as the number of turns increases, winding loss
increases (both because of the longer length
of wire required, and because a thinner wire
must be used to fill the same area) but core
loss decreases (since flux density is reduced for
the same designed inductance, peak ac cur-
rent, and core cross-sectional area). In many
cases, a design that aims to minimize only one
of these components is not an optimal design!

3.3 Permanent KPVS

18.13)

(a) We are told H, = 920 kA/m, B, = 1.25 T. The
magnet is I3y = 1 mm in length and has a cross-
sectional area Ap; = 9 mm?. Referencing the re-
luctance model, the MMF is Fo = H.lpr = 920 A

magnet



and the reluctance is
Iar Fe 920 A

R = =
M7 Ay BiAu

=8.18-10" A/(T - m?).

(b) If a 0.5 T magnetic flux density is desired, we
have ® = BAy; = Fo/(Rar + Rext), where Ry is
the external reluctance of the magnetic path. Set-
ting B = 0.5 T, we get Rexy = 1.23-10% A/Wh.

3.4 Gapped
19.1)

3.4.A - Magnetic Circuit Model
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Figure 3: Magnetic circuit model.

One possible magnetic circuit model is shown in
Fig. 3. It has the following parameter values:

_2w+2h—g
S kA

g
fR' =
T oA

3.4.B - Magnetizing Inductance

We can derive the magnetizing inductance seen
from port 1 by assuming i3 = 0. Thus,

A N-
Lﬂl =L = .71|i2:() = 71¢ i2=0 (1)
11 21

With the magnetic circuit model, we can calcu-
late ¢ for is = 0 to be:

. Nlil
R AR

Inserting into L, gives:

¢ (2)

T 125T-9-10-6 m?2

Ni¢ N?
Liul - 7;1 |7,2:0 - :Rc“rng (3)
Intuitively, in this ideal scenario where you leak-
age fields are neglected, you can think about the
magnetizing inductance as the inductance for an
inductor using just winding N;, and solve for it
accordingly.

3.4.C - Maximum Current

We can examine the maximum current through
winding N7 from the perspective of flux linkage for
ig =0:

NlBsatAc

M =NiBA; = Li191 = t1imas =
L

(4)

If the core reluctance is negligible, Li; can be
calculated as (like part B):

Nig N? _ NEpoAc
Lij=—lh=0=F7=——" (5
om0 = g = )
Thus
. Bsatg
Ulmaz = 6
T Nigo )

Again, with winding Ny being open, you can also
treat this situation as an inductor with just one
winding /N7 and solve for the maximum current this
way.

3.4.D - V2 Polarity

Because the N7 and Ny windings have been wound
in opposite directions on the core based on how
their voltages are defined, vy will be negative when
vy is positive. This makes sense in the context of
Faraday’s Law; if all turns see the same flux (and
change in flux), the voltage induced on each turn
will be the same. Because of how the turns in wind-
ing N> are attached, their voltage will add such
that vy is negative if vy is positive.
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Figure 4: Cantilever model in Problem 19.2

3.4.E - Inductance Matrix

We already calculated Lq1, so all that remains is
Loy and L,,. If the core reluctance is negligible,
Los can be calculated as

N22 _ N22ﬂoAc (7)
Rq g

Let’s also derive L,,. From the perspective of
port 1, the mutual inductance L,, equals:

Loy = 7|i1:0 =

Ly = —lii=0 = —i,=o0 (8)
2 12

With the magnetic circuit model, we can calcu-
late ¢ for i3 = 0 to be:

Naig
¢=- 9)
Ry
Inserting into L., gives:
Nio NNy
Ly=—7ij=0=— 10
m i2 |1170 Rg ( )
Thus, our inductance matrix is
Nf,quC __ NiNop,Ac
— g g
L= _ NiNaopoAc NZp, A, H (11)
g g

The mutual inductances being negative aligns
with their MMF's being in opposite flux directions.

3.5 Cantilever model KPVS 19.2

The cantilever model is shown in Fig. 4 for ref-
erence. Let’s compare the result of the measure-
ments done in example 20.2 to the result of those
measurements performed on the model in Fig. 4.

First, the inductance of the primary is measured
with the secondary open-circuited. Thus,

Li1=Lg+ Ly. (12)

Second, the inductance of the secondary is mea-
sured with the primary open-circuited. Thus,

Loy = n*Ly. (13)

Finally, an ac voltage of 1.047V is applied to the
primary with the secondary open-circuited and a
secondary voltage of 0.2082V is measured. The pri-
mary voltage will split on Lg and Ly such that

L
Lpy+ Lg
Using equations (12) and (13), we have

(14)

Vg = N1

(15)

Thus
n=-——-— (16)

Solving (12), (13), and (16) for Lg, Ly, and n,
we obtain

a7

| L = 1952.0pH | (18)

Le = 34.99uH (19)

Because sometimes the extended cantilever
model is also called the ‘cantilever model’, the re-
sults for the extended model are also provided.
These parameters are directly obtained from the
transformer parameters as described in the book
chapter. Namely,

111 = L11 = 1987,MH 5 (20)
and
Lis 3951
= —-—— .1 21
ng T 1937 0.1988 (21)




are extracted directly from the measured param-
eters. To determine l15 we must compute the in-
verse inductance matrix,

Bi1 Bio| | 0.0284 —0.14438 (22)
Bo1 Boo|  |—0.14438 0.7055
Thus,
lig = 1 = 34.84uH (23)
2 ningBia - oo
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