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Abstract—The cutoff frequencies of an EMI filter are normally 
given by the noise attenuation requirements the filter has to fulfill. 
In order to select the component values of the filter elements, i.e. 
inductances and capacitances, an additional design criterium is 
needed. In this paper the effect of the EMI filter input and output 
impedances are considered. The input impedance influences the 
filters effect on the system displacement power factor and the 
output impedance plays a key role in the system stability. The 
effect of filter element values, the number of filter stages as well 
as additional damping networks are considered and a design 
procedure is provided. For this analysis a two-port description 
of the input filters employing v4i3CD-parameters is used. 

Index Terms—EMI, EMC, input filter, damping, power factor, 
optimization 

I. INTRODUCTION 

Power converters are sources of conducted and radiated 
electromagnetic interferences (EMI) [1],[2] and international 
standards have been established specifying the maximal limits 
depending on the area of application [3],[4],[5]. In order 
to comply with these standards, generally an input filter is 
required. 
The attenuation requirement of the filter can be obtained by 
comparing the noise emissions with the applicable standard. 
Based on this attenuation requirement, the filter cutoff fre
quency of an LC filter stage can be selected. The filter com
ponents can be designed in order to optimize the input filter 
w.r.t. some characteristic or fitness function. This function can 
be a combination of different criteria, e.g. weight, volume, 
losses, etc. [18]. In order to find the values of the individual 
filter elements an additional design criterium is needed. In [7] 
a filter design procedure for AC line applications has been 
presented, however no clear statement on how to select the 
component values of L and C has been provided. In [6] 
another filter design procedure for power factor correction 
(PFC) circuits has been presented, including the effect of the 
input filter on the system power factor as well as damping 
considerations. However this paper focussed on the rather 
uncommon Chebyshev filter topology and the effect of the 
damping networks on the distortion of the power factor has 
not been considered in detail. In the present paper two distinct 
selection criteria for the filter components are analyzed; these 
are the effect of the input filter components on the filter 

input impedance Zin and output impedance Zout. The input 
impedance being related to the displacement power factor 
(DPF = cos(f> ((f> being the displacement angle between input 
voltage and current)) of the system, and the output impedance 
playing an import role in system stability considerations. 

II. INPUT FILTER DESCRIPTION 

In this work ^BCD-parameters are used to provide a 
framework for the analytical description of input filters and the 
calculation of all necessary impedances, e.g. input impedance 
Zin and output impedance Zout. A general two-port network is 
shown in Fig. 1. The input and output variables of the system 
are Ci,ii and V?,!? respectively. The ^BCD-parameter 
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Fig. 1. General two-port model with definition of input and output current 
and voltage references 

description of the two-port network in Fig. 1 is as follows: 

U ) - ( á S ) - U ) «> 
This description method allows to calculate the ^BCD-matrix 
of a cascaded system, by multiplication of the matrices of the 
individual sub-systems in the same order as they would be 
drawn in a network diagram and also connected in reality. 
The input and output impedances Zin and Zout of the network, 
as defined in Figs. 3 and 4, can be calculated as 

Zin = 7^ (2) 

Zout — —7 (3) 
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Fig. 2. Two-port employing ABCD-parameters of a single-stage LC filter 
with resistive load 
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Fig. 3. Input impedance definition of an LC filter 

As an example a single-stage LC filter is shown in Fig. 2. 
For this network, the ^BCD-matrix is 

A B \ _ f 1 - UJ2LC JUJL 

C D ) ~ \ juC 1 (4) 

and the the input and output impedances result in 

_ A _ l - UJ2LC 
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III. FILTER DESIGN AND DPF VARIATION 

A. LC Filter Design Procedure 

For a simple LC filter the following relationships between 
the required attenuation att (in dB/jV) at a specific frequency 
fatt (m Hz), the cutoff frequency fc and the product L • C 
of the two filter elements, i.e. the inductance L and the 
capacitance C can be used [19]. 

fatt 1 
fc (7) 

^/lQatt/20 2-KLC 

These provide the product value LC as a function of att and 
J att-

LC = 
iQatt/20 

f2 

J att 
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Fig. 4. Output impedance definition of an LC filter 
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Fig. 5. LC filter with resistive load 

Note that the single LC filter can be a single stage of a 
multi-stage filter topology where att denotes the attenuation 
this individual filter stage needs to provide. There is a degree 
of freedom in selecting the individual values of the inductance 
L and the capacitance C. The values of L and C can be 
selected in order to comply with some additional design 
criterium, e.g. regarding DPF variation or minimal output 
impedance. These criteria will be discussed in the following 
sections. 

B. Single stage with resistive load 

The simplest possible case which we will consider in this 
section is a single-stage LC filter with a resistive load RL 
as shown in Fig. 5. The resistive load could for example be 
a simple model of a PFC converter providing a zero degree 
phase shift between input voltage and input current. 

The input impedance of this network is given by: 

R ( , UJCR2 

¿HI 
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1 + UJ2C2R2 I 
(9) 

The combinations of L and C resulting in a phase angle of 
zero, i.e. resistive Zin and unitary DPF, are shown in Fig. 
6. Figs. 6(a) and 6(b) show curve families in the L — C-plane 
which lead to a unity DPF for different values of the resistive 
load R (R = 0.1 : 0.1 : 10Q) and for grid frequencies of 50Hz 
and iOOHz respectively. Figs. 6(c) and 6(d) depict one case 
(R = 3Q), the same as Figs. 6(e) and 6(f). One can see in 
these figures how the DPF varies depending on the values 
for L and C and that it is more sensitive to variations in the 
components values for higher grid frequencies. 

In [17] and [18] is has been shown that in order to obtain 
a filter not influencing the DPF, i.e. an input impedance Zin 

with resistive characteristic, the filter components L and C 
should be selected as follows: 

W do c 
R i k W i 

L 
0J2Cd 

(11) 

Where UJC is the cutoff frequency of the LC filter stage, UJ9 

is the grid frequency and Cd is the commercially available 
capacitance value, closest to the value C. As long as the grid-
frequency ojg is small compared to the cutoff frequency OJC of 
the filter , the effect of the input filter on the power factor is 
limited. However the closer OJC and OJ9 get together the more 
the effect on the DPF needs to be considered. This might be 
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Fig. 6. Set of curves of combinations of L and C providing unity DPF 
for grid frequencies of hOHz (a) and 400Hz (b) and varying resistive load; 
DPF as a function of L and C for one specific load R in the cases of grid 
frequencies of 50,Hz(c),(e) and 400Hz (d),(f). 
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Fig. 8. Simplification of a two-stage LC filter structure with general load 
Z into a single-stage LC filter 
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Fig. 7. LC filter with general complex load 
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Fig. 9. DPF a single-stage, two-stage and three-stage filters designed for 
unity DPF at maximal output power, as a function of the output power, for 
grid frequencies of hOHz (a) and 400Hz (b) 

the case when using a very low cutoff frequency of the input 
filter is chosen, e.g. in case of a single-stage topology, or in 
case of a high grid-frequency, e.g. in aerospace applications 
where grid-frequencies of up to 800 Hz are in use. 

C. Single filter stage with complex load 

In case the converter cannot be modeled as a simple resistor, 
but a more complicated model needs to be used, the previous 
considerations need to be extended. The resistive load model 
R can be replaced by a general complex frequency-dependent 
impedance Z = Zr(oj) + jZi(oj), as shown in Fig. 7. The 
input impedance of this circuit consisting of the complex load 
Z together with an LC filter can then be calculated, similar to 
(9). By setting the imaginary part of this input impedance to 
zero for a specific operating point, one obtains the conditions 
for selecting the values of L and C for unity DPF. 

D. Multi-stage filter design considerations 

In case the filter consists of multiple stages the calculation 
of L and C of the individual filter stages can be done 
independently by replacing the load impedance together with 
a first filter stage by an equivalent impedance, as shown in Fig. 
8. Note that in case the first filter stage has been designed using 
the aforementioned approach for unity DPF, the resulting 
equivalent impedance should be resistive. 

Figs. 9(a) and 9(b) depict the DPF of a system, consisting 
of a resistive load with one, two and three filter stages 
connected at its input as a function of the processed power. 
The filters have been designed in order to have unity DPF 
at the rated power. Fig. 9(a) shows the case of a 50 Hz grid 
frequency and Fig. 9(b) the case for a grid frequency of 400 
Hz. One can see that the effect of the input filter on the DPF 
increases and becomes significant when the converter operates 



much below its nominal power level due to the proportionally 
higher part of reactive energy in the filter passive components. 
One can also see that the effect can be considerably reduced by 
employing multi-stage filter topologies, e.g. two- or three-stage 
filters. This can be explained by the smaller filter component 
values and the resulting smaller reactive powers flowing. In 
general one can state that in order to keep a minimal effect of 
the input filter on system DPF, the size of the reactive filter 
elements needs to be limited. 

IV. OUTPUT IMPEDANCE AND DAMPING NETWORKS 

In the previous section the influence of the input filter 
on the DPF has been considered to select values for the 
filter inductance L and the filter capacitance C. Another 
criterium which normally needs to be considered is the system 
stability performance [12],[13], which is satisfied if the output 
impedance of the input filter is lower than the converter input 
impedance. 
According to [11] we define ZN as the converter input 
impedance under the condition that its feedback controller 
operates ideally, i.e. varies the duty-cycle in such a way 
that the output voltage variations are null and ZD as the 
converter input impedance under the condition that the duty-
cycle variations by the controller are null. Then the stability 
criteria can be written as: 

\Zont\ « \Z. 

\zout\^\zL 

N (12) 

(13) 

In order to comply with the above mentioned stability 
criteria, the output impedance of the input filter needs to 
be limited. To achieve this, two different aspects need to be 
considered. First the asymptotic output impedance of the input 
filter needs to be reduced to a sufficient level by increasing the 
filter capacitance C. In a second approach damping networks 
[10],[15],[14] need to be employed in order to damp the output 
impedance peak at the filter resonance frequency. 

A. Filter output impedance 

Fig. 10 shows a general output impedance of an LC filter. 
The asymptotic output impedance is shown which has a 
maximum value RQ at the filter resonance frequency /o, as 
well as the real output impedance characteristic, which peaks 
at that same frequency. 

In Fig. 11 the (asymptotic as well as real) output impedances 
of five different filters are shown. All filters have the same 
cutoff/resonance frequencies, i.e. have the same product of 
inductance L and capacitance C and thus provide the same 
noise attenuation. However they are all implemented using 
different combinations of L and C. One can clearly observe 
that the individual values of L and C have a significant 
influence on the filter output impedance and thus need to be 
considered when trying to comply with the above mentioned 
stability criterium. In order to reduce the asymptotic output 
impedance, the capacitance should be selected as big as 
possible and the inductance value as small as possible. A 
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Fig. 10. Output impedance characteristic of a generic LC filter consisting 
of an inductance L and a capacitance C. The resonance frequency is /o and 
the asymptotic peak impedance is RQ 
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Fig. 11. Asymptotic and real output impedance characteristics of five 
different filters, providing the same cutoff frequency and attenuation char
acteristics but implemented using different combinations of inductance L and 
capacitance C. It can be seen that filters employing a larger C and smaller 
L provide a lower/better output impedance than filters employing a small C 
and a large L 

bigger capacitance however causes the flow of large reactive 
currents and thus a lower DPF. 

B. Damping Networks 

In Fig. 12 the three standard damping networks, employing 
a single damping resistor are shown. The three networks are 
denoted series-i?L (cf. Fig. 12(a)), parallel-i?L (cf. Fig. 12(b)) 
and parallel-i?C (cf. Fig. 12(c)) damping networks. 

The input impedance Zin and output impedance Zout of the 
three damping networks can be calculated using the ABCD-
parameters and the optimal resistor dimensioning methods, 
presented in [10]. 

• Series-i?L damping 

In case of the series-i?L damping network from Fig. 12(a), the 
relevant impedances can be calculated using the multiplication 
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Fig. 12. Single resistor damping networks: series-_RL (a), parallel-iíL (b) 
and parallel-iíC (c) 

of the individual ABCD matrices of the filter components: 

ABCDRLs 
1 JUJL 

0 1 

i juLdR 
juLd+R 

0 1 

with the damping factor n defined as 

Ld = n • L 

and 

1 0 
JLOC 1 

(14) 

(15) 

Rd = 
(2 + n)(4 + 3n) 

(16) 
C\n+lJ y 2(l + n)(4 + n) 

• Parallel-i?L damping 
In case of the parallel-i?L damping network from Fig. 12(b), 
the relevant impedances can be calculated using 

ABCDRLs 

with 

and 

i juL(juLd+R) 
juL+juLd+R 

Ld = n • L 

1 0 
juC 1 

Rd = 
L /n(3 + 4n)(l + 2n) 

(17) 

(18) 

(19) 
2(1+ 4n) 

• Parallel--RC damping 
In case of the parallel-_RC damping network from Fig. 12(c) 
the relevant impedances can be calculated using 

0 
ABCD RCn 

1 JOJL 

0 1 
1 0 

JLOC 1 

1 
juCd 

l+juRCd 
1 

(20) 

with the damping factor n defined as 

Cd = n • C 

and 

Rd = 
(2 + n)(4 + 3n)) 

2n2(4-

(21) 

(22) 

In Fig. 13 the effect of the damping factor n on the filter 
output impedance is shown, for all three different damping 
networks and for different values of n. The arrow indicates 
the sense of increasing n in the curve families, and the 
highlighted curve in black shows the case for n = 1. When 
designing the damping network, the damping factor n needs 
to be selected in such a way that the resonance peak in 
the filter output impedance does not reach the level of the 
input impedance of the system it is connected to. In most 
cases, a value of n ~ 1 is a reasonable choice, providing 
adequate damping of the resonance peak while not leading to 
prohibitively large damping elements. We can see in Fig. 13 
that in the case of n = 1, Zout is around lOdB/jV above 
the peak of the asymptotic output impedance which would 
be OdBpiV for the example curves shown in Fig. 13. This 
overshoot can be considered in the filter design procedure 
by adding an additional margin of at least lOdB/jV to the 
maximal asymptotic peak output impedance of the filter to be 
designed. 

The effect of the damping networks on the DPF is shown in 
Fig. 14. The figures in the three rows correspond to series-i?L, 
parallel-i?L and parallel--RC damping networks respectively, 
the figures in the left column correspond to a grid frequency 
of 50Hz and the ones in the right column to a grid frequency 
of 4:00Hz. The filter used in this exemplary figures has a 
very low cutoff frequency of Ik Hz in order for the effects 
of the damping networks to become more emphasized and 
better appreciable. One can see in the figures that in general 
the effect of the additional damping network on the DPF 
variation by the input filter is quite small and is needs only to 
be considered in case the grid frequency and the filter cutoff 
frequency are very close together (less than one decade) and 
for a large damping factor n. 

This leads us to the conclusion that during the filter design, 
when considering only the effect of the filter on the DPF, the 
damping network can be added in a final step to the previously 
designed input filter without having to worry about a large 
effect on the DPF. 

V. FILTER DESIGN PROCEDURE 

The filter design and optimization procedure with the indi
vidual design steps is summarized in the flowchart in Fig. 15. 
Before starting the design process, the required attenuation 

cat at the frequency faU needs to be known, as well as the 
converter input impedance. The filter cutoff frequency can be 
calculated (step 1) and based on (10) and (11) the values for 
L and C with minimal effect on the DPF can be calculated 
(step 2). The output impedance of the filter can be calculated 
and compared to the converter input impedance considering 
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Fig. 13. Output impedance of a generic LC filter with series-
RL (a), parallel-_RL (b), and parallel-_RC (c) damping networks. The 
curve sets denote the output impedance for damping factor n = 
0.03125,0.0625,0.125,0.25,0.5,1,2,4,8,16,32}, the grey arrow shows 
the sense of increasing n and the case of n = 1 is highlighted in black in all 
three cases. 

an additional margin (step 3 and 4). If the asymptotic output 
impedance is lower than the system input impedance one can 
immediately continue with the design of a damping network 
(step 8). If that condition is not fulfilled, one needs to increase 
the value of the capacitance C and decrease the inductance L, 
while keeping the product L • C, i.e. the cutoff frequency of 
the filter, the same (step 5). This will lead to a decrease of 
the filter output impedance but also has a negative effect on 
the DPF due to the higher reactive power flowing through 
the bigger capacitance. Therefore in a next step the DPF of 
the system must be evaluated (step 6) and checked if it still 

Fig. 14. Effect of damping networks on DPF for a generic LC filter with a 
low cutoff frequency of IkHz and capacitance and inductance values selected 
to provide unity DPF at the rated power P0. The figures show the cases of 
a grid frequency of 50Hz (a),(c)&(e) and 400 Hz (b),(d)&(e). (a)&(b) show 
the case of series-_RL damping, (c)&(d) the case of parallel-_RL damping and 
(e)&(f) the case of parallel-_RC damping. 

fulfills the requirements, e.g. does meet the target of a maximal 
DPF variation of 5%. If the DPF is still ok, we can go back 
and calculate the new output impedance (step 3) and follow 
this loop as long as the criterium is fulfilled. If the DPF is 
however not ok, an additional filter stage needs to be added 
(step 7). This will lead to a new filter topology with a higher 
cutoff frequency of the individual filter stages and thus smaller 
reactive components and (as shown in Fig. 9) smaller effect 
on the DPF. How the required attenuation should be split up 
between the individual filter stages needs to be evaluated in a 
separate step. 

VI. EXPERIMENTAL VERIFICATION 

The previously discussed considerations have been evalu
ated in the design of the differential mode input filter for a 
three-phase PWM rectifier system [8],[9]. The system has an 
output power of lOkW and is operating on a 400Hz grid. The 
rectifier system is shown in Fig. 16, together with the input 
filter. 

In Fig. 17 the schematic of the input filter is shown. It 
consists of a single common mode (CM) filter stage and three 
differential mode (DM) filter stages. The first DM filter stage 
(closest to the converter input) is damped using a parallel-i?L 
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Fig. 15. Filter design flowchart. 

Fig. 16. Three-phase PWM rectifier (left) and input filter (right). The input 
filter consists of three differential-mode (DM) filter stages with parallel-_RC 
damping networks and a single common-mode (CM) filter stage. In the picture 
the nine inductors of the three DM filter stages can be seen, as well as a three-
phase CM choke (the PCB offers a space for a second CM choke, which is 
however not mounted); all filter capacitors as well as the damping capacitors 
and resistors are on the back-side of the filter PCB and cannot be seen in the 
picture. 
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Fig. 17. Schematic of the input filter consisting of three DM filter stages and 
one CM filter stage. Two of the DM filter stages have parallel-_RC damping 
and one parallel-_RL damping. 
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Fig. 18. Measured input voltage (green) and input current(red) waveforms 
of the PWM rectifier with EMI input filter and three different power levels 
of 11%, 16% and 21% of the maximal output power of WkW 

damping network and the second and third DM filter stages 
are damped with a parallel-_RC damping network. 

The input voltage and current waveforms of the PWM-
rectifier are shown in Fig. 18, for three different power levels. 
One can observe that for small power levels, the phase shift 
between the input current and voltage is large and it decreases 
with increasing power. Note that all three measurements have 
been performed at power levels well below the maximal rated 
power of the rectifier system. 

Fig. 19 depicts the estimated DPF of the converter system 
together with the EMI input filter and the measured DPF 
for three power levels. The estimated curve and measured 
data points are in good agreement. Note that the curve of 
the estimated DPF is based on the designed filter as shown 
in Fig. 16 where the leakage inductance of the CM choke 
has also been considered, leading to a unity power factor at a 
power level around 5.5kW. 
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Fig. 19. Calculated DPF curve (blue) and measured DPF (red) for 
three different power levels. The calculated and measured data are in good 
agreement. 

VII. CONCLUSIONS 

Based on a two-prot description of the EMI input filters 
employing ^BCD-parameters, the individual influences of 
the filter component values, i.e. sizes of the inductance L and 
capacitance C, the number of LC filter stages and additional 
damping networks on the filter input and output impedances 
Zin and Zout have been analyzed. It has been shown that 
multi-stage filters provide a smaller effect on the system DPF 
than single-stage solutions, due to the smaller size of the reac
tive components. Three different damping networks have been 
considered, these are the series-i?L, parallel-i?L and parallel
ize networks. It has been shown that the additional damping 
networks have only a limited effect on the system DPF, thus 
can be ignored in a first step and only be considered in a last 
step during filter design. A design procedure for the EMI input 
filter has been provided, resulting in filters with minimal effect 
on the system DPF while complying with system stability 
requirements. An experimental validation of the results has 
been carried out on a multi-stage input filter for a three-phase 
PWM rectifier system. 
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