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Characterization of an RLC Low pass Filter

John F. lannuzzi

Introduction

Inductor-capacitor low pass filters are utilized in systems such as audio amplifiers,
speaker crossover circuits and switching power supply designs. Audio systems
use low pass filters to bypass power supply noise and to control surge currents.
Speaker crossover systems, because of their high power requirement use LC
filters to block low frequency power surges to the midrange and high frequency
speaker sections. In many cases, the output filter of a switching power supply
must use a custom wound inductor with a standard capacitor for optimal design
and efficiency. Because of this, the filter must be completely characterized with
all values and parasitic effects accounted for to insure the stability of the
feedback conftrol system. The parasitic effects include the DC resistance of the
inductor and the ESR of the capacitor.

This application note, along with AN-1 and AN-3 discusses a method for
characterizing an RLC filter fransfer function using the Circuit Sleuth
Network/Impedance analyzer.

Note from the Author. Commercial inductor and capacitor values are known for exiremely wide
tolerances. A concern is the use of these components in control systems where designs must be
extremely robust, sacrificing bandwidth/performance for stability because of the inductor and
capacitor tolerance stack up. Additionally, it also leads to the conclusion among engineers that
it is impossible to get the measurements to agree closely with the theoretical calculations or the
results of a simulation. Because of this, theoretical calculations and simulations are never
performed because they are deemed unreliable. This application note was written to illustrate
that when the actual components are characterized, accurate theoretical predictions and
simulations are possible. This does not exclude the fact that the designs must also be built, tested
and compared to the theoretical models. By this, the design has increased reliability, improved
quality and outstanding performance.

RLC filter transfer function, Vout/Vin

Figure 1 represents an RLC filter along with some series damping resistance and
an external sine wave voltage source.
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Figure 1. Schematic of RLC low pass filter.
The classic transfer function of the RLC filter is a second order system that is
described mathematically as:
Vout »*
Vin s> +2w-s+ o’ (1)
where:
1
2 [ —
7 (2)
and
R
26w =—
= 3)

Where R,L and C are the component values, ‘s’ is a complex vector, ‘w’ is the
angular frequency and ‘C" is the damping factor. The damping factor
resistance is included as a single resistance. This resistance is serving as a
placeholder for the parasitic resistances that are always physically present in an
inductor and a capacitor.

The parasitic resistance present in an inductor is its “DC" resistance. This
resistance is dependent on the amount of copper present in the inductor
winding. It is dominant at relatively low frequencies and can be measured at
the low frequency end of the inductor’'s impedance curve. The parasitic
resistance of a capacitor is called the equivalent series resistance, or ESR. The
ESR of a capacitor is dominant at the high frequency end of a capacitor’s
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impedance curve. In the following sections, both the inductance value and
capacitor value, along with their associative parasitic resistances, will be
characterized and placed into the circuit model. Since both of the parasitic
resistances are in series, they will be lumped together and represented as a
single resistor for the analysis.

Measuring the inductor, L

AN-1 details the techniques used for measuring the impedance of an inductor.
The same techniques were used to measure the inductor for this application
note. The Circuit Sleuth virtual front panel results for that inductor are shown in
figure 2. The inductance value is calculated from the magnitude. The
magnitude is 5.38 ohms @ 10 KHz.

I Mag _ 5.38 857
2z - f 27-10000 (4)

The resistance associated with the copper loss in the inductor windings or DC
resistance is measured as 0.04 ohms @ 200 Hz.
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#_ Circuit Sleuth Version 2.12 - 85uh_Inductor.txt

File Comm Format Scaling Help
Z Real v Impedance Real,Mag ¥ ZMag
10000 o |
Frequency MIN Freguency MAX
| 100 | 1000000
L= ot
Frequency Steps Sweep Mode —
n
."_z e [ 100 (" Continuous
» i Source Amplitude + Single
L] o~ (into 50 Ohms)
Ohms g/ . /| Ohms j | -10 IdBm ~|
' - Sweep Type |
L= P Averages
/f p:rerpoim {* Logarithmic
= = / I 1 i~ Linear
-~ i
P /" Reference Resistor
e Value
|
' / IT Ohms
0.01 0 Apply |
100 Frequency (Hz) 1000000
Communication Current Frequency (Hz) Step Number |
Ok @ I 1000000 I 100 O Probe Comp | STOP | PAUSE | STEP |
Error @ ’V —‘ ’V
Com Port 2 [Freq = 10000.00 Hz |Real = 0.14636 Ohms |Mag = 5.38419 Ohms

Figure 2. Test results of an 85 uH inductor. The cursor is positioned at 10 KHz. The
magnitude (RED) @ 10 KHz is 5.38 ohm:s.

Measuring the capacitor, C

AN-3 details the techniques used for measuring the impedance of a capacitor.
The same techniques were used to measure the capacitor for this application
note. The Circuit Sleuth virtual front panel results for the capacitor are shown in
figure 3. The capacitance value is calculated from the magnitude.

The magnitude is 19.05 ohms @ 10 KHz.

S — 1 = 0.84 4
27+ f-Mag ~ 27-10000-19.05 (4)
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The resistance associated with the capacitor ESR is measured at about 3.2 ohms
@ 0.9 MHz.

#._ Circuit Sleuth Version 2.12 - 1uf_Capacitor.txt

File Comm Format Scaling Help
Z Real v Impedance Real,Mag ¥ ZMag
10000 l
Frequency MIN Freguency MAX
N | 100 1000000
= \\ Frequency Steps Sweep Mode
100 " Centinuous
Y Source Amplitude * Single
\\ (into 50 Ohms)
Ohms o Ohms ﬂ =10 |dBm ~
o Sweep Type
= Averages
LS J p:rerpoini * Logarithmic
z -
Iﬂ""""'-----\ 1 " Linear
1 \""‘ e Reference Resistor
.-l" S > Value
~ iy "
e S =l 10 Ohms
o I
100 Frequency (Hz) 1000000
Acquisition Control
Communication Current Frequency (Hz) Step Number
ok @ 1000000 100 r Probe Comp ‘ ‘ ‘
Error @
Com Port 2 Freq = 10000.00 Hz Real = 4.33232 Ohms Mag = 19.04647 Ohms

Figure 3. Test results of a 1 uf electrolytic capacitor. The cursor is positioned at 10
KHz. The magnitude (RED) @ 10 KHz is 19.05 ohm:s.

Adding values to the filter model

Figure 4 illustrates the model of the RLC filter with the component values as
determined by the preceding impedance measurements.
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0.04 ohm 85.7uH

Vin Vout
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3.2 ohm

A
Figure 4. RLC filter with component values.

Since Rs and Resr are in series with the circuit, they can be added together and
represented as a single resistor, R. This is shown in figure 5.

3.24 ohm 85.7uH

Vin Vout

@

R

—C
0.84uf

<
Figure 5. RLC filter with R represented as a lumped value of Rs + Resr.

It is now possible to calculate the resonant frequency and the damping factor
of the filter.

Resonant frequency:

a):\/L :\/ 761 — =118170.76rad / sec
LC V\85.7-10°e0.84-10 (5)

[0}
=—=18.817KH:
S =0, z (6)

Damping factor:
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=0l " 211817076-85.7 10 10 (7)

Measuring the filter

The test setup for measuring the transfer function of the RLC filter is shown in
figure 6. It is also useful to connect an oscilloscope to the output of the source

to observe the frequency sweep as the test progresses.
Note that the resistance, R, is actually the parasitic resistances of the capacitor and inductor. IT
IS NOT AN ACTUAL RESISTOR TO BE CONNECTED.

T™I

The Sleuth

o @
Data Power

Input A
+4dBm (1vpp)

Input B
+4dBm (1vpp)

IVa  Lumped parasitic resistance b

| 3240hm | 857l
J ' R L
|
|
(50 ohm) ™
(Terminator C

——
Sleuth SA-40 50 ohm 0.84uf
NetworkImpedance Analyzer

Figure 6. Test setup to measure the transfer function of the RLC filter, with the
parasitic resistance, R, shown.

Figure 7 illustrates the Circuit Sleuth virtual front panel in the ratio (B/A)
measurement mode. The controls located under the PARAMETERS tab are used
to set the analyzer up for the desired frequency range, number of test points,
excitation signal amplitude, etc. As shown, measurements were taken over the
frequency range of 100 Hz to 1 Mhz with a logarithmic frequency and
magnitude scale.
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In this mode, the magnitude and phase (bode diagram) of the system response
is displayed. This is also known as the system transfer function. The transfer
function shows the output/input relationship of the system over frequency. The
magnitude is best represented in decibels and the phase in degrees. This
particular filter is very flat in the pass band, peaks at resonance and rolls off at
the high frequency end. Adding additional damping resistance will attenuate
the resonant peak. As mentioned in the infroduction, in switch mode power
supply design, it is very important to know the transfer function of the output filter
because it can significantly affect the stability of the feedback control system
that regulates the output voltage.

The cursor is placed at the peak point in the transfer function. This is the filter’s
resonant frequency. The measured frequency of resonance is about 18.2 KHz
and is within 3.2% of the calculated frequency of 18.8 KHz. Not bad!

*--. Circuit Sleuth Version 2.12 - 2nd_order LPF.txt

File Comm Format Scaling Help
Phase v Ratio B/A ¥ Magnitude
180 40 l
Frequency MIN Frequency MAX
[ 100 1000000
Frequency Steps Sweep Mode
/ 200 " Continuous
A Y Source Amplitude & single
\ (into 50 Ohms)
- L < 4B j 10 |dBm -
\\ Sweep Type
Averages
q P:frmi - * Logarithmic
\ 1 " Linear
N
// RN
N
=180 &0
100 Freguency (Hz) 1000000
Current Freque: (Hz) Step Number
ok @ 1000000 200 ™ Probe Comp | ‘ ‘
Error @
Com Port 2 Freq = 18197.01 Hz Mag= 8.292 dB Phase= -63.64 Deg

Figure 7. Virtual front panel output displaying the transfer function, magnitude
and phase, of the RLC filter.

Figure 8 illustrates the magnitude vs. normalized frequency at various damping
factors. The calculated damping factor of 1.6 compares favorably to the
magnitude measured at the resonance frequency of about 8.3 dB.
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Figure 8. Magnitude vs. normalized frequency for various damping factors.

Summary

This application note showed how to measure and verify the transfer function of
an RLC low pass filter. Theoretical calculations were performed initially using the
standard second order system transfer function to find expressions for the
frequency of resonance and the damping factor of the filter. The characteristic
impedances of the inductor and the capacitor were measured and the
parasitic resistances of those components were lumped together in series to
form the damping resistance of the filter. The transfer function of the filter was
characterized with a network analyzer. The frequency of resonance and the
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amplitude in dB at the point of resonance was measured. The measured
resonance frequency was within 3.2% of the calculated value. The damping
factor was estimated using the measured amplitude peak in dB of the
magnitude curve at the point of resonance and comparing that magnitude to
a normalized chart. It was determined that the calculated damping factor of
1.6 compared favorably to that indicated on the chart.
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