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Alleviation of Electromagnetic Interference Noise
Using a Resonant Shunt for Balanced Converters

Yu Zhang, Feng Zheng, Member, IEEE, and Yue Wang, Member, IEEE

Abstract—Balanced converter is an effective way to reduce the
CM noise. However, the parasitic capacitance between the switch
and heat sink leads to resonant problems, resulting in high noise in
certain frequency range. This paper proposes a novel coupled in-
ductor structure based on the balanced technique for the Boost con-
verter to further reduce the CM noise at certain frequency range.
A shunt resonant path is adopted to offer a maximum suppression.
The analytical estimation for shunt winding’s performance is pro-
vided for better design. Some simulation and experimental results
of this new technique are presented to validate its effectiveness.
The experiments about the capacitance unbalance, different load
current, and reduction of the CM inductor size are also discussed
for better understanding of this technique.

Index Terms—Balanced converter, common mode (CM) noise,
shunt resonant path.

I. INTRODUCTION

BOOST converters have been widely used due to its simplic-
ity of topology and ability to handle the input current. Typ-

ically, this kind of converter serves as the front end of a power
supply (PS), and is connected with the power source/grid di-
rectly [1]–[6]. Hence, the electromagnetic compatibility (EMC)
of such converters becomes a major concern [7]–[11]. The high
electromagnetic interference (EMI) noise is induced by the rapid
voltage change across a switch component. Since the heat sink
of switch device will introduce large parasitic capacitance, the
high EMI noise is dominated by the common mode (CM) one
[12]. Therefore, extra EMI filters with bulky CM inductors are
required to alleviate the noise in order to make the EMC perfor-
mance of the PS to comply with the EMI standards.

To reduce the CM noise and the volume of CM inductors, a va-
riety of balanced converters are presented [13]–[15]. Shoyama
et al. presented a balanced boost converter to reduce the CM
noise [16]. In this method, the inductor is divided equally into
two parts. Then, the voltage of the drain and source change
complementarily which confines the CM current within the con-
verter, contributing to the CM noise reduction significantly.
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Fig. 1. Series resonant circuit. (a) The boost converter with LISN (b) The
simplified circuit with the parasitic capacitance.

Wang et al. investigated the theory of boost converter model-
ing for EMI, and introduced a general balance concept to cancel
the CM noise [17]. Some ways are discussed to improve the
circuit balance such as splitting the boost inductor, keeping the
ESL and ESR of the output capacitors as small as possible.

Kong et al. proposed two approaches based on the balance
concept to minimize the CM noise [18]. One way is to add two
more diodes and a gate drive transformer to achieve symmetric
topology, another way is to add an inductor to achieve balance.
The experimental results show that both approaches can reduce
the CM noise up to 30 dB · μV.

Deng et al. also proposed a balanced power factor correction
converter, which integrated the differential mode (DM) inductor
of the EMI filter into the boost inductors [19]. With the integra-
tion technique, it can significantly reduce the EMI noise, and
the volume of the prototype can be reduced by 25%.

All of the methods above based on the balanced converter
can mitigate the CM noise in most frequency range. However,
there are always some noises, which are hardly to reduce by
applying balanced topology, during special frequency interval.
This scenario will be diagramed by the simplified schematic
shown in Fig. 1. It is readily seen that a resonant path, which
is comprised of a parasitic capacitor Cs1/Cs2 and an inductor
L3 /L4 exists. In the case of two components working in series
resonant mode, the impedance between the noise source and the
line impedance stabilization network (LISN) equals to zero the-
oretically. Thus, the noise level of the frequencies in the vicinity
of resonant point will be dramatically high. This frustrated re-
sult might not be properly deal with. The reason lies that the
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Fig. 2. Proposed scheme in boost converters.

series resonant impedance is so small that even a tiny variation
between balanced paths will contaminate the well-known can-
cellation effect of a balanced topology. At the same time, so
many components such as inductors, parasitic capacitors, and
coupling inductors are involved in this case, and fine tuning ev-
ery components and their coupling relationship is a formidable
task.

This paper presents a novel coupled inductor structure based
on the balanced switching technique to reduce the CM noise as
shown in Fig. 2. This new topology inherits all the advantages
of the balanced switching technique and solves the resonant
problem. It adopts shunt resonant paths to offer a maximum
suppression for the noise at particular frequency range, where it
is the resonance frequency here. Therefore, the performance of
the balanced switching technique can be improved further with
this novel topology.

This paper is organized as follows. Section II provides the
concept of the shunt resonant paths, and Section III describes
the implementation of the shunt resonant path. In Section IV,
simulation and experimental results are presented. Discussion
and conclusions are presented in Sections V and VI.

II. CONCEPT OF SHUNT RESONANT PATH

A. Problem of the Balanced Switching Technique

Although balanced converters can achieve significant im-
provement in the CM noise suppression, their symmetrical
topologies will introduce some resonant branch. We can take
a balanced boost converter as an example to demonstrate this
case, as shown Fig. 1(a). The ground E here is the LISN ground,
which is connected with the thermal pad in this experiment.
Since CS1 and CS2 are parasitic capacitors, which are dis-
tributed in the air, in order to distinguish from the real capacitor
components, they are connected with dashed lines. A resonant
branch, which is marked in red, consists of the parasitic capaci-
tance CS1 , CS2 and the inductor. Then, the equivalent resonant
branch is illustrated in Fig. 1(b), and the noise gain is given
by

G1 =
VR

VNoise
=

Z0

Z0 + sL3 + 1
sCS 1

=
sZ0CS1

s2L3CS1 + sZ0CS1 + 1
. (1)

Fig. 3. Scheme for the proposed topology.

At the frequency

f1 =
1

2π
√

L3CS1
(2)

the evaluation of the gain is

G1 =
VR

VNoise
= 1. (3)

Therefore, the inductor will not suppress the noise any more.

B. Principle of the Shunt Resonant Path

In order to reduce the noise at the resonant frequency f1 , a
resonant path is added to offer a maximum suppression to re-
duce the CM noise as shown in Fig. 3 [20]. The path consists of
a capacitor and an inductor, which is coupled with the power in-
ductor in negative polarity. The source Vn is the noise produced
by the floating voltage of the switch device.

The current gain is

G2 =
i2
i1

=
1 + s2C3(L2 − M1 − M2 + M3)

1 + sC3Z0 + s2C3(L2 + L3 + 2M3)
(4)

where Z0 is the equivalent output resistance, C3 is the capaci-
tance in the shunt resonant path, M1 is the mutual inductance
between L1 and L3 , while M2 is the one between L1 and L2 , and
M3 is the one between L2 and L3 .

Equation (4) illustrates that at the frequency

f2 =
1

2π
√

C3(L2 − M1 − M2 + M3)
(5)

the numerator is approaching to zero and so is G2 .
Therefore, at this frequency, the path can afford a maximum

suppression. Since the resonant frequency f2 is related to the
inductor L2 in the resonant path which has a flexible value, the
maximum suppression can also be chosen from a wide range.
Here, the frequency f2 is set at frequency f1 , where the parasitic
capacitor and the inductor resonate.

To evaluate the performance of the shunt path, the function of
its insertion loss (IL) is provided, which is described as a ratio
of Vn1 to Vn2 . Vn1 is the voltage across the resistor in the circuit
without the shunt path connected as shown in Fig. 4, while Vn2
is the one across the resistor in the circuit with the shunt path
connected as shown in Fig. 3. It is assumed that the current i1
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Fig. 4. Scheme without the proposed topology.

keeps constant. Then, IL is

ILCM = 20 log
∣∣
∣∣
Vn1

Vn2

∣∣
∣∣ = 20 log

∣∣
∣∣
i1z0

i2z0

∣∣
∣∣ = 20 log

∣∣
∣∣
i1
i2

∣∣
∣∣

= 20 log
∣∣∣∣
1 + sC3Z0 + s2C3(L2 + L3 + 2M3)

1 + s2C3(L2 − M1 − M2 + M3)

∣∣∣∣ .

(6)

Since the equivalent series resistance of the inductor L2 , Resr ,
will worsen the performance of IL, a much more accurate model
is given by

ILCM

= 20 log
∣∣∣
∣
1 + sC3Z0 + sC3Resr + s2C3(L2 + L3 + 2M3)

1 + sC3Resr + s2C3(L2 − M1 − M2 + M3)

∣∣∣
∣ .

(7)

This model can be used to predict the performance of the
shunt path.

The disadvantage of this topology is that at the frequency

f3 =
1

2π
√

C3 (L2 + L3 + 2M3)
(8)

the denominator will decrease and the IL of this topology will
be worse. Therefore, the frequency f3 should be selected at the
range where the EMI noise is low enough.

III. IMPLEMENTATION OF THE SHUNT RESONANT PATH

From the principle discussed above, a novel inductor structure
based on the balanced structure is proposed as shown in Fig. 5.
In order to reduce the size of the EMI filter, a structure which
integrates the DM and CM inductors into the power inductor
is adopted [21]. The derivation of its CM inductance and DM
inductance is detailed in Appendix. The windings n1 , n3 , n6 ,
and n8 , acting as the power inductor, are wound on an E–E core.
Besides, the other four coils n2 , n4 , n5 , and n7 , acting as the
shunt resonant path which are coupled with the power inductor,
are also wound on the core.

A. Implementation of the Shunt Resonant Path

1) Common Mode: Since it is based on the balanced struc-
ture, the path should have no influence on the balanced state of
the inductor. In CM, the currents flow into the winding from
ports 1 and 2. The fluxes produced by the two coils n2 and n7

Fig. 5. Proposed inductor structure.

will flow through the two side legs. Therefore, the fluxes in the
two-side legs still equal, and the CM inductor keeps balanced.

2) Differential Mode: In DM, the currents flow into the
winding from ports 1 and 4 as shown in Fig. 5. The fluxes
Φ1,3 and Φ6,8 shown as black lines are produced by the wind-
ings n1 , n3 , n6 , and n8 . Both of the fluxes flow through the center
leg in the same direction. The flux Φ2,7 shown as green line is
produced by the winding n2 and n7 . It can be found that the flux
produced by the windings n2 and n7 are in the same direction.
The flux Φ1,3 and the flux Φ2,7 are in the opposite direction,
while the flux Φ6,8 and the flux Φ2,7 are in the same direction.
Therefore, the fluxes of the two-side legs do not equal with each
other, which results in asymmetric structure.

In order to keep the structure balance, the flux linkage of the
shunt resonant windings, caused by the DM current, should be
zero. Therefore, the other two windings n4 and n5 are wound in
the center leg

n2φ2 − n5φ5 = 0. (9)

Since the DM flux in the center leg is twice of the one in the
side leg

φ2 = φDM

φ5 = 2 × φDM . (10)

Therefore, the number ratio of the windings n2 and n5 should
be n2/n5 = 2/1. As the structure is symmetrical, so is the ratio
between n7 and n4 .

3) Effects of the Shunt Resonant Path on the DM Noise:
From the analysis above, the shunt resonant path contributes
to the CM noise suppression within certain frequency range.
However, its effect on the DM noise still needs to be discussed.
The equivalent differential circuit of Fig. 1 is shown in Fig. 6.

The current gain equals

G3 =
i2
i1

=
1 − s2Ce(MD1 + MD6)

1 + s2Ce(LD1 + LD6) + sCeZ0
(11)

where Ce is the equivalent value of C1 and C2 .
From the (11), it can be found that the IL of the DM will

be changed thanks to the variation of Ce , LD1 , LD6 , MD1
and MD6 . To achieve the best performance, these parameters
should be carefully chosen. Since the relationship among these
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Fig. 6. Noise path for DM. (a) Equivalent circuit in boost convertor for DM.
(b) Equivalent noise path for DM

Fig. 7. Experiment setup.

parameters are complex, and our main objective of this paper
is to demonstrate the novel magnetic structure and the idea of
alleviation of the noise level by shunt branch, much work on
the optimization of the shunt resonant path are fulfilled using
simulation method.

IV. SIMULATION AND THE EXPERIMENT RESULTS

A. Design of the Inductor

The experiment setup is shown in Fig. 7. The input voltage
of the prototype is 35 V, while the output voltage is 53 V. Its
switching frequency is 50 kHz. The inductance was designed to
be 80 uH, the peak current is 11 A. Then, the energy-handling
capability of the inductor was calculated

W =
LI2

pk

2
=

1
2
× 80 × 10−6 × 112 = 0.00484 (J). (12)

Then the area product Ap was

Ap =
2W × 104

Bm JKu
=

2 × 0.00484 × 104

0.44 × 0.4 × 395
= 1.39 (cm4). (13)

Considering the Ap value and the structure of the induc-
tor whose coils are balanced and wound on the two side legs,
E32/6/20 of Planar EE core is chosen in this experiment. The

Fig. 8. Spectrum of the CM noise.

Fig. 9. Scattering parameter S21 .

turn number of each coil is 12 and the approximate air gap of
the middle leg is 0.7 mm. Finally, the DM inductance is 72 μH
and the CM coupled inductance is 0.86 mH.

B. Comparison of Conventional Unbalanced Boost Converter
and Balanced Boost Converter

First of all, to confirm the CM noise reduction in the balanced
converter, we conducted two experiments. One was the conven-
tional unbalanced boost converter and the other was balanced
boost converter. All of the prototypes presented in this section
are tested without any EMI filter. The spectrum of CM noise
was sensed by noise separator. Fig. 8 shows the experimental
results, where the blue spectrum is the result of the conventional
unbalanced converter and the red spectrum is the one of the
balanced converter. From the comparison of the results, it can
be found that the CM noise is reduced more than 20 dB from a
large frequency range in the balanced converter. But it can also
be found that there is a series resonant peak at the frequency
about 700 kHz where the noise is much higher than the ones at
other frequencies.

To verify the resonant problem, the scattering parameter S21 ,
which represents the energy transfer ratio between noise source
and input power port, was also measured [22]. The result was
presented in Fig. 9. It can be found that it exists a resonant peak
around the frequency 700 kHz.

C. Shunt Resonant Path Experiments

1) Prediction of the Shunt Resonant Path: To further reduce
the noise at the resonant frequency, the shunt resonant path was
adopted. First, the IL is predicted according to (7). From (5) and
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Fig. 10. CM IL with different L2.

Fig. 11. CM IL with different C3.

(8), it can be found that the resonant frequency is complex for
calculation since it relates to five variables. In order to simplify
its calculation, the shunt resonant path in this experiment is
connected in the middle of the power inductor, making M2
equals to M3 . Then (5) can be simplified as

f2 =
1

2π
√

C3(L2 − M1)
. (14)

To take advantage of the resonant path for its maximum sup-
pression, f2 should be greater than zero. Therefore

L2 > M1 . (15)

Since

M2 = M3

Z0 � Resr . (16)

Then, (7) can be simplified

IL =
∣∣
∣∣20 log

1 + sC3Z0 + s2C3 (L2 + L3 + 2M3)
1 + sC3Resr + s2C3 (L2 − M1)

∣∣
∣∣ . (17)

For easier analysis, (17) can be analyzed in frequency domain

IL = 20 log
∣∣∣∣
1 + jwC3Z0 − w2C3 (L2 + L3 + 2M3)

1 + jwC3Resr − w2C3 (L2 − M1)

∣∣∣∣ .

(18)

We first selected a capacitor arbitrarily and increased the
inductance L2 from 60 to 200 uH. The calculation results of
the IL were presented in Fig. 10. It can be found that the higher
the value of the inductance L2 is, the lower the IL at the resonant
point.

Fig. 12. CM IL of the shunt resonant path.

Fig. 13. EMI noise simulation without resonant path.

Then, we selected the inductance arbitrarily and increased the
capacitance C3 , the results of the IL were presented in Fig. 11. It
can be found that the capacitance value just changes the resonant
frequency and its IL at the resonant point keeps constant.

Therefore, from the analysis above, the lower the inductance
L2 is, the better the performance is. The capacitor C3 can be
used to change the resonant frequency to the range where it
needs.

Fig. 12 shows the IL applied to the real parameters in the
experiment. It can be found that the shunt resonant path can gain
37-dB IL over the one without resonant path at the frequency
650 kHz. According to the (8), the noise will be worse at the
frequency f3 , where it is at the frequency 300 kHz, as shown in
Fig. 12.

2) Simulation of the Shunt Resonant Path: Then, we made
several simulations to verify its effectiveness. First, we simu-
lated the noise without the shunt resonant path, and the result
is shown in Fig. 13. It can be found that it exists a series reso-
nant peak at the frequency of 700 kHz, where the noise is much
higher than the ones at other spots.

Next, simulations of the new topology were made with dis-
crete inductors in Pspice to validate its effectiveness. In order
to determine the value of the inductor L2 , we first selected a
capacitor value arbitrarily, and simulated the circuit with dif-
ferent values of the inductor in the shunt resonant path. The
results are presented in Fig. 14, which shows that a maximum
suppression can be achieved whose frequency differs with the
inductance value. In this experiment, the turn number of the
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Fig. 14. EMI noise of simulation with different inductor values of the shunt
path.

Fig. 15. EMI noise of simulation with different capacitor values of the shunt
path.

Fig. 16. CM noise of the balanced Boost converter.

inductor in the shunt path was 6. In fact, with the effect of the
parasitic capacitance among the windings, the inductor will acts
like a capacitor above the resonant frequency of the inductor,
which is 1.8 MHz in this experiment and the simulation will be
not effective. Therefore, we only concern the simulation results
below 1.8 MHz.

Finally, the value of the capacitor should be determined. We
simulated the circuit with different capacitor values, which was
increased from 1 to 10nF. The results are shown in Fig. 15. It
can be found that the capacitor value also affect the frequency
of the maximum suppression. In this experiment, the selected
capacitor value was 4 nF.

3) Experiment Results of the shunt Resonant Path: Then, the
experiment was conducted. The results are shown in Fig. 16. The
blue spectrum is the CM noise without the shunt resonant path,

Fig. 17. DM noise of the balanced Boost converter.

Fig. 18. Total noise of the balanced boost converter.

while the red spectrum is the result with the shunt resonant path.
It can be found that the shunt resonant path provides suppression
as high as 15 dB at the frequency 500– 900 kHz.

Since the shunt resonant path will also affect the differential
IL, the total performance of circuit is also measured. The results
are shown in Figs. 17 and 18. Obviously, the noise peak at the
frequency of 700 kHz, which is caused by the series resonant of
CM inductor and capacitors, is now been attenuated. The energy
loss that the shunt resonant path consumed is only 0.2 W.

V. DISCUSSION

A. Effects of the Shunt Path Windings

Since the shunt path conducts only the noise current, the path
can use very small conductors and occupies little space. How-
ever, the added windings may have some impact on the parasitic
parameters of inductor, which might decrease the suppression
performance. We conducted two compared experiments, one
was the coupled inductor without the shunt path, and the other
was the coupled inductor with the shunt path wound on the
inductor but leave it floating. The results which are the total
noise of the circuits are presented in Fig. 19. It shows that with
the added windings which is even not connected with the in-
ductor, its performance still deteriorated in a small degree. But
compared to the performance of the shunt path at the resonant
frequency which can achieve 15-dB attenuation, this deteriora-
tion is acceptable.

B. Effects of the Parasitic Capacitors of the MOSFET

Since the winding of the inductor is equally split into two
parts, the voltage of both drain and source of the MOSFET
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Fig. 19. Effect of the added windings.

Fig. 20. Dimension of the diode and the MOSFET. (a) MOSFET and diode.
(b) Thermal pad of the diode. (c) Thermal pad of the MOSFET

change complementarily. Then, the CM current equals

iCM = iCM1 − iCM2 = (CS1 − CS2)
du

dt
(19)

where CS1 and CS2 are the parasitic capacitors of the MOSFET.
Therefore, the CM noise can be significantly reduced if the
parasitic capacitance CS1 and CS2 equals which helps to reduce
the size of the EMI filter.

From the (19), it is found that the lower difference of the ca-
pacitances CS1 and CS2 , the smaller the CM current is. There-
fore, we first calculated the parasitic capacitance of the PCB
where our experiments operate. The parasitic capacitance CS1
consists of two parts. One is caused by the drain pin of the
MOSFET, and the other part is caused by the copper on the
PCB. Considering the cooling requirement in case of flowing
large current, the MOSFET is a through-hole component and a
heat sink is used with the MOSFET. The type of the MOSFET is
IRFP4332 and its package type is TO-247 as shown in Fig. 20(a).
Since the drain pin of the MOSFET is connected with the ther-
mal pad, which is insulated with the heat sink only through a
thin mica isolation pad, the parasitic capacitance caused by the
drain pin of the MOSFET is quite large. The dimension of the
MOSFET is presented in Fig. 20(c) and the area of its heat sink

Fig. 21. Parasitic capacitance simulation in ANSYS.

is

S1= 15.84 × 13.41 − π × 6.622/4 = 177.99 mm2 . (20)

The thickness of the mica pad is 0.14 mm and the relative
permittivity of the mica is 7, the parasitic capacitance of the
thermal pad is

C1 = ε0εr × S1/d = 78.75 pF (21)

where ε0 is 8.85 × 10−12 , and d is the thickness of the insulator.
The other part of the parasitic capacitance is introduced by the

copper S1 on the PCB connecting with the drain of the MOSFET
as shown in Fig. 21. In order to calculate this capacitor value,
we simulated the PCB in ANSYS. The capacitor we simulated
is 3.5 pF. Therefore, the total capacitance CS1 is 82.25 pF.

The parasitic capacitance CS2 is similar to CS1 , which also
consists of two parts. One is the cathode-to-ground capacitance
of D2 in Fig. 2, and the other part is also caused by the copper
on the PCB S2 as shown in Fig. 21.

The area of the thermal pad of the diode D2 connecting with
the cathode pin, as shown in Fig. 20 (b), is

S2= 10.38 × 12.34 − π × 3.782/4 = 116.87 mm2 . (22)

The cathode-to-ground capacitance is

C2 = ε0εr × S2/d = 51.73 pF. (23)

From the analysis in ANSYS, the copper parasitic capacitance
of C2 is 4.7 pF. Therefore, the total capacitance CS2 is 56.43 pF.

It can be found that there is a big difference between the
parasitic capacitance CS1 and CS2 . In order to reduce the dif-
ference, a thin sheet of copper which is of the same size as the
thermal pad of the MOSFET was added between the diode and
the heat sink. Thus, it can ensure that the cathode-to-ground ca-
pacitance C2 is the same with the capacitance C1 caused by the
MOSFET thermal pad [23]. Then, the difference of the parasitic
capacitance of CS1 and CS2 can be reduced greatly and the final
difference is only 1.2 pF which is caused by the area difference
of the copper on the PCB.

Then, the experiment of the parasitic capacitance compen-
sation was conducted. The result is shown in Fig. 22 where
the blue spectrum is the CM noise after parasitic capacitance
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Fig. 22. Experiment result of parasitic capacitance compensation.

Fig. 23. Effect of shunt resonant path with capacitance unbalance.

compensation and the red one is the CM noise without capaci-
tance compensation.

C. Effectiveness of the Shunt Path in the Case of a Dramatic
Difference Between Parasitic Capacitances

In order to verify the effectiveness of the shunt path, the ex-
periment with unbalanced structure was also conducted. One
of the parasitic capacitance was increased much larger than the
other deliberately. The value of CS1 is 582.25 pF, while the one
of CS2 is 83.45 pF. Its experimental results are presented in
Fig. 23. It can be found that the capacitance unbalance leads to
much larger noise in low-frequency range. Since the capacitance
in the resonant path was increased, its resonant frequency de-
creased to 250 kHz. The experiment result shows that the shunt
resonant path is still effective.

D. Reduction for the CM Inductor With the Shunt
Resonant Path

To the best of our knowledge, the state-of-art balanced con-
verters cannot meet the EMC rule requirements without EMI
filters. Thus, a front stage EMI filter must be adopted to atten-
uate the CM noise further, and how to reduce the EMI filter
size/cost by fine tuning the converter is the motivation of this
paper. It is well known that the size/cost of a CM inductor with
a fixed inductance is dominated by its self-resonance frequency
(SRF). At the same time, the more CM noise locates at high fre-
quency, the higher SRF CM inductors have to be used to wardoff
the noise. In other words, the CM inductor will be much bigger.
As stated in this paper, the noise locating at frequency around

Fig. 24. CM noise in our experiment.

Fig. 25. CM noise with larger inductance.

Fig. 26. Noise without the shunt resonant path connecting 1.3 mH CM
inductor.

700 kHz is mainly induced by the series resonant of the cou-
pled boost inductor and parasitic CM capacitances. In case we
distribute the CM noise around 700 kHz to lower frequency, a
CM inductor with low SRF can fulfill the noise alleviation task.
The low-SRF CM inductor may be fabricated by thick winding
method, and leave the issue of equivalent parallel capacitance
alone. As a result, the volume of CM inductor will be shrunk. In
addition, some cheaper manufacturing method/core type such
as multiple layers, banking windings, and E–E cores rather than
toroid cores may be used.

For better understanding of this technique, the reduction of
the CM inductor will be discussed. Since the performance of the
EMI filter at high frequency depends on the parasitic parameters.
Here, we only consider the noise in the low-frequency range,
which dominates the size of the CM inductor. Therefore, we
will concentrate our mind on the frequency below 1 MHz. The
CM noise is presented in Fig. 24. The black line in figure is the
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Fig. 27. Noise without the shunt resonant path connecting 2.1-mH CM
inductor.

Fig. 28. Noise without the shunt resonant path connecting 3.3-mH CM
inductor.

standard of CISPR 22B, while the green one is the IL that the
CM inductor should provide which is usually 20 dB per decade.

It shows that, without the shunt resonant path, the highest
noise is at the frequency 700 kHz. A high SRF of CM inductor
will also be needed. However, with the shunt resonant path, it
can be found that the highest noise which exceeds the standard
is around the frequency 300 kHz. Therefore, the SRF of the CM
inductor can be decreased as well as the size of the CM inductor.

To further reduce the size of the CM inductor, according to the
SRF of the CM inductor mentioned above, we could increase the
power inductor and make the resonant frequency lower. It must
be pointed out that this variation contributes little change to the
volume of the converter since the core size of the inductor does
not alter. The experimental result is presented in Fig. 25. It can
be found that with a larger inductance, the resonant frequency
was decreased to 400 kHz. After applying the shunt resonant
path, the noise exceeding the standard also moved to 150 kHz.
Then, the CM inductor with a lower SRF can be applied to
reduce its size.

A series of experiments were also conducted to illustrate the
reduction of the CM inductor with the shunt resonant path. In
these experiments, the EMI filter topology as well as values of
its components except the CM inductor was kept the same, and
different CM inductors were applied for comparison. In order
to fully demonstrate the advantage of shunt path, a larger power
inductor was adopted for a lower resonant frequency (about
400 kHz).

First, we made the experiments without the shunt resonant
path. It can be found that, when the inductance of the EMI filter

Fig. 29. Noise with the shunt resonant path connecting with 1.3-mH CM
inductor.

Fig. 30. Comparison of the inductors in the EMI filters.

Fig. 31. Noise with 1.77-A load current.

is 1.3 mH, the noise at the resonant frequency 400 kHz still
exceeds the standards as shown in Fig. 26. Then, the inductance
was increased to 2.1 mH, the noise in the low frequency can be
decreased and satisfy the standards as shown in Fig. 27. To get
better performance, the inductance was increased to 3.3 mH.
The result is also presented in Fig. 28 and shows that the noise
around the frequency 600 kHz gets better. Since the noise above
1 MHz does not include the content of this paper; therefore, we
only care the noise in the low frequency range.

Then, we conducted the experiment with the shunt resonant
path. When the inductance is 1.3 mH, the noise in the low
frequency has satisfied the standards as shown in Fig. 29. It can
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Fig. 32. Noise with 2.65-A load current.

Fig. 33. Noise with 3.53-A load current.

Fig. 34. Flux direction in DM and CM mode.

be found that the noise in the frequency range between 400 and
700 kHz is much lower than the one in the experiment without
the shunt resonant path.

The inductors used in these experiments are COILCRAFT
CMT1-1.3-4L, CMT1-2.1-4L, and CMT2-3.3-4L as shown in
Fig. 30. It is clearly shown that a balanced converter provided
with the shunt path will gain much benefit over the one without
a shunt path in view of size/cost of EMI filter.

E. Effect of the Load Current
Since some parasitic parameters of nonlinear devices, such as

diode junction capacitance and permeability of the core mate-
rial, will be affected by the operating conditions of the converter,
which will also affect the validity of this technique [24]. In order

Fig. 35. DM reluctance model of the coupled inductor. (a) DM reluctance
model (b) Equivalent magnetic circuit.

to validate the functionality of the shunt path in different load
cases, the EMI performance of the converter without a filter
are measured with load of 30, 20, and 15 Ω, respectively. The
corresponding load current is 1.77, 2.65, and 3.53 A. The exper-
iment results are presented in Figs. 31–33, respectively. It can be
found that the performance of the shunt path does be worsened
in larger load current circumstance due to junction capacitance
variation and decreasing in permeability of the material.

VI. CONCLUSION

In this paper, a new inductor structure based on the balanced
technique is presented. The noise problem caused by the reso-
nant path comprising the parasitic capacitor Cs1/Cs2 and the
inductor L1 /L3 is discussed. A shunt resonant path based on the
balanced structure is studied as well as its implementation. With
the new added path, a maximum suppression can be achieved to
suppress the noise at a certain frequency. The function of IL is
provided to evaluate its performance, along with its simulation
results. Experimental results show that the auxiliary circuit can
gain more than 15-dB IL at the frequency where it resonates.
Furthermore, the experiments of this technique on capacitance
unbalance condition and different load current also validates
its effectiveness. Finally, the CM inductor size comparison is
provided, and the experiments show that the converter with the
shunt path will gain much benefit over the one without the path
in view of the size of EMI filter.

APPENDIX

A. Principle of the Coupled Inductor

1) Common Mode: For easier understanding, the principle
of the coupled inductor, without the shunt resonant paths as
shown in Fig. 34, is analyzed. In CM, the CM currents flow into
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the windings from ports 1 and 2. From the right-hand rule, the
two magnetic fluxes produced in two windings are in the same
direction and flow only through two side legs as the blue dotted
lines shown in Fig. 34. Since the CM currents value is very
small, the CM inductor will not saturate. The self-inductance of
winding n1 and n3 is

L11 = (n1 + n3)2 μAS

lS
(24)

where μ is the core of permeability, AS is the cross-sectional
area of the side legs, and lS is the mean flux path length. Since
the inductor is symmetrical, the inductance of winding n6 and
n8 is equal to L11 .

The mutual inductance between the windings wound on the
two side legs is

M12 = (n1 + n3)(n6 + n8)
μAS

lS
= (n1 + n3)2 μAS

lS
. (25)

Therefore, the inductance of the CM inductor is

LCM = 2 × (L11 + M12) = 4(n1 + n3)2 μAS

lS
. (26)

2) Differential Mode: In DM, the DM currents flow into the
windings from ports 1 and 4. The fluxes produced by the wind-
ings are shown as the red dotted lines in Fig. 34. Consequently,
the mmf’s of the windings n1 , n3 and n6 , n8 tend to set up flux in
the center leg in the same direction. Since the DM current is usu-
ally very large, an air gap is employed preventing the inductor
from being saturation.

As the magnetic circuit is analogous to electrical circuit, volt-
age and current are replaced by mmf and magnetic flux, while
the resistance is the counterpart of reluctance. The equivalent
DM reluctance model is displayed in Fig. 35(a).

As shown in Fig. 35(b), because the power inductors are
designed in a symmetric way, the reluctance of middle leg can
be divided into two equivalent parts and each part of reluctance
has a value of 2RC . In addition, the reluctances of two side
legs are equal as well. We deduce the value of inductance in the
entire magnetic circuit as follows:

LDM = 2 × L1,3 =
2N 2

RS1 + 2RC
=

2(n1 + n3)2

RS1 + 2RC
(27)

RS1 =
lS

μAS
(28)

RS1 =
lS

μAS
(29)

where μ is the core of permeability, AS is the cross-sectional
area of the side legs, lS is the mean flux path length, μ0 is the air
gap of permeability, AC is the cross-sectional area of the center
leg, and lC is the air length.

Under the assumption that the reluctance of the core is neg-
ligible as compared to that of the air gap, the inductance of the
windings n1 and n3 is equal to

LDM =
2(n1 + n3)2

RS1 + 2RC
≈ 2(n1 + n3)2

2RC
=

(n1 + n3)2μ0AC

lC
.

(30)

From the analysis above, the power inductor can be used not
only as CM inductor, but also the DM inductor at the same
time.
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