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Common Mode Noise Reduction for Boost Converters
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Abstract—In this paper, the boost converter model for electro-
magnetic interference noise analysis is first investigated. Based on
this model, a general balance concept is proposed to cancel the
common mode noise. Theoretical analysis, simulation, and experi-
ment prove that the proposed balance technique is efficient enough
to reduce common mode noise.

Index Terms—Balance, common mode (CM) parasitic capaci-
tance, power factor correction, wheatstone bridge.

I. INTRODUCTION

RONT-END boost power factor correction (PFC) con-
Fverters generate significant common mode (CM) noise
which is difficult to control. There are several reasons leading
to high CM noise in boost PFC. First, the MOSFET switches
between 0 V and line voltage, which leads to relatively large
amplitude compared with other switches in dc/dc stages.
Second, PFC is located in the front end and there are no
isolations such as the transformers before the line impedance
stabilization networks (LISNs), which allows the noise to be
directly measured. Third, because of the large parasitic capac-
itance between the drain of the MOSFET and the heat-sink,
which is sometimes grounded, the noise can go directly through
heat-sink to the ground. Fig. 1 shows the boost PFC circuit and
the related CM parasitics between the converter and the ground.

In Fig. 1, the effects of the diode bridge preceding the con-
verter are ignored. Since the line frequency is much lower than
the switching frequency, the 50/60 Hz ac voltage source is re-
placed by a dc voltage source in analysis. C, is the parasitic
capacitance between the drain of the MOSFET and the ground.
Cy is the parasitic capacitance between the cathode, load, and
the ground. C. is the parasitic capacitance between the traces,
load, and the ground. The load can be the dc/dc converters in
latter stages. Impedance of two LISNs is 50 €.

In practical converters, there are parasitics in the converter,
such as the junction capacitance C'p of the diode D, the output
capacitors Cpg of MOSFET, the winding capacitance EPC of
inductor Lpt, and the equivalent series inductance ESL of ca-
pacitors. All of these parasitics influence the voltage and current
waveforms as well as the CM noise. Much work was carried
out to investigate and cancel the effects of parasitics on electro-
magnetic interference (EMI) noise [1]-[7]. Reference [1] inves-
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Fig. 1. Boost converter and its CM parasitics.

tigats the effects of parasitics on EMI via simulation and EMI
measurement. A method using a cancellation winding coupled
to inductors is proposed to reduce the CM noise of converters
[2], [3], [6], [7]. Reference [2] first proposed a current balance
concept. A perfectly symmetrical circuit was proposed in [5] to
generate opposite CM currents with same amplitude to cancel
out CM noise.

This paper first investigates the theory of boost converter
modeling for EMI. Based on this model, theory and applica-
tions employing a general balance concept are proposed to
cancel CM noise. Simulation and experiment are carried out to
verify the proposed technique.

II. EMI MODEL FOR BOOST CONVERTERS

The previous work investigates the effects of parasitics by
comparing the EMI noise between different parasitic values via
simulation and experiment. However, different noise sources are
still not identified. The noise path for each noise source is not an-
alyzed. The effects of different noise sources on total CM noise
are not decoupled. This section tries to identify different noise
sources in boost converters, and then analyze their propagation
paths and effects on total CM noise. A systematic theory is de-
veloped to describe and predict the CM noise behavior. Based
on this theory, the effects of parasitics can be decoupled from
total noise, so that the different noise sources can be investi-
gated separately.

The boost converter, including important parasitics is shown
in Fig. 2 (not all parasitics are shown in Fig. 2). Due to the
parasitics in Fig. 2, there is ringing on switching voltage and
current waveforms. Fig. 3 shows the voltage waveform V¢ of
MOSFET K, the current waveform I of diode D, the voltage
waveform V of output capacitor C'y, and the voltage waveform
Ve pr of input capacitor Cpr.

According to the substitution theorem, if MOSFET K, in-
cluding all the parasitics in the same branch, is substituted by
a voltage source V¢ having the same voltage waveform as that
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Fig. 2. Boost converter including parasitics.
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Fig. 3. Voltage and current waveforms.
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Fig. 4. Substitution of MOSFET with a voltage source.

shown in Fig. 3, the circuit behavior stays the same. Fig. 4 shows
the resultant circuit.

After the substitution, based on the theory of Kirchoff’s
voltage law (KVL), the voltage drop on every branch stays the
same. The current on every branch also stays the same because
of the constraint of Ohm’s law. The diode D, including all
the parasitics in the same branch, can also be replaced by a
current source Ip which has the same waveform as that in
Fig. 3. This substitution does not change circuit behavior too.
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Fig. 5. Substitution of diode with a current source.
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Fig. 6. Boost converter model for EMI analysis.

The current on every branch stays the same [Kirchoff’s current
law (KCL) on node C1]. The voltage drop on the diode also
stays the same because V- and Vp stay the same (KVL on
loop1). The resultant network in Fig. 5 is, therefore, equivalent
to those in Figs. 2 and 4. It should be pointed out that the
internal impedance is zero for voltage source Vi and infinite
for the current source Ip, which is no longer the time varying
impedance as the branch impedances in Fig. 2.

Since the switches are replaced by a voltage source and a
current source, the resultant network, with the help of network
theory, is much easier, for both CM and differential mode (DM)
noise, to analyze than that in Fig. 2.

Because of the parasitics and nonzero impedance of output
capacitor, the output voltage V, has ripples and spikes as shown
in Fig. 3. It is a noise source although its amplitude is much
smaller than that of V. Its EMI effects can be best described by
the compensation theorem if the impedance of an ideal filtering
capacitor is zero. The output capacitor can then be replaced by
a noise voltage source, which has the same waveform as that
shown in Fig. 3. Following the similar logic, the effects of the
voltage Ve, which is the voltage on input capacitor Cg, on
EMI noise can also be represented by a noise voltage source
which has the same waveform as in Fig. 3. The final model for
EMI analysis is then shown in Fig. 6.

Each voltage and current source in Fig. 6 is composed of
both dc and ac terms. After the ac and dc terms are decoupled,
either of them still meets KCL and KVL. For noise analysis
purpose, the ac term is analyzed here. The effects of different
noise sources on EMI can be analyzed using the superposition
theorem.

The EMI noise on LISNs due to the V- (the switching voltage
of MOSFET) can be analyzed by replacing other voltage and
current sources with their internal impedances. Fig. 7 shows the
equivalent circuit.
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Fig. 7. Equivalent circuit for finding out the CM noise due to V.

Fig. 8. Equivalent circuit for finding out the CM noise due to V.
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Fig. 9. Equivalent circuit for finding out the CM noise due to Ip.

In Fig. 7, boost inductor Lyt has no effects on CM noise,
since it is in parallel with the noise voltage source. This, how-
ever, does not mean Lyt has no effects on total CM noise;
its effects are actually included in other voltage sources. CM
noise current on LISNSs is the difference between current I,
and Icp, + Ice - Cp and C.. are parallel with LISNs, so they ac-
tually benefit CM noise reduction. C}, is the only parasitic com-
ponent leading to CM noise.

Similarly, effects of V5 can be analyzed in Fig. 8. In Fig. 8§,
boost inductor does not contribute to CM noise since the volt-
ages on node C' and E in Fig. 6 are already determined by V¢
and VCBT~

Effects of current source Ip are analyzed via Fig. 9. Because
the impedances of voltage sources V- and V; are zero, current
source Ip is shorted. It does not contribute to CM noise. This is
reasonable since the voltages on nodes C' and D in Fig. 6 have
been determined by V- and Vp.

For the effects of Ve, Fig. 10 shows the equivalent circuit.
It is shown that all three parasitic capacitance are in parallel with
the LISN at the lower side, so two LISNs are unbalanced. As a
result, part of Vg is transformed to CM noise as explained by
the theory developed in [8].

According to the superposition theory, the total CM noise cur-
rent flowing through LISNs is the vector sum of four CM cur-
rents from Figs. 7-10 as shown in

Icv = Icwvn + Iem2 + Iowms + Ioma. (D
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Fig. 10. Equivalent circuit for finding out the CM noise due to Vepr.
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Fig. 12. Wheatstone bridge.

There are two approaches to reduce CM noise. One is to mini-
mize each term and the other one is to cancel each other.

In this section, the EMI noise model is built based on the net-
work theory. Different noise sources are identified. The effects
of different noise sources are decoupled so that they can be an-
alyzed separately. Based on these models, the efficient methods
for CM noise reduction would, therefore, be possible. For DM
noise, the model in Fig. 10 shows that the voltage Vot on Cpr
is the equivalent noise source.

III. CM NOISE CANCELLATION WITH BALANCE CONCEPT

Balance concept is proposed in this section to cancel the CM
noise generated by different noise sources, which are identified
in Section II.

A. Reduction of CM Noise Due to V¢

In Fig. 7, in order to cancel the CM noise generated by V¢,
i.e., the switching voltage of MOSFET, the inductor is split into
Ly and Lps. The resultant network is shown in Fig. 11, which
looks like a Wheatstone bridge as shown in Fig. 12.

The balance condition for Wheatstone bridge is given as (2).
As long as the condition is satisfied, the CM noise current on
LISNS is zero

Z Z
= =22 &)
Z3 7y
The corresponding balance condition in Fig. 11 is given by
7z 7z 7z ZCa
LBl _ ZLB2 LBl Ca_ _ . 3)

Zca  Zcb+ce  ZuB2  4Cb+Ce
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Fig. 13. Two inductors are coupled to balance HF parasitics.
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Fig. 14. Decoupled inductors still meet balance condition.

EPC,

where Z1p; and Zrpo are the impedances of two split boost
inductors. Zc, and Zcp4cc are the impedances of parasitic ca-
pacitance. At low frequencies (LF) where the effects of equiv-
alent parallel resistance (EPR) and equivalent parallel capaci-
tance (EPC) are insignificant, the condition (3) is simplified as

Lp1Cq = Lp2(Cyp + C.). 4

Based on the Wheatstone bridge theory, if the boost inductor
is split to L1 and Lps, and their inductance meets the condi-
tion (4), CM noise is canceled. At high frequencies (HF), where
inductors are dominated by their parasitics, parasitics must be
balanced to cancel CM noise.

Inductors Lg; and Lp, are proposed to be coupled to balance
the HF parasitics as shown in Fig. 13.

It is assumed that two inductors in Fig. 13 are perfectly cou-
pled and the noise currents flowing through two inductors are
equal (that is the case when the bridge in Fig. 11 is balanced).
If the inductance ratio Ly /Lp> that satisfies the balance con-
dition is n, the decoupled impedances ratio of Zr,g1 /71,52 still
meet the condition as shown in Fig. 14. It should be pointed out
that Lg; and Lpo here are the decoupled inductance, which is
equal to the self inductance plus the mutual inductance. It is easy
to prove that if the turn ratio of two inductors is 7, the ratio of

two decoupled inductance is also n, as given by
L
2Bl _ ;) = Turn ratio. (@)
Lps

It is also necessary to analyze the effects of the imperfect
balance on CM noise. The imperfect balance of Wheatstone
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Fig. 15. Effects of unbalance on Wheatstone bridge.
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Fig. 17. Equivalent circuit for noise source V.

bridge can be described by Fig. 15. Since the balance condi-
tion is described by the ratio of two impedances, there would be
only one unbalanced component in the Wheatstone bridge. This
component can be any one of the four impedances. In Fig. 15,
impedance Z; is selected as that component. The original four
impedances are balanced and the unbalance is introduced by
A Zy.

Based on Thevenin’s theorem, the CM noise model is shown
as Fig. 16. Zg is the equivalent source impedance, which is
given by (6). The Vv, which is given by (7), is the equivalent
CM noise source due to unbalance

Zs=21]]Z2+ Zs]]Z4 (6)
AZl n
N T @

From (7), if the unbalance is characterized by AZ;/Z, the
equivalent CM noise source is proportional to the unbalance.
The larger the ratio n, the smaller the effects of unbalance are.
So for the noise generated from V¢, the effects of unbalance,
when n is large, are not as significant as when ratio n is small
(1 is the smallest ratio).

B. Reduction of CM Noise Due to Vo

After the inductor is split into two coupled inductors as de-
scribed in Section III-A to balance CM noise caused by V¢, the
equivalent noise model for Vy, is changed from Figs. 8 to 17.
It is shown that splitting the inductor cannot reduce the CM
noise caused by Vi because two inversely coupled inductors
have zero parallel impedance.
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Fig. 18. Equivalent circuit for noise source Vepgr.

There are two possible methods to reduce the CM noise
caused by V. The first method is to reduce the ESL and ESR
of output capacitors. This actually reduces the noise source Vp,.
The second method is to keep C} as small as possible. Since
Cy is related to load, it means we have to reduce the parasitic
capacitance between the load and the ground.

C. Reduction of CM Noise Due to Vcpr

The CM noise model after the inductor is split into two cou-
pled inductors as shown in Fig. 18.

In Fig. 18, two 50 §2 LISNs and two inductors form a Wheat-
stone bridge. Since two LISNs have the same impedance, two
inductors should keep a 1:1 impedance ratio to minimize the
noise caused by Vcpr. So the turn ratio n of two coupled in-
ductors should be 1. Using a small equivalent series inductance
(ESL) and equivalent series resistance (ESR) capacitor can also
reduce the equivalent noise source Veopr.

D. Summary

Among three noise sources, V¢ is the major noise because of
its largest amplitude. The first step to reduce CM noise should be
splitting the boost inductor to balance parasitic capacitance. The
second step is keeping the ESL and ESR of the output capacitors
as small as possible, which reduces the effects of V. If it is
applicable, the inductance ratio of the two inductors should be
1. This may require an extra capacitance parallel with C} or
Cp + C.. The improvement of the different methods on CM
noise reduction depends on which noise source is dominant.

IV. SIMULATIONS AND EXPERIMENTS

The simulations are first carried out in PSpice to verify the
theory and the balance idea developed in this paper. A boost
converter is then built and the proposed methods are applied.
The EMI measurements prove that the proposed balance
methods can efficiently reduce CM noise.

A. Simulation

Simulation is a very easy way to verify the developed theory
because all circuit parameters can be easily controlled in the
process. The circuit used in PSpice is shown in Fig. 19. C,, is
40 pF, Cy is 50 pF, and C. is 70 pF. The total inductance of the
boost inductors is 400 pH. The switching frequency is 400 kHz.
Fig. 20 shows the simulation results.

Five envelope curves of the simulated CM noise are shown
in Fig. 20. The curvel, which has the highest noise, is the CM
noise of the original boost converter.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 22, NO. 4, JULY 2007

20pF 40pF
oy 10k “TaopF*OP T sopF
52 Vear i I_HT
Ve 1, B Vo
10mQ
LISNs HEE [] 100Q
Vin K | 100 F10nH
P
B s 100uF.L
hd s
70pF ;

Fig. 19. Simulation circuit for CM noise.
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Fig. 20. Simulated envelope curves for CM noise.

The curve? is the envelope after the boost inductor is split
to a 300 H and a 100 pH inductors to balance C, (40 pF) and
Cp+C. =120 pF parasitic capacitance. The improvement at LF
is significant; however, because the parasitics of two inductors
are no longer balanced at HF, the improvement at HF is limited.

The boost inductor is then split into two coupled inductors.
The self-inductance of two inductors is 225 and 25 pH, respec-
tively. The mutual inductance is 75 pH if they are ideally cou-
pled. Because decoupled inductance is the sum of self-induc-
tance and mutual inductance, the decoupled inductance of these
two inductors is 300 and 100 pH, respectively. The CM noise
is greatly reduced because the HF parasitics are also balanced.
Curve3 shows these results. There is a 30—45 dB improvement
in whole frequency range compared with curvel. A 1 pF, small
ESL (2 nH) capacitor is then parallel with the output capacitor.
Curve4 shows the effects of this small capacitor on CM noise
reduction. There is another 5-15 dB improvement since the am-
plitude of V, is reduced. For, curve5 the inductance ratio of two
coupled inductor is 1 (two 100 H inductors coupled) and one
80 pF capacitor is paralleled with C,. C} is also set to zero. Be-
cause the effects of all three noise sources are minimized, curve5S
got the best result. Curve$ is used to verify the theory developed
in Section III only. In practical cases, it is impossible to make
Cy zero.

B. Experiment

A boost converter is built to test the proposed methods. The
experiments concentrate on the balance of Vi because V¢ is
the major noise source. This boost converter has the similar
schematic as shown in Fig. 19. The switching frequency is
200 kHz. The critical parasitics are first measured. C, is 16 pF,
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Fig. 22. Comparison of measured CM noise.

Cy is 14 pF, and C. is 31 pF. The inductor is then split into two
coupled inductors with a 1:1 turn (inductance) ratio. According
to the theory in Section III, a 29-pF capacitance should be
paralleled with C, to balance the CM noise. The measured CM
noise before and after paralleling 29-pF capacitance is shown
in Fig. 21. There is a 25-dB improvement at 200 kHz and a
20-dB improvement at 30 MHz.

For the second measurement, the coupled inductors have an
inductance ratio of 2:1. An 8-pF capacitor is then paralleled with
C, to balance the bridge, which is a little bit different from the
calculated 7 pF. The measured CM noise before and after the
balance is shown in Fig. 22. It shows that a 10-50 dB improve-
ment is achieved within the whole frequency range.

In a practical design, it may not be practical to directly mea-
sure C, and C. since they are loads related and the loads are usu-
ally dc/dc converters. In those cases, the Cj, and C,. may be de-
rived from the CM noise measurements. The possible method is
to adjust the inductance ratio of the two boost inductors until you
get the lowest CM noise when the balance condition is achieved.
Since the inductance ratio of two boost inductors is known; and
C, is known by measurement, Cj, + C. can be calculated via
(4). Another alternative is to fix the ratio of the two boost in-
ductors and then parallel more capacitance with C, or C.. until
you get the lowest noise when the balance condition is achieved.
(% + C. can then be calculated via balance condition.

Greatly reduced CM noise benefits EMI filter design because
of its low attenuation requirement. The EMI filter size with CM
noise balance can be much smaller than that without CM noise
balance.

1415

In this section, both simulations and CM noise measurements
prove that the proposed balance methods can efficiently reduce
the CM noise of boost converters. The balance condition can be
achieved by adjusting the inductance ratio of two split boost in-
ductors, paralleling small capacitors with parasitic capacitance
or doing both.

V. CONCLUSION

In this paper, the EMI noise model for boost converters is
first built based on the network theory. Different noise sources
are identified and their effects on CM noise are decoupled. The
effects of different noise sources on CM noise can therefore be
investigated separately. A general balance concept is then intro-
duced to cancel the CM noise of boost converters. The methods
to improve balance are also discussed. Finally, the simulations
and experiments prove that the proposed methods can efficiently
reduce CM noise.
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