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—T he input filter attenuation must be sufficient to limit the resulting
interference to a level that is below the imposed specification.

The following flowchart provides a step-by-step approach that may be
used to design an input filter.

EMI filter design flowchart
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Defining the Negative Resistance

The negative resistance of the power circuit can be defined by looking
at the following conditions

Pout
efficiency
Pin
Vin

Pin

R Vin V_If] V2 efficiency
" lin Pin Pout



P1: IML/OVY
MHBDO017-03

P2: IML/OVY QC: IML/OVY T1: IML
Sandler MHBDO017-Sandler-v4.cls October 6, 2005 18:53

EMI Filter Design 65

The input resistance is negative because as the input voltage in-
creases, the input current decreases. As a simple example, we can use
PSpice to analyze the input resistance of the power circuit. PSpice can
analyze the input resistance in a number of ways. The simplest method
is the transfer function (.TF) analysis, which calculates the DC gain
and the small signal input and output impedance. The following exam-
ple uses the PSpice.TF analysis to measure the input resistance of a
switching power circuit.

Example 1—Input resistance analysis

Input File

RIN: INPUT RESISTANCE
TF V() V1

V15020

G150 Value ={ 100/V(5) }
.END

Output File

RIN: INPUT RESISTANCE
TFV(5) V1

V15020

G150 Value { 100/V(5)}
.END

END
SMALL-SIGNAL CHARACTERISTICS

V(5)/V1 = 1.000E+00

INPUT RESISTANCE AT V1= 4.004E+00

OUTPUT RESISTANCE AT V(5) = 0.000E+00

The G1 source simulates a power circuit, which has an input power of
100 W. V1 applies 20 VDC to the power circuit, and the .TF measures
the input impedance at node 5 and the output impedance at V1. The
results are placed in the output file. Note that PSpice calculated the
input impedance as a negative resistance of 4 Q, which is in agreement
with the above derivation.

Defining the Harmonic Content

The next step in designing an input EMI filter is to determine the har-
monic content of the power circuit input current. If the input current
waveform is known, a Fourier analysis can be performed in order to es-
tablish the harmonic content of the waveform; however, even if the exact
waveform is not known, we can estimate the waveform with reasonable
accuracy. The design can be optimized later, if necessary.

Consider the pulsating waveform in Fig. 3.1. With a peak amplitude
of 1 and a base amplitude of 0, we can compute the Fourier series of
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Figure 3.1 Pulsating waveform used in the Fourier series computation.
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If we assume that the input ripple current is pulsating and if we
know the duty cycle, we can proceed to the Fourier analysis. If the
duty cycle is not known, we will assume a value of 50%. This assump-
tion is the worst case, because the Fourier analysis of a pulsed wave-
form has a maxima at a value of 50%. In the next example, we will
use SPICE to calculate the Fourier coefficients of a 50% duty cycle
pulse.

Example 2—.FOUR analysis

The following example demonstrates the use of the .FOUR analysis. V1
is a pulsed voltage source, which has a 50% duty cycle and a 100-kHz
frequency. The .FOUR statement calculates the magnitude and phase
of the DC value and the first nine harmonics. The result is placed in
the output file as shown below.

EX2: DEMONSTRATING THE USE OF THE .FOUR ANALYSIS
.OPTIONS NUMDGT=3

.TRAN .01U 20U

.FOUR 100KHZ V(1)

V110PULSEO010005U 10U

.END
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Figure 3.3 FFT of the .STEP analysis. The waveform with the largest amplitude at 100
kHz corresponds to the 50% duty cycle (TON=5 us).

voltage source. In this case, the pulse has an initial amplitude of
1V and switches to 0 V after delay “TON.” “TON” is swept from 0.5 to
9.5 us in 0.5-us steps.

When the simulation is finished, you can use Probe to display the
X-Y data, or you may view the output file in a text editor. You will
have a graph of the fundamental harmonic versus “TON.” This confirms
the previous statement that the 50% duty cycle was the maxima and
provides a reference you may find helpful in the future.

X3: .STEP ANALYSIS
PROBE

PARAM TON=0.5u

.STEP PARAM TON 0.5u 9.5u 0.5u
TRAN .1U 10U

PRINT TRAN V(1)

V110 PULSE 10{TON}

END

The FFT results of the .STEP analysis are shown in the graphs of
Figs. 3.3 and 3.4.

Example 4 — EMI filter design

In order to design the EMI filter, we need to define a converter that
will operate with it. For the purpose of this example, let us assume that
we have a power converter that will operate with an input voltage of
18 to 32 V DC. The converter output power will be 75 W and will have
an operating efficiency of 75%. The converter will have a switching
frequency of 100 kHz. The conducted emissions requirement allows the
1-mA peak to be reflected back to the input lines. A second-order filter
will be used.
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Figure 3.14 A more realistic simulation using MPP cores for EMI filter design. The in-
stantaneous inductance is shown for both MPP cores (top graph) and for the input current
and output voltage.

The first simulation in Fig. 3.14 showed the results of the simulation
without DC current. As you can see, the inrush current is considerably
higher than the value we expected in the first simulation. This is due
to the saturation of the inductors. The waveforms in Fig. 3.14 show the
inductance during the inrush current.

The input inductor is almost completely saturated by the inrush cur-
rent. The inductance value in the schematic is somewhat higher than
the design value.

The second simulation in Figs. 3.16 and 3.17 shows the results of the
simulation with a DC value of 4.5 A added to the current source 11.

The current is negative because of the direction of the current source.
The inductor values are almost identical to the design values. The in-
rush current analysis has not been performed, because it is unrealistic



P1: IML/OVY P2: IML/OVY QC: IML/OVY T1: IML
MHBDO017-03 Sandler MHBDO017-Sandler-v4.cls October 6, 2005 18:53

EMI Filter Design 85

20.0

-20.0

100.0K
-83.9 >

Attenuation in dB (Amps)

=2}
o
o
-
A X

-100.0

140

1K 10K 100K ) 1)

Frequency in Hz

Figure 3.17 Effect of the DC current on the attenuation analysis.

The inrush current simulation is one of the most difficult simulations
to correlate with real hardware. This is generally due to the effects of
the source impedance of the test setup. Keep in mind that the power
supplies and cables have resistance and inductance. The SPICE model
must account for these elements, or they must absolutely be minimized.
With this in mind, it is certainly feasible to get good correlation with a
little care.

The example circuit in Fig. 3.18 was constructed for the purpose of
determining the accuracy of the model. The 28.8-xH input inductor is
constructed as 24 turns on a 58271 core, and the two 25.1-H inductors
are constructed as 28 turns on two stacked 58291 cores. The results are
shown in Figs. 3.19 and 3.20. The inductance of these two inductors is
shown in Fig. 3.18. Note that the input inductor drops by more than
60% as a result of the inrush current.

emi inrush correlation.cir

.PROBE

.TRAN 10n 250u 0 50n

C210113U

C3921U

R11104.99

R2204.99

C4901U

X197 3 MP58291 Params: N=28 DCR=.13 IC=0
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—5olid-state devices such as MOSFETS can be used to limit the input
filter's dv/dt in order to limit the current.

—Use resistors with a negative temperature coefficient. These devices
are commercially available and provide a limiting resistance at turn-
on. Once they are loaded, the resistors heat up and drastically reduce
in value.

As a final example, let us simulate an inrush current limiting scheme.
The following schematic shows the addition of a MOSFET inrush lim-
iter. The zener diode limits the gate voltage to 15 V, which is well below
the 20-V rating. If the zener were not present, the gate voltage would
charge to the input voltage and damage the MOSFET.

INRSHLMT.cir

.PROBE

.TRAN 1u 500u 0 .5u

C22368U

C32014U

R1301

C41733U

R2 10 10MEG

R3 2 0 10MEG

C6510.01U

R4701

R6 6 5 100K

1102 AC=1

X1 618 MP55131 { N=29 DCR=.035 IC=0}
X2 129 MP55121{ N=36 DCR=.035 1C=0}
V1410 PULSE 0 32

V246

Cl1106.8U

.END

The waveforms show the inrush current with the addition of the MOS-
FET limiter. Different values of R6 and C6 will produce different results;
however, this is adequate in order to demonstrate the concept. The se-
lected MOSFET has an Rys,, that limits the power dissipation to an
acceptable value.

Other implementations of inrush current limiting use negative tem-
perature coefficient (NTC) thermistors designed specifically for this ap-
plication. Resistor inrush limiters, which are bypassed using an SCR or
a relay after the initial inrush, are also fairly common. In this case it is
important to assure that the load on the filter is not applied until after
the bypass device is enabled; otherwise, the input filter may not fully
charge, resulting in a second inrush when the bypass device is enabled.



