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Analysis and Design of Choke Inductors for
Switched-Mode Power Inverters

Dalvir K. Saini

, Agasthya Ayachit

, Alberto Reatti, Member, IEEE,

and Marian K. Kazimierczuk

Abstract—This paper presents the design, analytical es-
timation of power losses, and experimental measurement
of choke inductors for switched-mode power inverters. The
described approach is applicable to a wide variety of circuits
such as Class-E inverters and converters. The expressions
required to design the magnetic core in the choke inductor
using the area—product (4,) method are given. The equa-
tions for the dc resistance, ac resistance at high frequen-
cies, and dc and ac power losses are provided for the solid
round winding wire. To validate the presented approach,
an example class-E zero-voltage switching power inverter
with practical specifications is considered. A core with air
gap is selected to avoid core saturation in the choke induc-
tor, which conducts dc current and a small ac current. The
gapped core power loss density and power loss are esti-
mated using Steinmetz empirical equation. It is shown that
the winding power loss due to the dc current is dominant for
the given design. A comparison between the area—product
A, method and the preexisting core geometry coefficient
K, method is presented. The measured magnitude of the
inductor impedance has shown that the designed choke is
useful up to ten times the switching frequency.

Index Terms—Area—product method, choke inductance,
class-E zero-voltage switching (ZVS) power inverter, core
power loss, gapped core, impedance, magnetic core, power
amplifiers, power inverters, winding power loss.

NOMENCLATURE

Ips, Iy DC component of choke current, input current.

Airs, Ir s Peak-to-peak value, peak value of ac component
of choke current.

P, Vi DC supply power, DC supply voltage.

Po DC output power.

Vrm Amplitude of output voltage of class-E amplifier.

Ly Choke inductance.

0L Quality factor of the resonant circuit.

R Load resistance of class-E amplifier.

D, T Duty cycle, total time period of each switching
cycle.
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Switching frequency, angular switching fre-
quency.

Instantaneous voltage across choke inductor.
Peak value of choke current including both dc and
ac components.

Ratio of peak value to dc value of choke
current.

nth harmonic component of instantaneous choke
current.

Fundamental, third harmonic choke current mag-
nitudes.

Maximum energy stored in the choke inductor.
Area—product factor.

Core window area.

Core cross-sectional area.

Volume of core.

RMS choke winding current density.

Window utilization factor.

Minimum air-gap length, chosen standard air-gap
length.

Mean magnetic path length.

Average length per turn of winding.

Total length of winding.

Manufacturer-specified core relative permeabil-
ity.

Number of winding turns in choke inductor.
Saturation flux density at operation temperature.
Peak value of magnetic flux density including its
dc and ac components.

Magnitude of fundamental component of magnetic
flux density.

Steinmetz empirical coefficients.

Winding skin depth.

Calculated minimum cross-sectional area of the
winding.

Chosen cross-sectional area of the winding.
Effective cross-sectional conductor area due to
skin effect.

Calculated minimum inner wire diameter, chosen
inner wire diameter.

Standard winding outer wire diameter.

DC winding resistance at room temperature.

AC winding resistance at room temperature.
Conduction power loss caused by dc choke cur-
rent.

0278-0046 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Conduction power loss caused by fundamental
component of choke current.
Py, Gapped-core power loss density.

PRwac

Pc, Gapped-core power loss.

Py Total power loss in choke inductor.

Cu Turn-to-turn capacitance of single-layer choke in-
ductor.

C; Total self-capacitance of single-layer choke induc-
tor.

p Winding pitch.

ke Capacitance factor dependent on number of con-
ductor turns.

Zs Impedance of the choke inductor.

fo, wo Self-resonant frequency, angular self-resonant fre-
quency.

Jzir @z Frequency of zero, angular frequency of zero.

Qo Unloaded quality factor of choke inductor.

& Damping factor of choke inductor.

Fy McLyman’s fringing factor.

Vbsm, Ipm  Maximum manufacturer-specified switch voltage
and current stresses.

n Efficiency of class-E amplifier.

np Porosity factor.

Ppw(T) Resistivity of conductor at any temperature 7.

CONSTANTS
€ Absolute free-space permittivity (8.854 x 10~'* F/m).
pw  Copper resistivity (1.724 x 1078 Q-mat 7 = 20 °C.)
to  Permeability of free-space (47 x 107" H/m).
W,  Relative permeability.
Copper temperature coefficient of resistance (0.00393
ch.

Acu

[. INTRODUCTION

AGNETIC components are integral parts of many elec-
M tronic circuits. A good dc choke must ideally conduct
only the dc component of its current. However, in practical sit-
uations, chokes also allow a fraction of ac current in addition
to its dc component. Moreover, the waveform of the ac compo-
nent at high frequencies is not sinusoidal resulting in losses due
to high-order harmonics. A detailed design methodology for a
magnetic component must address the following.

1) Select an appropriate core, which satisfies both electro-
magnetic conditions and core window area restrictions
(1171, [29].

2) Choose a sufficient air-gap length to avoid core saturation
and minimize core power loss [8]—[12]

3) Provide an optimized winding geometry and winding ar-
rangement [13]-[15].

4) Predict the winding and core power losses; hence, the
total power loss [16]-[19].

5) Identify an appropriate model that best represents the
inductor behavior over a range of operating frequencies
and to be able to predict the ac characteristics [20]-[25].

This paper presents a comprehensive procedure to design the
choke inductors such as those used in class-E power inverters.
These inverters belong to a class of highly efficient electronic

circuits. Therefore, the component design must be optimized to
yield a maximum efficiency. Primarily, two main methods ex-
ist for designing the dc choke inductor [1]-[5]: area—product
A, method and core-geometry coefficient K, method. The K,
method does not take the wire current density into account. If
the core-geometry coefficient is overestimated, then the wire
current density exceeds its maximum value. Therefore, the it-
eration must be repeated until the current density condition is
satisfied. In addition, the K, method assumes that the ac losses
in the winding and the core are much smaller than the dc winding
loss. This requires a high inductance and a larger core volume.
On the upside, this method directly predicts the winding power
loss in the choke inductor. The design of choke inductor for
power inverters using the K, method was developed in [4]. In
this paper, the choke inductor is designed using the area—product
A, method. This is a widely adopted method to design mag-
netic components, especially in pulse width modulation (PWM)
dc—dc converters as well as in ac resonant circuits [2], [5].
Since a majority of the current is dc, an air gap is essential to
avoid core saturation and operate within permissible tempera-
ture limits [8]-[10]. An expression to estimate the minimum air
gap length required to avoid the two restrictions is provided in
Sections III-B and -C. The core losses in ac choke inductors are
significantly higher than that in dc choke inductors. An attrac-
tive method for core loss measurement was proposed in [29].
As air gap is introduced, the ac flux density in the core de-
creases by a large factor, thereby reducing the core power loss
[9], [10]. A loss estimation method for the choke inductor with
a gapped core for dc chokes is presented in this paper. The anal-
ysis presented in this paper includes the effect of fringing [1].
Typically, in switching circuits, the current through the choke
inductors are nonsinusoidal [11], [16], [25], [27], [28], [30]. The
losses in the winding as well as in the magnetic core are caused
by the dc, fundamental and higher order harmonics. Therefore,
Fourier analysis is performed and the magnitude of the harmonic
components are evaluated.
The objectives of this paper are as follows.

1) To develop a theoretical framework required to design
choke inductors for switched-mode power inverters.

2) To derive the relevant expressions required to design the
magnetic gapped core using the area—product method.

3) To determine impedance characteristics and compute the
useful bandwidth of the choke inductor.

4) To present the design equations necessary to calculate dc
and ac resistances and the corresponding dc and ac power
losses.

5) To validate the design of a class-E power inverter through
experimental results.

[I. DESIGN EXPRESSIONS

The main intent of this section is to present a step-by-step
solution through analytical expressions required to design the
choke inductor. The Fourier analysis of the choke inductor cur-
rent has been introduced here. The area—product (A,) method
has been widely discussed in the literature for PWM dc—dc
converters. However, a systematic theoretical framework to use



2236 IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 65, NO. 3, MARCH 2018
TN wave is
8l g~ (DR
irfn = 3 Z B — sin (nawyt)
n=135,... 6)
&1L fm 1 1
= : sin wgt — — sin 3wt + — sin 3wyt - - -
72 9 ©2s ’
where oy is the angular switching frequency. The fundamental
component of the triangular waveform is
Fig. 1. Waveforms of the ac component of the choke inductor current
and its fundamental harmonic component in class-E inverter. . . 8ILfm .
irf1 = Iy sinwgt = S sinwyt. (7)
' b4
the A, method for the design of magnetic cores in choke in- The third harmonic component is
ductors has not been previously reported. The relevant expres- 81, fm I
sions for the core and winding power losses are discussed. The irf3 = —Ip3sin3wt = — 02 in3wyt = 9 sin3wyt.
technique to determine the frequency response and hence the )

bandwidth of the choke inductors is also presented here.

A. Fourier Analysis of Choke Inductor Current

A switched-mode power inverter consists of dc supply voltage
Vi, a switch S operating at a switching frequency f;, a choke
inductor L, a passive resonant network, and load resistance
R; . The output power of the inverter is denoted as Py . Detailed
circuit operation of inverters, for example in class-E mode has
been discussed in [26]. The choke inductance L ; conducts the
input current I; = Iy and comprises an ac component Aiz ¢
superimposed on a load-dependent dc component given by

iLf‘ =ILf+AiLf'. (1)
The supply dc current is
P Po
Iiy=I =+ =— @)
! Vi Vi

where 7 is the overall efficiency of the inverter and P; is the
supply power. The maximum choke inductor current ripple oc-
curs at a duty ratio D = 0.5 [26]. During the charging instant,
the voltage across the choke inductor is vy y = V;. Therefore,
the peak-to-peak inductor current ripple is

Al 1 /DT g Vot Vi 3)
lpf = — VL = = .
U 2Ly 2fiLy
The amplitude of the ac current component is
Ai %
Ipm=—f = 1 @)
2 4fLy

The choke inductor must be able to reduce the ac component
Aipy ideally to zero and conduct only the dc current /5. In
practical cases, the choke can be designed to reduce the inductor
currentripple by afactor§, = Iy, /I . A very low ripple factor
8, is preferred. The peak current 7 y(max) through the choke is

Lo Vi
Vi 4fsLy
The ac component of the current through the choke is approxi-

mated by a symmetrical triangular wave of magnitude I, as
shown in Fig. 1. The Fourier series expansion of the triangular

It pmay = Inp + Ippm = (5)

The even harmonics (n = 2, 4, 6, ...) are zero since the triangu-
lar waveform is assumed to be symmetric about its dc value.
By expanding the series, it can be noted that the amplitudes
of the harmonics for n > 3, i.e., 1,3, 1,5, ... are much lower
than the amplitude of the fundamental /,,;. Therefore, the effect
of the higher order harmonics of the choke inductor current on
the winding and core power can be neglected. One must note
that the nature of the inverter operation causes the choke induc-
tor waveform to increase and decrease in an exponential fashion
rather than as a pure triangular wave. Such a waveform results
in even harmonic components, however, have negligible current
magnitudes compared to the fundamental component.

B. Design of Magnetic Core Using Area—Product Method

To design the choke, the magnetic material, core shape and
size, winding wire diameter, and number of turns must be es-
timated. The area—product method relates the geometrical core
parameters described by the core manufacturers with the induc-
tor magnetic and electric parameters [2]. The maximum energy
stored in the choke inductor due to both dc and ac currents is

1
Wiy = ELfIsz(max)- )

The window utilization factor K, and the saturation flux density
By are assumed a priori for the maximum inductor current and
the maximum operating temperature. The current density of the
conductor is selected based on the rms current requirement and
is discussed in the following section. The core area—product is
given by [2]

2w
Ap=WoA, = —H

= — 10
Ky Jems By {10

where W, is the core window area and A. is the core cross-
sectional area, both of which are mentioned in the core man-
ufacturer datasheet. The quantity Jin is the rms wire current
density, where Jy,s = 5 A/mm? is used in this paper. Further-
more, the window area is estimated from (10) as

A

W, = A—”. (11)



SAINI et al.: ANALYSIS AND DESIGN OF CHOKE INDUCTORS FOR SWITCHED-MODE POWER INVERTERS 2237
The minimum gap length to avoid core saturation is [9] function of frequency is [2]
2uoWyr, l P
lg(min) = M—zf - = (12) Sw= | (18)
AcB; Mrc T [y Mr o

where 1 is the permeability of free-space, u. is the relative
permeability of the core material, /. is the mean magnetic path
length. A standard gap length [, > l4(min) is chosen, which sat-
isfies By << By, where By is the peak flux density. For the
selected gap length, the number of turns required to meet the
desired inductance is

N= |2 (1 + l)
MoAc ¢ Merc .

Alternatively, low iron powder cores with a low relative per-
meability u. can be utilized. This affects the winding design.
The dc current as well as the ac current through the choke are
functions of the load resistance of the inverter. In several ap-
plications, for example, class-E zero-voltage switching (ZVS)
inverter in wireless power charging systems, the load resistance
is a function of the distance between the transmission coil and
the receiver coil. In such operating conditions, the dc and ac cur-
rents may exceed a critical value causing the core to saturate.
This requires an air gap in the core. For the gapped core, the
peak value of the magnetic flux density in the core of the choke
inductor is given as

(13)

_ //chMONILf(max)
L (14155
However, the amplitude of magnetic flux density due to the

fundamental of the ac component of the choke inductor current
is

Bk (14)

/'LrC/*LONIml _ 8/'ch/*L0NILfm
(14 5) (14 )

For the gapped core, the Steinmetz empirical equation for the
power loss density at frequency f is [8], [9]

By = 15)

b
ButreoN ILpm

m (16)

Py, = kf*Bb, = kf¢

where k, a, and b are the Steinmetz empirical coefficients [8].
Consequently, the total power loss in the gapped core is

b

SMrCMONILfm Al

Pcy = PV = kfsa
72, (1 + “l;l">

a7)

where V. = A_l. is the volume of the core.

C. Winding Design

This section provides a methodology to design the inductor
with a solid round winding. The solid round winding is designed
to withstand the maximum current stress at a uniform dc cur-
rent density. Assuming a copper conductor, the skin depth as a

where p, = 1.724 x 1078 Q-m at T = 25 °C is the resistivity
of the conductor, f; is the operating frequency, i, is the relative
permeability of the conductor (i, = 1 for metals), and g is the
absolute permeability of free space. For a wire current density
Jyn, the miminum wire cross-sectional area A, min) required to
withstand the peak inductor current /1 f(may) 1S

11 f(max)
erS

Assuming that a solid round wire is used, the chosen wire must
have an inner diameter d; greater than d;min) given by

4A min 41 "(max
di > dimin) = \/ ];JT( L = N nLJ; a ) (20)

which can be selected from a wire datasheet. In addition, the
average length per turn /7 of the winding wound around the core
is estimated. The total length of the winding is /,, = Nlr. The
dc resistance of the solid-round winding is

Aw(min) = (19)

Ryge = —— 21
dc Aw ﬂdlz ( )
The conduction power loss due to the dc component is
4,0 NlT 12
2 w I
Prue = 17y Ruge = === (22)

1

The solid-round winding wire ac resistance of single-layer in-
ductor is determined by Dowell’s equation [3]

sinh (2A) + sin (2A)

R, =Ry 23
4 cosh (24) — cos (2A) 3)
where A is the relative winding inner diameter given by
B/4
b d,‘
A= (Z) 5 /1, (24)

where 7, is the porosity factor. The winding power loss due to
the ac component

P I n211 641 Z fm
wac — 2 w — 27_[4

The selected core allows for a single layer winding to be wound,
and therefore, the proximity effect is neglected in this paper.

For the designed inductor with solid-round winding, the total
power loss is the sum of the core power loss given in (17), the
power loss due to dc current given in (22), and the winding loss
given in (25), and is expressed as

Ry. 25)

PLf = PCg + PRwdc + Pwac~ (26)

D. Choke Impedance

The parasitic components, such as the turn-to-turn capaci-
tance and winding-to-core capacitance, create an upper limit
for the useful bandwidth of the choke inductor [22]-[24]. The
lumped-element model of a choke inductor is shown in Fig. 2.
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(o 5 'V, output power Py = 10 W, switching frequency f; = 250
I I kHz. The initial efficiency of the inverter is assumed as n = 0.95
and the loaded quality factor of the resonant circuitis Q; = 10.
L, R —° From [26], the load resistance is
8 V? 52
Fig. 2. High-frequency lumped-element model of a choke inductor. — =0.5768 x 0= 1.44Q (3D

The resistance R,, is the ac series winding resistance, L ; is the
inductance [14]-[19], and C is the self-capacitance.

The turn-to-turn capacitance of single-layer inductor with
separation between adjacent turns s = p — d,, is [24]

260[7‘

2
1 d,
\/(glnd—i+dﬁo> —1

. 2
X tan l+ld—)
GG +a -

where [ is the wire length-per-turn, p is the winding pitch,
€0 = 8.854 x 1072 F/m is the permittivity of free space, e,
is the relative permittivity, and d; and d, are the inner and
outer diameters of the winding, respectively. For a multilayer
inductor with N turns of winding and a magnetic core, the self-
capacitance can be determined as [23]

C, = kc Ci

Ctz =

27)

(28)

where k. is the coefficient dependent on the number of turns
required to estimate the total self-capacitance of the winding
conductor for inductors with magnetic core. The value of k,
isk. =1.375for N =5, k. = 1.3684 for N = 6, k. = 1.3666
forN =7,k. =1.3662for N = 8, k. = 1.3661 for N = 9, and
k. = 1.366 for N > 10 and is explained in detail in [23]. At high
frequencies, the displacement current bypasses the inductance
and flows through the capacitance. The impedance of the choke
model shown in Fig. 2 is
Z; =(Ry + joLy)l| ! R L Z)—“’
s = Ky T JWLyg)l|— = w.w—“wz
jots U+ g = (5)

where the frequency of the zero, self-resonant frequency, and
the quality factor are, respectively

(29)

R,
Wz = —
e Lf
w 1
R ——
21 27T,/Lfcs
and
00 = 11 [Ly (30)
T 2% R\ G

I1l. DESIGN OF CHOKE FOR CLASS-E POWER INVERTER
A. Electrical Parameters

A choke inductor is designed for an example class-E power
inverter with the following specifications: supply voltage V; =

- 7T2+4P0

and the desired choke inductance is [26]
Li=2(% 1) R Ze03 L4 soun 32
= —_— -_— = . X —— = .
f 4 I 250 x 10° H

The dc input current using (2) is I; = Iy = 2.105 A. The
amplitude of the ac current through the choke inductance using
(4) is I = 125 mA. Therefore, the peak value of the choke
inductor current is Iy fmax) = I + Ifm = 2.23 A. The peak
current is assumed as /7 rmax) = 2.5 A in order to provide a
considerable safety margin.

B. Selection of Magnetic Core and Winding Wire
The maximum energy stored in the choke inductor using (9)
is

1
Wi = =Ll e = 0.125mJ. (33)

2

Assume the following parameters for the core: current density
Jims = 5A/rnm2, window utilization factor K, = 0.3, satura-
tion magnetic field density By = 0.25 TatT = 90 °C for P-type
material. The core area product using (10) is

= 0.0666 cm”. (34)
A Magnetics ferrite gapped pot P-type core 43019UG was se-
lected, which has:

1) core area product A, = 0.74 cm?;

2) core cross-sectional area A, = 137 mm?;

3) mean magnetic path length /[, = 45.2 mm,;

4) relative permeability of the core material .. = 2500.

The P-type material has the following properties. The max-

imum usable frequency is 1.8 MHz, Curie temperature is
T, = 210 °C, saturation flux density at 7 = 25 °C is 0.47 T,
and resistivity is 5 Q2 - m. The fundamental frequency and its
third harmonic are within the bandwidth of the core. The se-
lected core has a standard gap length of /, = 1.25 mm. In order
to ensure the gap length suffices that required to avoid core
saturation, one may calculate the minimum gap length as
2uoWrp 1

— £ =0.0216 mm

2 (35
ACBSZ Mrc

Lo(min) =
which is lower than the chosen /, = 1.25 mm. The number
of turns needed to achieve the required inductance using the
selected gapped core is

L I
N=|-L (lg + —) = 17.144.
HoA, Merc

The number of turns N = 18 was selected. For the selected
core, the effective heightis 2D — [, =13 — 1.25 = 11.75 mm,
where 2D is the height of the core window typically provided in

(36)
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core manufacturer datasheets. The McLyman’s fringing factor
is [1]

lg _ lg

Fr=1+ In = 1.239. 37
s JA. I, (37
The inductance including the fringing effect is
A.N?
Ho — 54.48 uH. (38)

Ly=—t2""
/ lg/Ff+lc/Mrc

As desired, the actual choke inductance due to fringing effect
is higher than the calculated value given in (32). The cross-
sectional area required by the winding to sustain the current
stresses using (19) is

Arpmay 2.5

= = 0.5 mm’
Tos 5 x 106 mm

Ay

(39)

to yield the minimum conductor diameter as d; = 0.797 mm.
From the AWG datasheet, the selected winding is AWG?20. The
inner diameter of the selected wire is d; = 0.812 mm, the outer
diameter is d, = 0.879 mm to yield the bare wire area as A,, =
0.5178 mm?. The outer cross section area of the winding wire is

d2
Ay, = % — 0.606 mm>.

(40)
Using (11), the window area is W, = A,/A. = 54.01 mm?.
However, the required core winding window area is

_ NAU)O

W, = = 36.36 mm? < 54.01 mm>

(41)
u

which ensures that the selected core can sufficiently accommo-

date the winding structure. Furthermore, the wire length-per-

single turn wound around the center-post of the selected core of

diameter F' = 13.3 mm is

Iy = w(F +d,) = 44.4mm. (42)

Therefore, total wire length is /,, = Nlp = 0.799 m. Taking the
leads and winding angle into account, let us assume /,, = 0.82
m.

For the selected core material, the saturation flux density is
B; = 0.45 T at 25 °C. However, in order to account for the rise
in choke ambient temperature, a derated saturation flux density
Bsminy = 0.25 T at T = 90 °C is considered. Using the given
core and electrical parameters, the peak value of the magnetic
flux density for the gapped core as given in (14) is

_ /fLO,ercNILf(max)

B, = =44.7mT < Bsmin)-
r le + Mrclg i)

(43)
From the fundamental harmonic approximation discussed in
Section II-A, the triangular waveform of the ac component of
the choke inductor current is approximated by its fundamental
sinusoidal component. The amplitude of the fundamental of ac
component through the choke inductor is

8

Iy = —Ipm = 0.1013 A. (44)
T

The amplitude of the fundamental component of the flux density
using (15) is

- opre N Iy

le+ Mrclg

(45)

C. Power Losses in the Choke

For the selected core material and the specified operat-
ing frequency f; =250 kHz, the Steinmetz parameters are
k = 0.0573, a = 1.66, and b = 2.68. The total core power loss
density at B,,, = 3.644 mT using (16) is

mW

Py = kf“(Bew)” = 0.011 —. (46)
cm
The volume of the core is given as
V.= AJl, =137 x 45.2 = 6.192 cm®. 47)

Therefore, the total power loss in the gapped core using (17) is
mW 3
Pcg = PV, =0.011 e x 6.192cm’ = 0.073 mW. (48)

For the copper winding, the skin depth at the switching fre-
quency using (18) is obtained as

8w = |—L  —0.132mm. (49)
T fs r o
The dc resistance of the solid round winding is
4p,NI
Ruae = 22T — 26.6m (50)
nd,

i
yielding the conduction winding loss due to the dc current as

Prudgc = I} ;Ryac = 117.8mW. (51)

For a porosity factor n, = 0.9, the relative winding inner diam-
eter is given by

2\ 4,
The ac resistance of the solid round winding using (23) at f; =
250 kHz is

sinh (2A) 4 sin (2A)

Rw = Rwch
cosh (2A) — cos (2A)

=121.9mQ.  (53)

Hence, Fr = R,/ Ryac = 4.58. The power loss due to the ac
component

12
Ppac = %‘Rw = 0.625mW. (54)

The ratio of the winding dc power loss to the winding ac power
loss is
Pryac  117.8

= —— = 188.5.
Pyac 0.625

(55)

One can observe that the winding dc power loss due to the
dc current component is a much significant contributor to the
overall power loss in the choke inductor. Neglecting the losses
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in the core and the ac winding loss, the power loss in the choke
inductor at 7 = 25 °C is

PLf X Pryde = 117.8 mW. (56)

For the third harmonic 3f; = 750 kHz, using (8), (18),
and (23), 1,3 =0.0113 A, §,3 =0.0764 mm, and R,3 =
0.2106 2, respectively. The ac winding power loss is P,3 =
0.01345 mW, which is negligible as compared to the winding
dc power loss and the power loss due to fundamental component.

The conductor resistivity increases with temperature by the
relation p,(T) = pp, (25 °O)[1 + ac, (T — 25)], where ¢, =
0.00393 °C~!. Using (21) and (22), the dc winding resistance
and the winding power loss also increase with temperature,
respectively. The dc winding power loss is Pgyg. = 121.3 mW
at T =50 °C and Pryge = 143 mW at T = 100 °C.

D. Choke Impedance

The selected AWG20 winding conductor has the following
specifications: inner diameter d; = 0.812 mm, outer diameter
d, = 0.879 mm, and permittivity of the wire insulating mate-
rial €, = 3.3. The wire length per turn /7 = 41.78 mm. As-
suming a tightly wound inductor, then pitch p = d,. Using
(27), the turn-to-turn capacitance is C;, = 4.905 pF. The self-
capacitance of the winding for N = 18 at k. = 1.366 using (28)
is Cy = k.Cyy = 1.366 x 4.905 = 6.702pF. At R, = 0.183Q
computed at the switching frequency, using (30), the fre-
quency of the zero, the unloaded quality factor, and the self-
resonant frequency are f;; = 4.575kHz, Qo = 13.351 x 103,
and fo = 9.72 MHz, respectively.

IV. ComMPARISON OF RESULTS WITH CORE-GEOMETRY
COEFFICIENT (Ky) METHOD

The core geometry coefficient (K,) method is another viable
design technique for magnetic core selection [1], [4]. This tech-
nique is based on an assumption that the ac winding loss and
the ac core loss are much lower than the dc winding loss. This
occurs when the ac component of the choke current is signif-
icantly lower than its dc component; therefore, a high-valued
choke inductance is required to support this condition. For the
purpose of comparing the outcomes of A, and K, methods, the
following cases are considered.

A. Case 1: Comparison Using Calculated Choke
Inductance

The electrical specifications and the inductance are as given
in Section III-A. The ripple-to-dc current ratio for the given
design is

Ai 2l 2x0.125
5, = DILf _ ZlLfm 2 X —11.8%. (57)
I; I; 2.105
The expression for the core geometry coefficient is
PwL217(1 48, /2)
_ wioply / (58)

¢ aPo B2

where o = Pgyqc/ Po is a constant, which is assumed during the
initial stages and the remainder of the parameters are as defined

previously. Assuming o« = 0.005 yields K, = 0.00194cm°.
From [1], PC41811 ferrite pot core with K, = 0.005287 cm?
is the appropriate selection. The area—product A, for the se-
lected core from [32]is A, = 0.11413 cm?, which satisfies the
value calculated in (34). Therefore, if the inductance is estimated
based on the circuit-oriented approach, then the two methods
result in nearly identical magnetic cores.

B. Case 2: Comparison Using Required Ripple-to-DC
Current Ratio

In order to achieve a low ac core and winding power loss, the
ripple-to-dc current ratio must be very small. Assume §, = 1%.
For I; =2.105 A, then using (57), Aipy =0.01 x 2.105 =
21.05 mA. Using (2) and (4) in (57) results in the choke in-
ductance as

1 1

2f8,  2x250 x 10% x 0.01

(59)

Using (58), the core geometry coefficientis K, = 0.04376 cm’.
Using [1], PC3019 ferrite pot core with K, = 0.0804 cm’ can
be chosen, whose A, = 137 mm?, [, = 45.2mm, and volume
V.= A/l. =6.192cm’. The peak choke current is /1 p(max) =
I1 + Aipg/2 =2.11 A. The energy stored using (9) is Wy ; =
0.4475 ml. Therefore, the area—product A, using (10)is A, =
0.238 cm®. Using [32], PC42213 is chosen, core volume V, =
2.81cm?, i.e., the core selected using A » method is relatively
smaller than that by K, method.

V. EXPERIMENTAL RESULTS

A class-E power inverter was designed, built, and tested to
verify the theoretical predictions. For the specifications given
in the previous section, the values of the inverter components
were obtained as follows [26]: choke inductance Ly = 40 uH
(as calculated earlier), shunt capacitor C; = 81.05 nF, resonant
capacitor C = 49.89 nF, resonant inductor L = 9.81 uH, and
load resistor R = 1.44 Q. The circuit was simulated and the
Fourier analysis of the choke inductor current was captured.
Fig. 3 shows the simulated frequency spectrum of the choke
inductor current showing the dc, fundamental, second, third,
and fourth harmonics. Two main conclusions can be made: 1)
the dc current component of the choke current is significantly
larger than the amplitude of the fundamental component and
2) the amplitudes of the higher order harmonics are relatively
smaller than the fundamental, decreases with frequency, and,
therefore, can be neglected in estimating the inductor power loss.
The even harmonics are present, however, they have negligible
amplitudes, because the choke inductor current waveform has
exponentially rising and falling edges.

The choke inductor was built using the selected core and
winding conductor discussed in Section III-B. A conceptual
representation of the cross-sectional view of the choke induc-
tor with gapped core is shown in Fig. 4. First, the ac charac-
teristics were measured to ensure whether the operating fre-
quency of the choke exists within the useful range of frequen-
cies, where only the inductive properties are dominant. An
HP4194A impedance/gain-phase analyzer was used to capture
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Fig. 3. Simulated frequency spectrum obtained using Fourier analysis

of the choke inductor current.

-

Fig. 4.
core.

Conceptual representation of the choke inductor with gapped

the measurement data. The instrument was capable of measur-
ing the impedance up to 40 MHz. The measured low-frequency
inductance was L ; ~ 48 uH. The measured dc winding resis-
tance was R,,qc = 33.33 m2 at the choke operating temperature
T = 38 °C. The calculated value of the dc winding resistance
at the choke operating temperature was R,q. = 28.48 mQ2. A
difference of 4.85 m<2 could be attributed to the lead and para-
sitic resistances of the winding and the measuring equipment,
respectively. The subsequent results to validate the theory takes
into account the measured dc winding resistance. The mea-
sured dc current through the choke inductor was I,y = 2.173
A. Hence, the power loss in the choke due to dc current was
Pruwde = sz Ryde = 157.4 mW. As shown in Section III-B and
-C, the winding power loss due to the ac component of the
inductor current P,,. and the core loss Pc, were much lower
than the winding dc power loss Pgyq.. The choke power loss
was less than 5.7% of the overall power loss of the class-E in-
verter. Fig. 5 compares the theoretical and experimental plots
of magnitude of the impedance of the inductor. The measured
resonant frequency was observed at fy = 10.2 MHz and the
theoretically estimated value is 9.72 MHz. At the operating fre-
quency of the described circuit, the impedance is | Z;| ~ 70 €2,
which is nearly 50 times higher than the load resistance. Fig. 6

10 T T T T T
Predicted
*  Measured

10° 10
f (Hz)

Fig. 5. Theoretically predicted and measured magnitudes of the induc-
tor impedance as a function of frequency.

_40 . .
*
-60 ]
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10° 10° 10* 10° 10° 10
f(Hz)

Fig. 6. Theoretically predicted and measured phases of the inductor
impedance as a function of frequency.

shows a comparison of the theoretical and experimental plots of
phase of the inductor impedance. At dc and very low frequen-
cies, the impedance is dominated primarily by the dc winding
resistance. With increase in frequency, the inductive character-
istics are dominant. At frequencies beyond the resonant fre-
quency, the self-capacitance dominates the inductance and the
phase rolls off to —90 °. If frequency-dependent winding re-
sistance R,, and inductance L are used, Z; and ¢z remain
unchanged.

The components used in the experiments are summarized
in Table I. The IRF540 silicon n-type power transistor with
maximum drain-to-source voltage Vpsmy = 100 V, maximum
drain current Ipy = 20 A, and output capacitance C, = Coss —
Ciss = 560 — 120 = 440 pF was considered. The transistor was
driven by a low-side high-speed gate-driver TC4420 by Mi-
crochip Technology. Fig. 7 shows the photograph of the lab-
oratory prototype of the class-E inverter including the choke
inductor built and tested in the previous section. Fig. 8 shows
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TABLE |
COMPONENTS USED IN EXPERIMENTS

Component Calculated Measured

Ly 40 uH 48 uH

MOSFET IRF540

Ciext =C1 — C, 80.9 nF 80.26 nF, esr = 26.2 m2
L 9.81 uH 10.05 uH, esr = 29.98 mQ
C 49.89 nF 50.09 nF, esr = 16.2 mQ
R 1.44Q 1.52Q

Choke inductor

Ly = 47.9 uH : g

= P

Experimental circuit of o
o :

Cyexe = 80.26 nF

Fig. 7. Photograph of the circuit used in experiments.
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Fig. 8. Experimentally obtained waveforms of gate-to-source voltage
vgs (upper trace), choke inductor current iy ; (middle trace), and drain-
to-source voltage vps (lower trace).

the experimentally obtained waveforms for the gate-to-source
voltage vgs, choke inductor current iz s, and drain-to-source
voltage vps. The duty cycle was set at 50%. The average choke
inductor current was measured as /7y = 2.21 A. The ac compo-
nent was I r, = 0.35 A. The maximum drain-to-source volt-
age was Vpsm ~ 18 V. The drain-to-source voltage reduces
to zero before MOSFET turn-ON. Fig. 9 shows the waveforms
of load voltage and load current. The amplitude of the out-
put voltage was Vg, = 5.45 V and the amplitude of the out-
put current was 2.92 A. The load power is Pp = V2 /(2R) =
5.452/(2 x 1.52) = 9.77 W. The input current was measured as
I} = Iy =2.105 A. At an input voltage V; =5 'V, the input
poweris P; = VI =5 x 2.105 = 10.525 W. The measured
efficiency was n = Po/P; =~ 93%.

Trig*d W Pos: -360.0ns

+ i
_ vBS (5 Vsdiv)

Tek TL

AR
ANPAN

Fig. 9. Experimentally obtained waveforms of gate-to-source voltage
vgs (upper trace), load voltage vg (middle trace), and load current ig
(lower trace).

VI. CONCLUSION

This paper has presented the design procedure for the choke
used in class-E ZVS power inverters using the area—product
method. The area—product method was compared with the K,
method. A gapped core has been selected to avoid core satura-
tion. The core power loss has been evaluated through a modified
Steinmetz equation for gapped cores. The ac component of the
flux density was reduced significantly by the placing an air gap
resulting in a low core power loss. The ac resistance of solid
round winding has been determined using Dowell’s equation.
The dc and ac winding power losses due to the dc and ac funda-
mental choke current components have been determined. It has
been shown that the ac winding loss is significantly lower than
the dc winding loss and can be neglected for the design presented
in this paper. The dc winding loss is also higher than the core
power loss for the designed choke. Thus, the power loss due to
the dc choke inductor current is the dominant loss component.
The Fourier analysis result has revealed that the dc component
of the current through the choke is dominant compared to the
fundamental and the harmonics. Therefore, the power loss due
to the harmonics in the choke inductor current can be neglected.
The self-capacitance has been determined and can be included
in the shunt capacitor of the class-E inverter. The contributions
of this paper are as follows.

1) A systematic procedure to design the choke inductor for
switched-mode inverters, namely, class-E ZVS inverter
has been introduced. The procedure involves the design
of the choke using the area—product (A ,) method, which
combines both the electrical and the mechanical proper-
ties of the magnetic core and the winding.

2) Previous works on choke design were performed using
the geometry coefficient method or the K, method by
Sekiya et al. The results are very useful as they provide
a good description of core power losses and mechanical
specifications. However, there is a huge gap in the liter-
ature in the area of choke design using the area—product
method, which is vital for core selection from many core
distributors such as Magnetics, Inc. These distributors
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list A, as the core selection criterion. Therefore, the rig-
orous procedure for choke design, which computes the
required A, identify the appropriate core material, size,
and shape, and evaluate the choke performance has been
presented in this paper.

3) The outcome of the area product A, method is a mag-
netic core identical or smaller in volume to that obtained
through the core geometry coefficient method (Kj).

4) The ac characteristics of the choke inductor have been
evaluated and measured. This is very important for in-
verters such as class-E inverter, where the total transistor
shunt capacitance plays a critical role in ensuring ZVS
operation. By estimating the self-capacitance of the de-
signed choke inductor, the total value of the external shunt
capacitance can be determined, which has not been pre-
viously reported through analytical means for the class-E
inverter. Also, the bandwidth of the inductors that shows
a good performance over a range of frequencies has also
been presented.

Future work can be to extend the presented methodology for

the

design of chokes in other switched-mode inverters and radio-

frequency power amplifiers and study for design optimization.
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