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Abstract— The switched inductor is a new circuit
configuration for electronically varying the effective inductance
of an inductor. In conjunction with a capacitor, filters with
electronically adjustable tuning frequency can be constructed.
This filter has the advantage to follow specific harmonics at the
output of an inverter with varying frequency. In this way
selective harmonic elimination is possible.

Index Terms-- Active filters, Switched capacitors, harmonic
current elimination

L INTRODUCTION

Voltage and current harmonics are always present in
power converters. The line current is rich in odd harmonics
and various solutions have been suggested [1- 5]. The output
of inverters contains unwanted voltage harmonics and many
attempts are made to alleviate this problem [6-11]. In this
paper a new active filter, the Switched Inductor Filter is first
investigated, analyzed and then applied at the output of an
inverter. The single pulse 3-level inverter, rich in low order
harmonics is chosen to demonstrate the effectiveness of the
filter.

The switched inductor is demonstrated in Fig. 1. It will be
shown that the effective inductance L., the inductance
appearing at the input of the circuit, is smoothly controlled by
setting the value of the duty cycle of the series switch S1, Fig.
3.

The circuit is first analyzed using the switching function
technique [12] in order to derive an expression for the value
of the effective inductance as a function of the duty cycle. A
capacitor is used both in series Fig. 4, and in parallel Fig. 6,
with the switched inductor and the response of the two
circuits with varying duty cycle is investigated. Tuning is
achieved in the same way as in passive filters but in the
switched inductor circuit the tuning frequency is set by the
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value of the duty cycle of the series switch for fixed values of
L and C. The series tuned circuit is connected across the
output of a single pulse 3-level inverter Fig. 8, in order to
reduce the 5" harmonic of the voltage. An inductor Ls is
inserted in series in order to develop the opposing voltage to
the voltage harmonics. It will be shown that the filter is very
effective.

II. OPERATION OF THE SWITCHED INDUCTOR

The inductor is connected to the voltage source via a
semiconductor switch. A second switch is connected across
the inductor itself, Fig. 1. The two switches are working in
antiparallel i.e. when one is open the other is closed, Fig. 2.

Lin(t), S1 Lina(t)
L
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Fig. 1. The switched Inductor.

Fig. 2. Currents of the switched Inductor. Upper Trace: current through
inductor. Middle Trace: Line Current. Lower Trace: Current through parallel
Switch.

978-1-5386-2344-2/17/$31.00 ©2017 IEEE



The magnitude of the flowing current and hence the
impedance of the circuit is controlled by controlling the duty
cycle of the series switch S1, and consequently the effective
impedance of the switched combination.

When the switched inductor is used in conjunction with a
capacitor, the tuning frequency is electronically controlled
making the combination suitable as a filter for eliminating
harmonics in power electronic circuits.

I1I. MATHEMATICAL ANALYSIS OF THE SWITCHED
INDUCTOR

The output voltage [12], the voltage across the inductor,
Uo(t) is given by

U, ()= F()V, (1) M
Where, Vin(t) is the input voltage and

v, (6)=V, sin(er) )

V, is the peak value of mains voltage, and F(t) is the
switching function describing the switching action of the
switch S1.

F(t)=K, +zzsm(”5)

n=1
Where, & is the half width of the pulse, 0 is the phase delay
of the switching function and 7 is a positive integer 1, 2, 3....
K, is the average value of the switching function where,
Ko=26/T and T= mains period.

sin(wt — n@) 3)

Therefore from (1)

U,()=K,V, +2V, iM sin[(n+1)cxt —n6] +
n=1 nrw (4)
w Z SIN0) il Tyt —nfl]
niw

n=1

The voltage U,(t) is applied to the inductor with inductance
L and small resistance r.

d[[(t)] (5)

U, ()= L==L+I(t)r

Equation (5) is a linear non-homogeneous first-order

differential equation with constant coefficients. The
corresponding auxiliary equation

LA+R=0 (6)
Results in a complementary function

I,(=e"" (7)

While the method of undetermined coefficients results in a
particular integral giving a general solution

1= (®)

L,o+1,@)=..
Note that, In(t) is the transient, while I,(t) is the steady-
state of the system.
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Where,

Z, =J[oL)] + 7
Z,., =+[oL(n+ )] +r*
=\[@oL(n-1)] +7r

wL(n+1)
@, = atan——— (10)
r
6 —atan wL(n-1)
r
P=a tanw—L
’
K= sin(nd)
ni

In a real inductor the value of r is very small and can be
ignored. Furthermore, switching at relatively higher
frequency than the mains frequency, the fundamental
current in the inductor can easily be filtered and the
expression of the current is reduced to

vV
I, =K, —Zsin(wt—90°) (11)
wL

The inductor current Ling(t) is “reflected” [12] back to the
line, to form the line current Ipine(t) where,

Luu (t) F(t)lmd (t) (12)
The fundamental current is extracted from (12) as
2 V o
1,,.()=K,>—sin(wt —90°) (13)
oL

The “effective reactance”
derived from (13) as

at fundamental frequency is

wl
Xy = P

(14)



And the effective inductance

L

L, = e (15)

Therefore, the effective inductance of a fixed inductor can

be controlled electronically Fig. 3, by controlling the duty

cycle of the switches.

The resonance frequency of either in series or parallel

circuit, ignoring r is given as
1
o=
2z LC

It follows that for a series LC circuit employing the
switched inductor where its effective inductance is given by
(15), the resonance frequency becomes a function of both the
passive elements LC and the duty-cycle of the switches K.

(16)

K
fr=—F= (17)
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Fig. 3. Control of the inductance with the duty cycle of the switch.

Iv. THE SWITCHED INDUCTOR

A. Series Tuned Circuit
Lin(t) C [l

o I
&

Fig.. 4. The series tuned circuit with switched inductor.

S1 Lina(t)

The switched inductor is connected in series with a fixed
capacitor C=1.0pF Fig. 4. The passive value of the inductor is
0.1H and it would give resonance at 503.3Hz. Now the tuning
frequency can be set to any value up to 503.3Hz by setting the
duty-cycle K, according to (17) as shown in Table I.

By varying the duty cycle of the switches, resonance is
achieved at 250Hz for K, = 0.5 Fig. 5. The sharpness of the
response is a function of the relative values of LC as in any
passive LC series circuit. This is shown by repeating the
response with a new set of values L = 0.01H and C =10pF,
Fig. 5.
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Fig. 5. Resonance: Current versus duty cycle at 250Hz.

TABLE I
VALUES OF K, AT DIFFERENT RESONANCE FREQUENCIES
Tuning frequency (Hz) K,
150Hz 0,298
250Hz 0,497
350Hz 0,695

B. Parallel Tuned Circuit

In this circuit, the switched inductor is connected in
parallel with a fixed capacitor Fig. 6. The passive value of the
inductor would give resonance at a frequency according to
(16) but now the tuning frequency can be set to any value by
setting the duty-cycle K, according to (17) since for small
values of  the tuning frequency for series and parallel circuits
is the same.

S1 Imd(t)

Iin(t)
= 2\

6
T

Fig. 6. The parallel tuned circuit with switched inductor.

In Fig. 7, the response of the circuit for L=0.1H and
C=1.0yF is illustrated. The frequency of the supply voltage in
Fig. 6, is 250Hz and for this frequency the current is



minimum, practically zero for a duty-cycle of 0.5 according
to (17). Again the tuning frequency can be set by the duty
cycle. This circuit will present very high impedance to a
selected frequency.
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Fig. 7. Current against duty-cycle K, (L= 0.1H, C=1pF).

V. AN APPLICATION: ELIMINATION OF
VOLTAGE HARMONICS

The switched inductor filter is connected at the output of
an H-Bridge 3-Level single pulse inverter Fig. 8. A series
inductor is inserted at the output where the harmonic voltage
will be created in opposition to the harmonic voltage at the
output of the inverter.

By tuning the filter at 250Hz, the fifth harmonic of the
output voltage is almost eliminated Fig. 9. In Fig. 9, both the
compensated and uncompensated output voltage is displayed.
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Fig. 8. The H-Bridge 3-Level single pulse inverter with the filter.

The filter is tuned at 250Hz by setting the value of the duty
cycle of the switch S1 to 0.5 according to Table I and (17). As
shown, the 5th harmonic is almost eliminated. This is
achieved because the filter draws harmonic current at that
frequency and this current flow through the series inductance
Ls. The developed harmonic voltage is opposing the harmonic
voltage of the inverter. Of course, part of the reduction is due
to the series inductor itself.
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Fig. 9. Elimination of 5th harmonic of output voltage.

VL CONCLUSIONS

A new active filter is introduced here based on the
switched inductor. It is demonstrated that series and parallel
resonance is achieved at a selected frequency by setting the
duty cycle of the series switch. The resonance frequency can
be set to any value equal and below the frequency set by the
fixed values of the inductance and capacitance in the circuit.

In order to demonstrate the effectiveness of the circuit, the
series tuned circuit is used to reduce a selected voltage
harmonic at the output of a 3-level single pulse inverter. The
harmonic to be reduced is chosen electronically by setting the
duty cycle of the series switch. It is shown that the filter is
capable to reduce dramatically the selected harmonic. The
usefulness of the circuit lies in the fact the filter can follow
the harmonic as it changes frequency as is the case of an
inverter supplying an ac-motor with variable speed.

The mechanism of reducing the output voltage harmonics
of the inverter is to draw harmonic current through the series
inductor. This is done by tuning the switched inductor filter at
the frequency at the undesired harmonic. The filter is offering
minimum impedance at that frequency and current flows
through the series inductor. The developed harmonic voltage
is opposing the harmonic voltage at the output of the inverter.

The most difficult point to realize the proposed circuit is
losses. The current is interrupted at a switching frequency
which has to be much higher than the harmonic the filter is
aiming to eliminate. The switching frequency gives rise to
losses. Furthermore timing is important: the charged inductor
must always be in a closed circuit. This implies that the two
semiconductor switches must never open in a way to have an
open circuit for the inductor.

The parallel combination is still to be investigated for an
application to alleviate the problem of harmonics.
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