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Abstract—The wide bandgap semiconductor increases the power
density of switching power supplies while bringing about serious
common-mode (CM) electromagnetic interference (EMI) prob-
lems. Compared to conventional passive EMI filters (PEFs), active
EMI filters (AEFs) cancel the noise by sensing and injecting, which
significantly reduces the volume of the filter. However, there is a
challenge in simultaneously achieving high transient voltage im-
munity and compact design in the sensing part. Moreover, the high-
frequency insertion loss is limited largely due to stray parameters
and insufficient bandwidth of active components in the injecting
part. To overcome these challenges, this article presents three key
contributions: First, a novel Rogowski coil CM current sensor
with lead compensation is proposed. The multivariate function of
mutual inductance of the coil is derived and used to reduce the size
of sensor while maintaining high sensitivity and high transient volt-
age immunity. Second, a high-order lead compensation network is
adopted to counteract the phase lag of active components at high
frequencies. Third, the degradations of the injecting part caused
by stray parameters are analyzed, and a high-frequency insertion
loss enhanced injecting circuit is proposed to mitigate the degrada-
tion by closed-loop variable gain control. The effectiveness of the
proposed AEF has been verified on a 3-kW inverter experimental
platform. With a small size of 38 mm × 23 mm, the proposed AEF
achieves an insertion loss of 22.8 dB–30.3 dB at high frequencies
(10 MHz–30 MHz) and a maximum of 44.7 dB at 1.4 MHz.

Index Terms—Active EMI filter (AEF), common-mode noise,
electromagnetic interference (EMI), high-frequency, insertion loss,
Rogowski coil sensor.
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I. INTRODUCTION

THE application of wide bandgap semiconductor power
devices has significantly improved the performance of

digital power amplifiers. However, the high frequency and high
voltage switching action also bring electromagnetic interference
(EMI) problems [1]. To meet electromagnetic compatibility
(EMC) standards, passive EMI filters (PEFs) are widely used
because of low cost and high stability [2], but they require large
common-mode (CM) inductors due to the limitation of leakage
current. Active EMI filters (AEFs) detect current or voltage noise
and then inject a compensating voltage or current opposite to the
noise through an active circuit [3]. In this way, the size of the
CM inductor can be reduced while maintaining high insertion
loss [4]. AEFs usually consist of two parts: 1) sensing part; and
2) injecting part.

According to type of sensing part, AEFs can be categorized
into voltage sensing AEFs and current sensing AEFs. Voltage
sensing AEFs only use resistor and capacitor (RC) networks
to sense the CM voltage, which have the advantage of small
size [5], [6], [7], but it is susceptible to high transient voltages
[8]. Another disadvantage lies in the requirement to design a
stabilization network specifically adapted to the characteristics
of the filter and its operating environment [9]. Current sensing
AEFs usually use current transformers (CTs) to sense CM cur-
rents [9], [10], so high transient voltage immunity is achieved,
but the use of magnetic cores increases the size. In addition,
the magnetic permeability decreases with increasing frequency
[12], and excessive CM currents can lead to magnetic saturation,
which can result in nonlinearities in the sensing gain for CM
currents. Ferrite cores are noted to be the preferred choice for
sensing high-frequency currents, but high performance cores
rise the cost [13]. In contrast with CTs, the printed circuit
board (PCB) Rogowski coil is a hollow transformer, which
has a small size and high linearity, but also results in a lower
gain than the CT [14]. Therefore, Rogowski coil can serve as
a high-frequency current sensor, which has been applied in a
ripple filter on the output of a buck converter [15]. However,
due to the low sensitivity of Rogowski coils, the CT sensor is
still more advantageous for low-current (<20A) systems. As
a result, Rogowski coils are more commonly used to measure
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TABLE I
COMPARISON OF THE PROPOSED AEF AND EXISTING AEFS/HEFs

high frequency and large currents such as switching currents and
pulsed currents [16], [17]

Similarly, for the injecting part, AEFs can be categorized into
voltage injecting AEFs and current injecting AEFs. For voltage
injecting AEFs, a transformer is needed to inject the opposite
voltage [18], which tends to be large in size and of limited
high-frequency characteristics. For the current injecting AEFs,
the oppsite current is injected via a capacitive branch, which is
more convenient than the voltage injecting AEF, so it is widely
used in commercial ac/dc converter [19], motor drive system
[20] and grid-connected inverter [21]. However, the gain (from
measured CM current/voltage to injected current) tends to devi-
ate from the desired value, especially at high frequencies. The
error of gain finally leads to dissatisfied insertion loss. A virtual
impedance analysis method is proposed [22], which shows that
the gain should not be constant but equal to the impedance of
the injection branch. Further, to fulfill the gain requirement at
high frequencies, the stray inductance of the capacitor in the
injecting branch should also be considered [23]. Nevertheless,
stray parameters such as the variable output resistance of the
operational amplifier, stray inductance in the ground lead, etc.,
also lead to insertion loss decreases at high frequencies. What is
worse, even if the stray parameters of the injection branch can
be fully accounted for, the insertion loss still degrades due to the
limited bandwidth of active components, such as operational
amplifiers (op-amps) and transistors. It is pointed out that the
phase lag caused by op-amps may even lead to the noise being
amplified at high frequencies [24]. Therefore, because of the
insufficient high-frequency performance, it is difficult for AEFs
to maintain high insertion loss at 150 kHz–30 MHz to meet
the EMI standard (such as CISRP-11) without adding passive
components. The parameters of the two most popular types
(current-sensing-current-injecting and voltage-sensing-current-
injecting) of AEFs are compared in Table I.

Aiming to above problems in the sensing part and the injecting
part, the main contributions of this article are as follows:

1) A novel Rogowski coil CM current sensor is proposed.
The multivariate function of mutual inductance of the
coil is derived to reduce the size of sensor compared to
CTs while maintaining high transient voltage immunity
compared to RC networks.

2) A high-order lead compensation network (LCN) opti-
mized by evolution algorithms is proposed. The network

Fig. 1 Schematic diagram of the Rogowski CM current sensor.

counteracts the phase lag of active components and thus
improves insertion loss at high frequencies.

3) A high-frequency insertion loss enhanced injection circuit
is proposed. The degradations of the injecting part caused
by stray parameters are analyzed and mitigated by closed-
loop variable gain control (VGC). Finally, the insertion
loss at high frequencies is furtherly improved.

These three contributions enable the insertion loss of the
proposed AEF to reach 22.8 dB–30.3 dB at high frequencies
(10 MHz–30 MHz) and a maximum of 44.7 dB at 1.4 MHz,
with a small size of 38 mm∗23 mm.

The rest of this article is organized as follows. In Section II, the
principle and design of the novel Rogowski coil CM current sen-
sor with high-order lead compensation network are presented. In
Section III, the high-frequency insertion loss enhanced injection
circuit is introduced. In Section IV, an experimental platform
with a 3 kW inverter is built to verify the proposed method.
Finally, Section V concludes this article.

II. DESIGN OF THE ROGOWSKI CM CURRENT SENSOR WITH

LEAD COMPENSATION

A. Modeling and Structure Optimization of Rogowski Coil

The equivalent circuit diagram of the CM current sensor based
on the Rogowski coil is shown in Fig. 1, and the structure of
the Rogowski coil is shown in Fig. 2. The coil is a uniformly
wound closed circular coil. Compared with split-core Rogowski
coils [25] or rectangular Rogowski coils [26], the closed circular
Rogowski coil offers the best geometrical symmetry to maintain
immunity to external magnetic fields in a complex electromag-
netic environment.

Meanwhile, due to the symmetry, the magnetic flux of the
differential-mode current is cancelled out in the coil, while
the CM current generates the same induced voltage. In Fig. 1,
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Fig. 2 Structure of the Rogowski coil for CM current sensing.

M represents the mutual inductance between the coil and two
power bus conductors of the noise source, and LS represents
the self-inductance of the coil. RS is the resistance of the coil
winding, usually only a few ohms, and CS is the stray capacitance
of the coil, generally at picofarad level. Since the value of RS

is relatively small and can generally be ignored, the resonant
frequency of the Rogowski coil can be expressed as:

fres = 1/(2π
√
LsCs) (1)

When the signal frequency f is much lower than the resonant
frequency, the coil can be approximately regarded as a differen-
tiator, whose output voltage can be expressed as

Ucoil(t) =M
dicm(t)

dt
(f � fres). (2)

Then, Ucoil is integrated through the integrator to reproduce
the CM current. Ideally, the output of the integrator is

Uint(t) =

∫
Ucoil(t)dt = KMicm(t)(f � fres). (3)

Without a magnetic core, the value of M is generally very
small. Moreover, the bandwidth of the integrator is limited, so
the gain factor K cannot be too large. Therefore, the design of
the Rogowski coil should achieve the following two goals.

1) fres should significantly exceed the concerned frequency.
2) M should be as large as possible.
When the winding is dense enough, the voltage error caused

by the eccentricity of the conductor can be ignored [27]. There-
fore, the power bus can be regarded as conductors passing
through the center of the coil. Since the lengths of the conductors
are much greater than the thickness of the coil, they can be
regarded to be infinitely long. According to Biot-Savart’s law,
the magnetic flux density B near the conductors can be expressed
as

B =
μ0I

2πr
(4)

where μ0, I, and r are the vacuum permeability, the current of
the conductor, and the distance between the analyzed point and
the center of the conductor, respectively.

Assuming that the coil is composed of n turns of uniform
windings, the total magnetic flux linkage in the coil can be

Fig. 3 Top view of the relative position between the power line conductors
and the coil.

expressed as

ψ(t)=n

∫∫
©

s

Bds = n

∫ l2

l1

μ0icm(t)

2πr
hdr =

μ0nhicm(t)

2π
ln
l2
l1
(5)

where l1 is the inner radius, l2 is the outer radius, n is the number
of turns, and h is the height of the coil as shown in Fig. 2. The
mutual inductance M and induced voltage uind of the coil can
be expressed as

M(l1, l2, n, h) =
ψ(t)

icm(t)
=
μ0nh

2π
ln
l2
l1

(6)

uind(t) =
dψ

dt
=M

di

dt
=
μ0nh

2π
ln
l2
l1

di

dt
. (7)

As it can be seen in Fig. 3, the number of turns n is equal to
the number of vias in the inner layer of the coil. Due to PCB
manufacturing limitations, the via clearance (noted as c) cannot
be too small. The number of turns n and the inner radius l1 are
negatively correlated, specifically

nmax(c, l1) = π/ arcsin[c/(2l1)] (8)

where cmin<c<l1 and n is an integer. According to (7) and (8),
M can be further derived as

M(l1, l2, c, h) =
μ0h

2 arcsin( c
2l1

)
ln
l2
l1
. (9)

It can be seen from (9) that when the coil structure parameters
are determined, the induced voltage of the coil is proportional
to the differential of the measured current. While CTs must con-
sider the variation of the magnetic permeability of the coil core
with frequency and the saturation effect. To recover the phase of
the CM current, an integrator is required. Without considering
the influence of the stray parameters of the Rogowski coil, the
gain of the integrating circuit should be

Gint(s) =
Gcm

uind/I(s)
=
Gcm

sM
(10)

where Gcm is the desired output sensitivity of the CM current
sensor. Since the integrator is generally composed of voltage
feedback operational amplifiers, the gain bandwidth product
(GBW) is generally limited. The required GBW of the integrator
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GBWint is obtained

GBWint = |Gint(s)|s=j×2πf | × f =
Gcm

2πM
. (11)

Excessive requirement for the GBW will lead to the increase
in the cost of op-amp chips, the decrease in the signal-to-noise
ratio, and even stability issues.

Unlike measuring switching current [28] or current of power
modules [29], the amplitude of CM current is small (lower than
1A even in motor drive systems with large CM currents [20],
[30]). Therefore, the sensor needs a high gain, which is set to be
1 V/A in the proposed sensor. In order to satisfy such a high gain
of the sensor while realizing a high signal-to-noise ratio, high
bandwidth and immunity to the influence of stray parameters,
the mutual inductance of the Rogowski coil should be increased
and thus the integrator gain can be reduced.

Therefore, it is necessary to optimize the structure of the coil
to make the mutual inductance M as large as possible.

Meanwhile, excessive thickness and insufficient turn spacing
will increase the cost of PCB manufacturing.

Therefore, to simplify the analysis without losing generality,
it is assumed that h = 1.6 mm and cmin = 0.6 mm.

From (9), it can be seen that l1 is the key variable in the
optimization of mutual inductance. A change in l1 affects both
the maximum number of turns and cross-sectional area per turn,
which in turn affects the mutual inductance. Therefore, the effect
of l1 on mutual inductance should be quantitatively analyzed.
Also, the relationship between M and l2 should be derived to
calculate the maximum mutual inductance at different sizes.

Since the inner l1 and outer diameters l2 are independent of
each other, to analyze the variation of M with l1 and l2, the
partial derivatives of M with respect to l1 and l2 are, respectively,
obtained

∂M

∂l1
=

u0h ln
(

l2
l1

)
c

2 arcsin
(

c
2l1

)2

l21

√
− c2

l21
+ 4

− u0h

2 arcsin
(

c
2l1

)
l1

(12)

∂M

∂l2
=

u0h

2 arcsin
(

c
2l1

)
l2
. (13)

On the one hand, it is assumed that the coils are dense enough,
namely c�l1. Then, setting (12) equal to zero yields

u0h ln
(

l2
l1

)
c

− u0h

c
= 0 (14)

namely

l2 = e · l1 (15)

where e represents the natural constant.
On the other hand, ∂M/∂l2 is monotonically decreasing and

always greater than 0.
Through the above analysis of ∂M/∂l1 and ∂M/∂l2, the

following two conclusions can be drawn.
1) To maximize mutual inductance as much as possible, the

inner diameter l1 should be at least greater than l2/e.

Fig. 4 Relationship between mutual inductance M, n, l1 and l2.

Fig. 5 Flowchart of the Rogowski coil structure optimization.

2) To reduce the size of the AEF sensing part, and decrease
the trace length so that increasing the resonant frequency
of the coil, an overly large outer diameter l2 is unnecessary.

From Fig. 4, it can be seen that when l1 is small, increasing
l1 is able to achieve a greater mutual inductance, but when l1
exceeds l2/e the situation is the opposite. With N = 37, l1 =
3.6 mm and l2 = 10 mm, M can be optimized to 12.3 nH. The
flowchart of the optimization algorithm is shown in Fig. 5. It
is worth mentioning that the tolerance of PCB height has the
maximum influence on the mutual inductance (±10%), while
the other parameters have far less influence. However, 10% can
be easily compensated by adjusting the gain of the integrator.
Besides, the tolerance has little influence on the bandwidth.

Assuming that the sensitivity Gcm= 1V/A, the required GBW
is 13 MHz, which can be realized easily. It should be noted that
although the bus conductors do not actually pass through the
center of the coil, the error is negligible. The eccentricity error
can be calculated as

εe(N, ke, kr)

=
1

2N ln kr

N∑
i=1

ln
1 +

(
ke

kr

)2

− 2
(

ke

kr

)
cos

(
i 2πN

)
1 + ke

2 − 2ke cos
(
i 2πN

) (16)

where N is the number of turns, kr is the ratio of inner radius
and outer radius (namely l2/l1 Fig. 3), ke is the eccentricity ratio
(namely le/l1 in Fig. 3). If the eccentricity error is required to be
less than 0.5%, namely

εe(37, ke, 2.78) < 0.5%. (17)
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Fig. 6. Integrator in the Rogowski CM current sensor.

Solving for ke yields that:ke < 0.95. That is, when the eccen-
tricity is<0.95, the error of the induced voltage will be less than
0.5%. Therefore, even if the conductor is very close to the edge
of the coil’s center hole, the error due to eccentricity can still be
ignored.

B. Design of the Integrator

For the integrator used in the sensing part of the AEF, the
following functions should be implemented.

1) The high-pass filtering function. Ideally, the transfer func-
tion of an integrator is K/s, where K is the gain factor.
The integration gain increases as the frequency decreases,
so the low-frequency (LF) noise without the concerned
frequencies may cause saturation problems.

2) Sufficient phase accuracy at concerned frequencies
(ideally–90°). Unlike sensors for overcurrent protection
and spectrum analysis, the noise suppressing effect of the
AEF is highly sensitive to phase accuracy.

For requirement 1, it can be satisfied by designing a high-pass
filter. For requirement 2, when the product of signal gain and
frequency is much lower than the GBW of the op-amp (namely,
the op-amp is assumed to be ideal), and then the requirement
can be satisfied by a reasonable design of the integration param-
eters. Otherwise, compensation circuits need to be designed to
counteract the high-frequency phase lag of the op-amp. In fact,
the phase lag is also caused by other active components such as
transistors, and will also lead to insertion loss degradation. The
phase lag needs to be measured before compensating. Therefore,
this subsection focuses on the original integrator (without com-
pensation). Detailed compensating method will be introduced
in Section III-C.

The hybrid integrator is adopted to process the output of the
Rogowski coil [31], [32], as shown in Fig. 6. With Rp = RN and
Cp = Cf, the integrator has the best circuit symmetry, practical
benefits and a simpler transfer function, which improves robust-
ness and performance in practical applications. Rp and Cp not
only form an input low-pass filter buffering the surge current
in CM noise, but also form a passive integrator. The op-amp
and RN and Cf form an active integrator. The LF feedback part
consists of Rf, RG and CG, which suppress the LF gain without
affecting the high-frequency (HF) performance. The detailed
working principle is as follows:

To simplify the analysis, Rp = Rn, Cp = Cf, RG�Rf and
RN�Rf are usually taken. Then, it is assumed that the bandwidth

Fig. 7. Function block of the integrator.

of the op-amp is sufficient (i.e., the “virtual short” feature holds).
The circuit can be divided into two modalities: LF modality and
HF modality. The corner frequency between the two modalities
fC is

fc = 1/(2πRfCf ). (18)

For HF signals (f � fC), it is held that 1/(sCf) � Rf, so the
LF feedback part (Rf, RG and CG) is bypassed. The HF output
Uint.HF of the integrator can be expressed as

Uint.HF =
1

RpCps+ 1

RfCfs

RfCfs

RHFCHF s

RHFCHF s+ 1

=
1

RNCfs

RHFCHF s

RHFCHF s+ 1
. (19)

For LF signals (f � fC), it is held that 1/(sCf) � Rf, so the
feedback capacitor Cf is bypassed. The LF output Uint.LF of the
integrator can be expressed as

Uint.LF =
1

RNCfs+ 1

[(
1 +

Rf

RN

)(
RfCGs

RGCGs+ 1
+ 2

)]

× RHFCHF s

RHFCHF s+ 1
Uin. (20)

According to (19) and (20), the function block of the original
integrator is shown as Fig. 7, where⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

Kint = 1/(RNCf )

KDC = 1 +Rf/RN

GLPF1 = 1/(RNCfs+ 1)

GHPF1 = CGs
CGs+1

GHPF2 = RHFCHF s
RHFCHF s+1

. (21)

From the above analysis, for HF signals, the integrator is
equivalent to the cascade of an integral part and a high-pass filter.
For LF signals, due to RN�Rf, the integrator is approximately
equivalent to the cascade of a first-order low-pass filter and a
second-order high-pass filter, ensuring that the LF gain will not
be too large.

The design steps of the proposed integrator are as follows:
1) Set fc according to the concerned frequency.
2) Set the integral gain factor Kint according to the required

sensing sensitivity Gcm and mutual inductance M of the
coil.

3) Set the KDC according to the required LF attenuation.
4) Solve Rf RN and Cf based on parameters set in steps 1–3.

If RN�Rf is not satisfied, KDC needs to be adjusted.
5) According to the noise frequency band of concern, set RG,

CG, RHF and CHF, thereby setting the corner frequencies
of the two high-pass filters.
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Fig. 8 Bode diagram of the integrator.

Fig. 9. Schematic diagram and connection of the high-order lead compensat-
ing network (LCN).

Assuming that the sensitivity Gcm = 1V/A, the integrator is
designed based on the above method. As shown in Fig. 8, the
calculation result is consistent with the simulation result except
that near the corner frequency. However, this does not affect the
integration function at 150 kHz–30 MHz and the ability of LF
noise suppression.

C. High-Order Lead Compensation Network

As shown in Fig. 9, by simply replacing the input low-pass
filter in the integrator with the high-order lead compensating
network (LCN), the phase lag caused by the limited bandwidth
of the active components (such as op-amp and BJT) can be com-
pensated. The proposed LCN consists of an L-C-R resonance
suppression branch and an R-C-R lead compensation branch.

The basic principle of implementing compensation is to com-
pensate for the gain of the total AEF (noted as GAEF) at high
frequencies by increasing the noninverting input of op-amp Up,
thus there is the following proportionality:

Gp.ideal

Gp.act
=
GAEF.ideal

GAEF.act
(22)

where the suffix “ideal” denotes ideal gain, “act” denotes actual
gain. To maximize the insertion loss of AEF, GAEF should be as
close as possible to the injecting impedance Zinj [22]. Combining
the definitions of Gp and GAEF, there are

⎧⎪⎨
⎪⎩
GAEF.ideal = Zinj

GAEF.act = Uout.act/Icm

Gp.act = Up.act/Icm

. (23)

Substituting (22) into (23) gives

Gp.ideal = Gp.act
GAEF.ideal

GAEF.act
= Zinj

Up.act

Uout.act
(24)

where Uout is the output voltage of the AEF. Due to the com-
plexity of the transfer function of the LCN, it is hard to fit the
desired gain by theoretical calculations. Therefore, an evolution-
ary algorithm based on electric charged particles optimization
(ECPO) method is adopted [33], and the steps are as follows:

First, Zinj, Up.act, and Uout.act are measured, and the ideal
gain of Gp.ideal is calculated by (24). To calculate the gain of
the Rogowski coil to the CM current, it is necessary to measure
the stray parameters Rs, Ls, Cs and mutual inductance M of the
Rogowski coil (shown in Fig. 1). The noninverting input of the
op-amp Gp calculated by the algorithm is noted as Gp.calc

Second, the optimization objective is set as the maximum error
between Gp.calc and Gp.ideal within the concerned frequencies,
which is noted as Gp.err.max. The goal of the algorithm is to
make Gp.err.max as small as possible on condition that the com-
ponent values are of reasonable ranges. That is, the following
optimization problem needs to be solved:

min |Gp.calc(f)−Gp.ideal(f)|max

stXi.min ≤ Xi ≤ Xi.max (i = 1..6) (25)

where Xi denotes the ith component in the LCN shown in Fig. 9,
and Xi.min and Xi.max denote the lower and upper bounds on the
value of that component.

Then, to accelerate the convergence, the initial value of the
element can be set as follows: on the one hand, to keep the
integral gain Kint consistent, Rc2 and Cres can be set equal to Rp

and Cp, respectively. On the other hand, to suppress the effect
of the coil resonance, the value of Lres can be calculated based
on the coil resonance frequency fres initially. That is⎧⎪⎨

⎪⎩
Rc2.init = Rp

Cres.init = Cp

Lres.init = (1/2πfres)
2/Cres

(26)

where the suffix “init” denotes initial value, the ECPO algorithm
is used to optimize the network component values so that Gp.calc

is close to Gp.ideal. The flowchart of the optimization algorithm
is shown in Fig. 10, which can also be concluded by the following
three simple steps.

1) Measure injecting impedance Zinj, the noninverting input
of the op-amp Up.act and the output of the injecting circuit
Uout.act. without using LCN.

2) Calculate the improved Up to achieving lead compensa-
tion, namely Up.ideal.

3) Optimizing the LCN parameters by evolution algorithms,
then Gp converges to Gp.ideal.

In addition, compared to existing methods, the LCN only
introduces additional passive components, so the cost has little
increase. Since Gp.ideal depends heavily on the stray parame-
ters of the coil and the zero-pole characteristics of the active
components, it is difficult for the simulation to predict the
experimental results. Therefore, the experimental data are used
for verification, which is shown in Section IV.
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Fig. 10 Flowchart of the LCN parameter optimization.

Fig. 11 CM equivalent circuit of the FF-CSCI AEF.

III. DESIGN OF THE HIGH-FREQUENCY INSERTION LOSS

ENHANCED INJECTING CIRCUIT

A. Equivalent Circuit of the Injecting Circuit

The injection circuit is cascaded after the sensing circuit,
serving as a low impedance branch to pass by the noise. For
the feedback current-sensing-current-injecting (FB-CSCI) type
AEF, the insertion loss is always positively correlated with the
total loop gain of the AEF, but an excessively large loop gain
can also bring stability issues; while for the feedforward current-
sensing-current-injecting (FF-CSCI) type AEF, the maximum
insertion loss is reached when the loop gain equals to 1. Be-
cause the Rogowski coil has the advantage of higher linearity
compared to the CT, the loop gain is easier to control. Therefore,
it is more suitable to design an FF-CSCI type AEF based on the
Rogowski CM current sensor.

The CM equivalent circuit of the FF-CSCI AEF is shown in
Fig. 11. The current of AEF can be expressed as

IAEF =
ILISNZLISN − (ILISN + IAEF )GFF

Zinj
(27)

where Zinj is the injection impedance of the AEF, GFF is the
feedforward gain of the AEF, and ZLISN is the LISN impedance.
The equivalent impedance ZAEF of the AEF can be expressed
as

ZAEF =
ILISN

IAEF
ZLISN =

Zinj −GFF

ZLISN −GFF
ZLISN . (28)

When Zinj = GFF, the equivalent impedance of the AEF
falls to 0, independent of the LISN impedance. Therefore, the

Fig. 12 Schematic diagram of the total AEF.

feedforward gain GFF of the AEF should be as close as possible
to Zinj within the concerned frequencies so that the ZAEF is as
small as possible.

However, the complexity of the injection impedance is in-
creased by the influence of the parasitic parameters of the actual
circuit. Therefore, in this work, a closed-loop variable gain
control (VGN) method is proposed to enhance high-frequency
performance. The principle and design process are as follows.

B. High-Frequency Insertion Loss Enhanced Design

The schematic diagram and connection of the high-frequency
insertion loss enhanced injecting circuit with variable gain con-
trol (VGC) are shown in Fig. 12, which consists of a class AB
amplifier, a feedback network, an op-amp, injecting capacitors
Cinj, load capacitor CL and load resistor RL. To accurately
calculate the required forward gain GFF of the AEF, the parasitic
resistance Res and parasitic inductance Les in the injecting branch
are also considered (shown in gray).

The class AB amplifier enhances the output current capability
of the op-amp while the feedback network controls the output of
the class AB amplifier. RV3 is used to suppress the low-frequency
gain and LC resonant of the circuit, which can be ignored when
analyzing.

The mapping of the component in Fig. 11 to those in Fig. 12
is {

Zinj = 2/(sCinj) +Res + 1/(sCL) +RL + sLes

GFF = [RV 1 + 1/(sCV 1) + sLV 1]/RV 2
. (29)

According to the analysis of Section A, reasonable circuit
parameters should be set to realize Zinj = GFF. Therefore, the
composition of Zinj should be analyzed.

CL and Cinj are equivalent to the Y-capacitors in the passive
filter, and are typically several nanofarads to tens of nanofarads
in value.

There are two main sources of Res. One is the equivalent
parasitic resistance of the capacitor CY and Cinj. Fig. 13 shows
the impedance ZC and capacitive reactance XC curves for 3
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Fig. 13. ZC and XC of different capacitors.

capacitors of different values produced by Murata. When the
capacitance is larger than 3.3nF, the equivalent series resistance
ESR can’t be ignored within 30 MHz. Another source is the
op-amp. At high frequencies, the class AB amplifier has limited
current amplification capability while the closed-loop output
impedance of the op-amp rises, which is equivalent to the
increase of Res.

Therefore, RL is added to mitigate the variation of Res within
the concerned frequencies.

Les comes from the parasitic inductance of the ground lead.
Usually, the PE of the AEF needs to be connected to the
chassis of the interfering equipment through a lead. The par-
asitic inductance of the lead can be calculated by an empirical
formula

Llead = 2llead · [ln(2llead/rlead)− 0.75] · 10−7 (30)

where llead and rlead are the length and the radius of the lead,
respectively. For a 20 mm×1.5 mm2 lead, Llead is calculated
to be 13 nH, suggesting an impedance of 2.5Ω at 30 MHz.
Therefore, the impact of the lead cannot be ignored.

Based on the above analysis, it is evident that the parasitic
parameters influence Zinj significantly. To minimize this effect,
the feedforward gain GFF must vary with frequency. That is
to say, the feedback network should have different feedback
coefficients at different frequencies, which can be realized by
the following steps.

1) Estimate Les and Res values according to (30) and
datasheets of op-amp and transistor respectively.

2) Set RL as several times of Res.
3) Set the component values of the feedback network (shown

in Fig. 12) in the injecting circuit according to (29) so that
GFF is close to Zinj.

Similar to the LCN proposed in Section II, the VGC method
only introduces additional passive components, so the cost in-
crement is limited.

To verify the performance of variable gain control (VGC),
a stability analysis is carried out first. The transfer function
diagram of the total VGC loop is shown in Fig. 14, where
Zinj has been derived and GF equals to GFF in (29). GAB.L

is defined as GAB.L = Zinj/(ZAB + Zinj). Gop, GAB0 and ZAB

are the open-loop gain of the op-amp, the empty-load gain of

Fig. 14 Function block of the VGC loop.

Fig. 15 Open-loop Bode diagram of the VGC loop.

Fig. 16 Simulation of insertion loss with VGC and without VGC.

the class AB amplifier, and the output impedance of the class
AB amplifier, respectively. They can be derived from datasheets
or by experimental measurement. Finally, the Bode plot of the
open-loop transfer function of the VGC loop is figured out, as
shown in Fig. 15.

The result indicates a gain margin Gm of 31 dB and a phase
margin Pm of 33°. Generally, a gain margin greater than 6 dB
and a phase margin greater than 30° are considered stable [34].
The phase response stays at least 44° away from −180° from
150 kHz to 30 MHz, demonstrating robust disturbance rejection
capability at the working frequency of the AEF.

Further, a simulation of the insertion loss is made. It is
assumed that the sensing part works ideally. The variation of
Res with frequencies is ignored. Then set Res is 0.1Ω and the
length of the ground lead is 2 cm. With reference to the existing
insertion loss simulation method [35], the internal resistance of
the noise source is set to 50Ω.

The simulation result is shown in Fig. 16. As a comparison,
the conventional method ignores all parasitic parameters when
setting GFF, so the gain control circuit degrades to an integrator
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Fig. 17 Overall layout of AEF experimental platform.

TABLE II
MAIN PARAMETERS OF THE 3 KW INVERTER

[22]. At the low frequencies, the insertion loss of the conven-
tional method decreases by 4.5 dB due to not considering the
voltage landings on Res. At high frequencies, the insertion loss
decreases linearly with frequency due to the increasing voltage
drop on Les. The simulation proves the necessity of the variable
gain control.

IV. EXPERIMENT VERIFICATION

As shown in Fig. 17, a 3 kW inverter experimental platform
is built to evaluate the performance of the proposed AEF. The
main parameters of the inverter are shown in Table II. The main
parameters of the AEF parts are shown in Table III. To compare
the filtering performance, a passive filter (PEF) is also adopted,
where the CM inductance Lcm is 503 μH and the Y-capacitor
CY is 47nF. Both the PEF and AEF are designed to comply with
the CISPR-11 EMI standard in order to make a fair comparison
for the volumes. The sum of the Y-capacitance in the PEF is ap-
proximately equal to the value of the total equivalent capacitance
in the injected part of the AEF, i.e., 2CY ≈ (CL//2Cinj). The
structure of the proposed AEF is shown in Fig. 18. The power
line conductors of the inverter first pass through the sensing PCB
on the bottom, and then reach the injecting PCB on the top.
The dimensions of the AEF and the PEF are shown in Fig. 19.
Thanks to the volume advantage of the Rogowski coil and the
stacked-board design, the volume of the AEF decreases by 90%

TABLE III
MAIN PARAMETERS OF THE PROPOSED AEF

Fig. 18 Structure of the proposed AEF.

Fig. 19 Size comparison of the proposed AEF and PEF.
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Fig. 20 The iterative curve of the LCN parameter optimization.

Fig. 21 Optimization result of the LCN parameters.

compared to that of the PEF. In addition, the size of the Rogowski
coil is only 10× 10× 1.6 mm, which is much smaller than CTs.

To verify the effectiveness of the high-order lead compen-
sation network (LCN) in Section II, the injecting impedance
Zinj, the input of integrator Up.act and the output of the AEF
Uout.act are measured experimentally. Next, the optimization
is performed according to Fig. 10. The iteration curves of the
algorithm are shown in Fig. 20. By setting reasonable initial
conditions, the algorithm converges rapidly after 40 generations.
The optimization result is shown in Fig. 21. The algorithm shows
that the phase of the ideal input of the op-amp Gp.ideal (noted
as �Gp.ideal) should increase at high frequencies, suggesting
that there is a phase lag in the transform function of the AEF.
The lead compensation needs to be added when the frequency
is higher than about 10.4 MHz. After optimization, both the
theoretical calculation value and actual value of Gp (noted as
Gp.calc and Gp.comp, respectively) are close to the ideal gain
Gp.ideal. It should be noted that Gp.comp and Gp.calc are slightly
different due to the restriction and deviation of the components,
but the phase error between Gp.comp and Gp.ideal is still smaller
than 4.8 degrees.

Then, to verify the performance of the proposed CM cur-
rent sensor, the impedance curve of the coil is measured by
impedance analyzer HIOKI IM7581, as shown in Fig. 22. The
measurement result shows the resonant frequency of the coil is
101.55 MHz, suggesting a sufficient bandwidth to measure the
CM current at 150 kHz–30 MHz.

Fig. 22 Impedance curve of the coil measured by the impedance analyzer.

Fig. 23 Measured result of Icm in time domain: (a) Overview and (b) detail.

Next, the CM current of the inverter is measured by the
proposed Rogowski coil CM current sensor, and the results
are compared with that of the current probe R&S RT-ZC20B
with 100 MHz bandwidth. The results are shown in Fig. 23. As
shown in Fig. 23(a), all groups performed well when measuring
low-frequency current. However, as shown in Fig. 23(b), with
signal frequencies approaching 30 MHz, the situation differs

1) Due to the output impedance increase and the resonant
effect of the Rogowski coil, the uncompensated group
shows phase lag and amplitude decrease.
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Fig. 24 Noise spectrum comparison of AEF with and without LCN.

2) By only compensating for the phase lag of the sensor, re-
gardless of the injecting circuit, the measurement matches
that of the current probe.

3) By using the proposed LCN which compensates for phase
lag of both the sensor and the injecting circuit, the mea-
surement result shows a phase lead. It indicates that there
is an error in the sensor, but this happens to be the original
purpose of the LCN design: to compensate for the error
generated by the phase lag of the injection section by
sacrificing the accuracy of the sensing part.

To further verify the compensation effect of LCN, as well
as the effect of the VGC injecting method, four groups of
experiments are performed.

With LCN VS without LCN: As shown in Fig. 24, with
LCN, the insertion loss degradation caused by the phase lag
in the injecting circuit is effectively mitigated. The amplitude
of the CM current at 10 MHz–30 MHz is significantly reduced.
The insertion loss with the LCN method is 22.8 dB–30.3 dB
at 10 MHz–30 MHz, suggesting an improvement of 15 dB.
Although compensation for the sensor error has been added in
the w/o LCN group, the insertion loss still decreases at high
frequencies. It proves the necessity for the proposed LCN to
compensate for the phase lag of the injecting circuit. It should
be noted that the LCN method relies on the simplicity and
determinism of the equivalent circuit of the Rogowski coil. For
CTs, the equivalent circuit is far more complex than that of the
Rogowski coil due to the nonlinear and saturation characteristics
of the magnetic core [36], [37]. Therefore, the lead compensation
method cannot be applied to CTs.

With VGC VS without VGC: As shown in Fig. 25, compared
with the traditional method without VGC, the amplitude of the
CM current in the 7 MHz–30 MHz frequency is significantly
reduced. The maximum insertion loss improvement is 14.2 dB.
The variable gain control considers the parasitic parameters
of the injecting part and adjusts the feedforward gain GFF

according to them, thus increasing the high-frequency insertion
loss.

With AEF VS with PEF: As shown in Fig. 26, at 150 kHz–
2 MHz, the impedance of the Y-capacitors in conventional PEF is
too large to bypass for the CM current. In contrast, the proposed
AEF reaches the maximum insertion loss of 44.7 dB at 1.4 MHz

Fig. 25 Noise spectrum comparison of AEF with and without VGC.

Fig. 26 Noise spectrum comparison of AEF and PEF.

Fig. 27 Noise spectrum comparison of AEF with and without active loop
enabled.

and brings an insertion loss improvement up to 27 dB. Although
the PEF has a larger insertion loss than the proposed AEF
at 2 MHz–30 MHz, the proposed AEF already has a larger
insertion loss margin. Affected by the limited low-frequency
filtering performance, the PEF still needs to increase the CM
inductance to keep the noise below the limit line. In other words,
the proposed AEF has a more balanced insertion loss in the
whole concerned frequency band, thus reducing the size.

With AEF (active loop enabled) VS with AEF (active loop
disabled): As shown in Fig. 27, at 150 kHz–1.5 MHz, the inser-
tion loss of the active loop disabled group is significantly less
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than that of the enabled group, because the voltage drop across
the Y-capacitors cannot be canceled, so the branch impedance is
large at low frequencies. At 1.5 MHz–3 MHz, the insertion loss
of the disabled group is comparable to that of the enabled group.
However, when the frequency reaches 3 MHz–30 MHz, due to
the resonance effect of the Y-capacitor, the insertion loss of the
disabled group is again lower than that of the enabled group. The
experimental result demonstrates the effectiveness of the active
loop design.

V. CONCLUSION

In this article, a high-frequency insertion loss enhanced AEF
based on a Rogowski coil is proposed. The Rogowski coil
replaces the CT, resulting in a significant reduction in the size of
the sensing part. Experiments show that the VGC method and
the LCN improve the insertion loss at high frequencies. With a
small size of 38 mm × 23 mm, the proposed AEF achieves an
insertion loss of 22.8 dB–30.3 dB at 10 MHz–30 MHz and a
maximum of 44.7 dB at 1.4 MHz.
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