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Abstract— Utilizing electromagnetic interference (EMI) filters
is a major approach to reduce the conducted emissions from the
power electronic converters. These filters enlarge the total volume
and weight of the system. Many works have been done to integrate
the filter components. In this paper a new integrated choke with a
certain winding structure, consists of two core, a toroid, and a
solenoid is presented. Although the DM inductance of the
proposed choke could be independently increased by designing the
windings, the CM inductance value remains almost constant as the
conventional choke. Theoretical analysis for modeling the choke
and prediction of the inductances and saturation conditions is
provided. Experimental measurements validate the analysis, and
show a good filtering performance with rejecting conducted noise
from an induction motor drive system while it decreases the
overall filter size.

Index Terms—Choke, common mode (CM), differential mode
(DM), DM inductance, electromagnetic interference (EMI), EMI
filter, integrated choke.

I. INTRODUCTION

EDUCTION of electromagnetic interference (EMI) is one

of the major challenges in designing power electronic
converters like switching power supplies and motor drive
systems. The EMI emissions mainly come from high dv/dt and
di/dt caused by the switch turn-on and turn-off process [1]. The
EMI noise should meet the relevant electromagnetic
compatibility (EMC) standards such as CISPR and IEC which
restrict the conducted noise levels from 150 kHz up to 30 MHz
[2] and [3].

Utilizing the EMI filters is one of the basic approaches to
reduce the noise level. These filters suppress both common-
mode (CM) and differential-mode (DM) EMI noises. The CM
noise represents the noise flowing between the power paths and
the ground, while the DM noise usually flows within the power
paths. The conventional passive EMI filter is usually contained
CL configuration as the CM filter and LC or CLC configuration
as DM filter [4]. The CM capacitors are connected between the
power line and the ground and their capacitances are restricted
by the maximum allowed leakage current. Therefore, the CM
inductance must be large enough, in order of milli-henries, to
attain the required attenuation. The CM inductance is
traditionally prepared by a CM choke, which should be able to
carry the line current, causes to be heavy and big sized. The
leakage inductance of a CM choke is usually determined as DM
inductance but in most cases the leakage inductance is not
enough large. However, two additional inductors are usually
employed to improve the DM performance which more
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enlarges the filter size. Generally, there is no specific design
limitation on the DM capacitance and is obtained based on the
DM inductance. As the DM capacitor is connected between the
power lines, its voltage should be equal or more than the
nominal line voltage [5]. This leads the DM capacitor to be
relatively large. As a result, the EMI filters are one of the largest
functional units in the power electronic converters which
usually account for up to 50% of the total volume and weight
of the converter [5].

There has been a considerable amount of works to reduce the
size and improve the performance of the EMI filter. The
integration of the EMI filter components, usually the inductor-
capacitor (LC) unit, can reduce the filter size. In [6], the design
method and analysis model of an integrated EMI filter with
flexible multilayer foils were presented which properly reduced
the total filter volume. Authors in [7] integrated both EMI filter
and boost inductor of a PFC converter on a mixed EEE-shape
core using flexible multilayer foils which reduces total
converter size. Chen et al. proposed a structural winding
capacitance cancellation method that utilized an embedded
conductive ground layer in the planar inductor winding of an
integrated filter [8]. Using this method, both the equivalent
parallel capacitance (EPC) of the inductor and the overall size
of the filter have been reduced, but the CM performance at high
frequency has been influenced comparing to the discrete EMI
filters. Wang and Xu proposed an integrated annular LC unit
and developed a generalized arc transmission theory to model
it [9]. The planar EMI filter structures were also proposed to
integrate the filter components [10]. Based on the printed circuit
board (PCB) process technology the structures were presented
in [11] which reduce filter volume.

Some papers used active filtering methods to reduce filter
volume. An active cancellation circuit has been proposed to
reduce the low-frequency CM noise in a motor drive which was
integrated on the inverter printed circuit board [12]. Three
winding CM inductor has been recently proposed which
boosted up the inductance leading to more attenuation at low-
frequency noise and smaller size of the filter [13]. The
integrated hybrid filter that consists of an active EMI filter with
a passive one was proposed in [14] which reduced to overall
bulkiness. The combined magnetic integration of the harmonic
and EMI filters is proposed recently for a single-phase grid-
connected inverter using the EE-type magnetic core [15].

In some other works, the integrated EMI chokes have been
proposed to improve the leakage inductance as DM inductance
and minimize the size. Authors in [16] increased the leakage
inductance by placing the DM choke within the open window
of the CM choke. In [17] three-phase hybrid magnetic core was
presented using two toroidal cores. The performance of these
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Fig. 1. 3D view of th(e )EMI choke, (a) conventional choke (b) proposed choke
approaches was restricted in the high-frequency region. Tan et
al. presented a CM choke with toroid-EQ mixed structure,
which increased the DM inductance and decreased the parasitic
coupling between the choke and the filter capacitors [18]. Chu
et al. proposed a stacked CM inductor consists of two CM
inductors with identical cores which improved the immunity of
choke to the external magnetic fields and increased the DM
inductance, however, the total volume of the choke has been
increased [19]. An integrated AC choke was proposed for a
neutral-connected converter system that incorporated the CM
suppression function into a DM inductor and reduced the
volume and weight [20]. As a drawback, the DM inductance
cannot be independently adjusted to the desired value in all of
these previous works.

The integration of CM and DM inductors had been already
addressed by using the core with the air-gapped intermediate
magnetic branch [21]. Utilizing the EE-type core was reported
for integration in some works which have the advantages of
limited near field emissions and total filter volume and weight
reduction [15] [22]. In these structures, the same magnetic
materials and air-gap length were used for CM and DM
magnetic paths. Therefore, a large core size with more CM turns
was used to have more CM inductance in the face of air-gap.
On the other hand, the DM number of turns were restricted to
prevent core saturation caused by high DM peak or DC
currents. This fact hinders reducing the core volume of these
works [23]. Umetani et al. proposed a novel structure that
assigned more turns to DM inductance [24]. This structure
suppressed DC saturation more effectively but the core had not
common shape and was hard to be manufactured. a certain
integrated filter was presented in [25] for low-power AC drives
with long cable leads. This integrated RL filter utilized JD-type
cores to prepare DM flux paths and to match the CM and DM
impedance to typical cable surge impedance.

This paper presents a new integrated EMI choke based on the
certain winding strategy. The choke consists of a conventional
toroid core and a solenoid core which is placed within the open
area of the toroid. The main idea in the proposed choke is based
on the use of a new winding strategy to adjust the DM
inductance, while the CM inductance value remains almost
constant. With the aid of this winding strategy, the CM
magnetic flux path is prepared within the toroid core with high
relative permeability material and without air-gap. As a result,
further reduction in the core volume is expected to compare to
the previous works with CM air-gapped core types [22] and
[23]. Moreover, the DM magnetic flux path is consisting of four
parts: the solenoid core, two small air-gaps between cores, and
one half of the toroid core. As the magnetic material of the
solenoid core can be selected with lower relative permeability
than toroid, the DM saturation phenomenon of the proposed
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choke is effectively controlled. Another advantage of the
proposed choke is that the DM inductance is significantly
increased and can be independently controlled by the number
of the solenoid windings turns and the CM inductance remain
almost constant as conventional choke which is not addressed
in similar works. Finite element simulation results are presented
to show the magnetic flux densities of the cores and then the
designable parameters are developed to prevent the core
saturation. The experimental measurements show that the
proposed filter suppresses the noise up to 20 dB more than the
conventional filter.

Il. THE WINDING STRUCTURES OF THE PROPOSED CHOKE

Fig. 1(a) shows an EMI choke used in the regular passive
EMI filters [26], known as the conventional choke. The choke
is based on a toroidal core with two equal and symmetric
windings with N-turns. According to the right-hand law, the
current directions of the windings are considered so that the
induced fluxes become in the same direction e.g. clockwise
(CW) in Fig. 1(a). In conventional choke, the CM inductance is
provided by the mutual inductance between winding 1 and 2,
and the DM inductance is only achieved by the leakage fluxes
of the windings, where the external DM inductor does not exist.

Our proposed EMI choke is shown in Fig. 1(b). It is made by
two cores, one conventional toroidal core and one solenoid with
a rectangular cross-section which is inserted in the internal air
space of the toroid. To achieve better frequency performance,
both cores are made of ferromagnetic material e.g. ferrite and
Mn-Zn. Six independent copper windings are mounted on the
cores, four windings 1, 1’, 3, and 3’ on the toroid and two
windings 2 and 2’ on the solenoid. To obtain the symmetrical
shape, the windings 1, 1’, 3, and 3’ have an equal number of the
turns with the same wire cross-section, and also winding 2 and
2' are homogeneous. For comparison between proposed and
conventional choke, it is assumed that the windings 1, 1’, 3 and
3’ have Nt and windings 2 and 2’ have Ns number of turns. The
Nr and Ns are the choke parameters and can be calculated in the
EMI filter design steps based on the required CM and DM
inductances, respectively. According to the right-hand law, the
current direction of each winding is specified so that for CM
current in the toroid core, the direction of the induced flux of all
windings becomes CW and in the solenoid core, the flux of two
windings attenuate each other as can be seen from Fig. 1(b).
Each power path (phase and null) can be constructed by
connecting three windings of the proposed EMI choke in series.
To obtain the symmetrical paths, it can be shown that 24
different winding connections are possible, there exit 4 unique
winding strategies. One of them has the best DM performance
which is considered as the proposed winding structure and
another does not offer any appreciable benefits compared to
conventional design. However, to justify the advantages of the
proposed winding strategy and to shorten the discussions, only
three cases with different winding strategies are presented and
be analyzed here and the worth case is not considered. The
winding connections are shown in Fig. 2 and introduced bellow.
To attain a better view, the phase path is bolded.

Case A (Fig. 2(a)): The output phase current path of the
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Fig. 2. Windings connections of the different choke structures (a) case A (b)
case B (c) case C

winding 1 is connected to the input of winding 2 and the output
of 2 to the input of 3. The null path is provided by connecting
1’, 2', and 3’ in series.

Case B (Fig. 2(b)): The output phase current path of the
winding 1 is connected to the input of winding 2 and the output
of 2 to the input of 3'. The null path is provided by connecting
1',2', and 3 in series. The choke is symmetrical relative to the
y-axis.

Case C (Fig. 2(c)): The output phase current path of the
winding 1’ is connected to the input of winding 2’ and the output
of 2' to the input of 1. The null path is provided by connecting
3’,2,and 3 in series. The choke is symmetrical relative to the x-
axis.

In all cases, the coupling between phase and null paths is
properly made which is desired for CM inductance.
Furthermore, the windings on the solenoid core will improve
the DM inductance. The air-gaps between cores are maintained
constant by proper forming the end-section of the solenoid as
can be seen in the zoomed area in Fig. 2(c).

It should be noted that, other winding strategies are possible
in our proposed choke as an alternative of case C, i.e.
connecting 1, 1’, and 2’ in series for the phase path or even not
splitting the winding on the toroid. The analysis shows that
these cases have almost similar performance to case C.
However, case C is used for the modeling and theoretical
analysis of this paper based on the similarity of this case to case
A and case B.

IIl. THEORETICAL ANALYSIS OF THE PROPOSED CHOKES

A. The Choke Modeling

The noise current flows through the phase and null paths
generates flux in the cores. Considering the conventional choke,
the flux produced by each winding is consists of two
components: a leakage component denoted by | subscript and a
magnetizing component which is denoted with m subscript. The
leakage flux is the part that generated by current flowing in a
winding and it links only the turns of that winding. Likewise,
the magnetizing flux is produced by a winding and it links all
turns of both windings on the core. Therefore, the flux linking
each winding on the conventional choke can be expressed as:
D =D, +Dy, + Dy, 1)
C, =Dy + Py, + Dy, )
where ®p;j is the magnetizing flux produced by j-th winding and
links to the i-th winding and @; is the leakage flux of i-th
winding. The flux directions in (1) and (2) are assigned based
on the winding current directions shown in Fig. 3(a) with red
lines. Neglecting the saturation of the core, the system is linear.
Therefore, magnetizing fluxes can be expressed as [27]:

3

Nlll N2|2 Nlll
= ’ (Dm =75 (Dm = ’
4R, ™ 4R, 4R,
where Ry is the reluctance of one quadrant of the toroid core and

is obtained from:

N, I
m22 = 4;: (3)

(Dmll

IefT

R =— /4 4
Hopt, + A 1

where le 1, Ur v, and Ae 1 are effective path length, relative
permeability, and effective cross-section of the toroid,
respectively. The voltage drops on each winding in matrix form
can be expressed as:

L
V,| |0 r|1,| dt|4,
where r; and /; are the resistance and flux linkage related to i-th
winding, respectively. Since it is assumed that ®; links the
equivalent turns of i-th winding, the flux linkages could be
obtained from:
Ay =N, D, (6)
4, =N, 0, (7)
where ®; and ®, are given from (1) and (2). For the
conventional choke shown in Fig. 3(a), Ip = 11, In =12 and Ny =
N2 = N by substituting the equations, the voltage drops on phase
and null paths are given as:
N2 N2 [rdi

\% T, I LR |
b A N ®

4R, 27 4R, |Ldt
where Ly; is the leakage inductance of the i-th winding.

Similar equations are driven to attain the voltage drops on
each winding of the proposed chokes. Fig. 3(b) shows the flux
linking each winding of case A. Based on the flux directions
shown in this figure, the flux linking every six windings of case
A can be expressed as:

Dy =Py + @y =Dy + Py + Py + Py + Py

"Dz :_®m21 + CD|2 + q)mzz + (sza _cbmzr - lIjmzz' + d)m23,
(D3:®m31+q)m32+q)l3+®m33+q)m31’7®m32’ +‘:Dm33' (9)
ch’ = q)ml'l - (Dmrz + (I’ml'B + (Dll' + cl)ml'l' + (Dml'z' + q)ml'a'

(Dz' :(DmZ’l *(sz'z *(sz'a +q)m2’l’ +(D|2' +(Dm2’2’ ’q)mz's'

Dy =D gy + Ppgy + Pz + Prgy =~ Py + Py + Py

Considering the linear system (avoiding core saturation), the
magnetizing flux in (9) can be obtained from the equivalent
electric circuit of the proposed choke which is shown in Fig.
4(a). In the figure the leakage fluxes of the windings are not
shown for simplification. The winding EMFs, the reluctance of
one quadrant of the toroid core, the air gap reluctance, and the
reluctance of the half of the solenoid core are analogous to the
voltage sources, Rr, Ry, and Rs, respectively. Ry and Rs are
calculated from:

Fig. 3. The directions of the flux linking each winding of the choke refer to (a)
conventional (b) case A (c) case B and (d) case C
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Fig. 4. (a) The equivalent electric circuit of the proposed choke (b) equivalent
circuit for calculating ®mil

I, s I
Holy s ALS v ﬂo'%ig (10)
where I¢ s, Hr s, and A s are respectively, effective path length,
relative permeability, and effective cross-section of the
solenoid and le_g, and Ac_gare effective path length and effective
cross-section of the air gap between toroid and solenoid cores.
To attain the @i, it is enough to zero all voltage sources
except Njlj and then calculate the ®pij from circuit theory. For
instance, the equivalent circuit for calculating the @1 is shown
in Fig. 4(b). In the figure, the magnetizing fluxes are shown
with red color which can be calculated by solving the circuit.
Therefore, all magnetizing fluxes in (9) are attained. Similar to
(6) and (7) the flux linkages of windings in case A are given as:
A=N®, iecl 2 3 1 2 3] (11)
As a result, the voltage drops of all winding of case A can be
obtained as:

Rs

A r 0 0 0 0 Ofl
v, 0 ry, 00 0 OflI,
Vil 0 0 rrb 0 0 Ofl N
V| |0 0 0 r 0 OflI
V, 0 0 0 0 rg OfI,
| Vs 00 0 0 0 rpjly
LaNE _NoNe o N NEOOONNg N di
Ret Re2 ) Res Ret Rczz Res ditl
N;Ng L,+ N¢ NN ~ N;Ng _Ng N;Ng dr, (12)
R<2:4 Res Res s RgA Res Rc; dt
NDONNG N NS NN NP
13 —
Rcz3 Reo e Res s Rea Rcz1 dt
NPNNs NP N NN Nl
Ret Re2 Res Ret Reo Res (ﬁt
NN NS2 N;Ng NN Lo 2 NN CTZ
- - 4 t
Rca Rcs RC4 Rc4 N Rcs Rca d|3,
N? NN N? NiT2 ~ N;Ng L NiT2 ot
L Res Re, Rey Res Re. N c1 |
where
R, x (2R, +2R;)
Ry = 2R+ NS g 4R 4 AR+ 2R,
R, + R +Rg
R +R +R R +R +R 13
Res = Rer @ — ? + Rey =R x S ? (13)
R, +R R

Res = 2Rg + 2R, +R;

The flux linking each winding of case B and case C are
shown in Fig. 3(c) and Fig. 3(d), respectively. From these
figures, the flux directions are the same as those of case A.
However, the voltage drops on the windings in case B and case
C are equal to case A. In the other word, the resulted voltages
in (12) are also referred to case B and case C. The last step is to
calculate the voltage drops on the phase and null paths in our
proposed chokes. From Fig. 3(b) for case A, it gives:

L=l,=l,=1,, L=l =1, =1,

Vo a=Vi+V, 4V, V) o=V 4V, +V

(14)
(15)

4

Substituting (14) and (15) in (12) yields the voltage drops on
phase and null paths refer to case A as:

Vi a _ 21 + 1 0 I, .
Vo a 0 2 +rg | 1,

2 2 2 2
L|1+L|2+L|3+&+k &_k dlip (16)
, Al Res Rr  Res , , dt
dl
&_k LI1'+LI2'+LI3'+£+£ —n
Rr  Res R, Rg |Ldt
where from (13), it can be shown that:
2 2 1
St =5 17
RCl RC3 RT ( )

Considering case B shown in Fig. 3(c), the currents and
voltages of the winding are:

L=l=ly=1,, L=l,=1,=1 (18)
fos =V, +V, +V, , VrLB =V, +V, +V, (19)

Therefore, similar to (16) the voltage drops on the phase and
null paths refer to case B can be obtained as:

V, s _ 21 + 1 0 I, .
Vi s 0 2 +1g | 1,

N2 N2 NZ N2
L,1+L,2+L,3,+R—T+RS R—T—R—S a, (20)
, A cs T cs , ddlt
Nr N5 Ly +Lyy +L,3+&+ Ny "
R R, R,  Re | dt

From Fig. 3(d), the currents and voltages of the windings in
case C are:

L=l=l=1,, ly=1,=1,=1 (21)
Vo e =Vi +Vy 4V, V, =V +V, +V, (22)
However, similarly, it gives:
dl,
V, ¢ _ 21, +1g 0 I, . Lic Lo dt (23)
V. ¢ 0 2r +rg | 1, Luc Luc &
dt
where:
4N2 2 2 N?Z
Ly c=Ly+L,+L Tl = =2 [N Ng +| —
11_C Ly + |1+( Rc1]+(Rcz+Rcan T S+[Rc5j
4N? 2 2 N?Z
Ly o=Ly o= — |-| == +==|[xN;Ng —| =
12_C 21_C [ ch J [Rcz + ijx TNs [Rcs] (24)

2 2
Ly c =Lz +L,+Lgs +[4NT J*’(i‘*ijx N Ns +[&J
- Res Rez Res Res

B. CM Inductance

The CM noise current Icw flows equally form phase and null
paths in the same direction from the noise source to the EMI
filter and comes back through the ground path in the single-
phase grounded system. This current generates an equal voltage
drop on the phase and null windings of the EMI choke which is
named CM voltage Vcm. Thus, to analyze the CM performance
of the EMI choke we have:

ZICM

I p_CM = In_CM 2 (25)

foCM :Vn7CM :VCM (26)
where I, cm and In_cm are phase and null currents of the choke
and Vpcm and Vncm are its phase and null voltages,
respectively. Neglecting winding resistances, in [28] the CM
inductance Lcw is defined as:

VCM
Lew = dig, /dt (27)
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Substituting (25) and (26) in (8) yields the CM phase voltage
of the conventional choke as:

rl L, NZ}\d
Vo =i 4 2
:

Therefore, the CM inductance of the conventional choke is
obtained as:
Vo oy _Ly NP _ N
dig, /dt 2 4R, 4R,
where the leakage inductance of the winding is neglected
comparing to the second term. Also from (16), the CM phase
voltage of case A is determined as:

(28)

(29)

LCM _conv =

21, +. L,+L,+L, N2)dl
VCMiA:( T2 S)ICM +[ 11 ; I3+RTT] dCtM (30)
However, the CM inductance of case A is:
Ly+bp+Ls NP N7 31)

LCM_A 2 RT - RT

Similarly, the CM inductances of case B and case C are
determined as:

L|1+L|2+LI3 N7 _ N7

L

M-8 2 RT "R, (32)
L,+L.+L, N2 N2

L _ 12 i, YT o~ T

oM 2 R, R (33)

Comparing the result CM inductances of the proposed choke
in (31), (32) and (33) with the inductance of the conventional
choke in (29) shows that by proper design of the windings on
the toroid in the proposed choke the inductances become equal
if Nt = N/2 then Lcwm cov = Lema= Leme = Lemc. In other
words, the CM inductances of all chokes could be equal. As a
result, the proposed choke does not affect the CM inductance
which is desired in this paper.

C. DM Inductance

The DM current Ipm flows through the phase and null paths
of the EMI choke in the opposite directions. Therefore, the DM
phase and null currents and voltages of an EMI choke are
determined as:

IprM :_IniDM = IDM (34)
VpiDM :_VniDM :VDM (35)
where |, pw and In pm are the phase and the null currents of
the choke and V, pm and V,_pwm are its phase and null voltages,
respectively. The DM inductance is determined from [28]:
L — VDM
oM = g1, /dt (36)

Substituting (34) and (35) in (8) yields the DM phase voltage

of the conventional choke as:
dlgy,

Vou_con = Bilow + (L )d'd%%lw o) @37)
where L conv iS the leakage inductance of each winding of the
conventional choke. Considering (36) the inductance of the
conventional choke is obtained as:
Lom conv = Ly (38)
Previous works have been done to model the leakage
inductance L conv [29] and [28]. Assuming high-permeability
toroid core, this inductance approximately is just the function

1 _conv

5

of the toroid geometry and number of turns and is independent
of the core material [29]. To attain the leakage inductance, the
phase winding shown in Fig. 3(a) is modeled as a wound on a
rod. This leading to the inductance of:

1.45
I—DM conv — LI conv = 25#0N : Ae{le‘ ”J
N N Ieff 2 &

where Aq is the core cross-section, | is the mean path length of
the toroid, and le is the effective mean path length of the
leakage flux, ®j;. Based on the empirical formula given in [28],
the les can be calculated as:

2 2 2
lett = oD g+1+singj 107 _14sin 2
J2 L4 2 4 2

where OD and ID are the external and internal diameters of the
toroid, respectively and 6 is the angle covered by each winding.

Considering the DM currents in case A, Substituting (34)
and (35) in (16) yields the DM phase voltage and consequently
the DM inductance as:

(39)

(40)

ZNS2 dl oy
VDM_A = (ZrT + rS)IDM + L+l + L+ R dt (41)
Cs
2st 2N.§
LDMiA =L, +L,+ I—|3 + =2l T (42)
cs cs

where Ly 7is the leakage inductance of each winding on toroid
and the leakage inductance of the winding on the solenoid is
neglected for simplification. L, 1 can be determined similar to
(39). Therefore, the DM inductance of case A is obtained as:

A 145 N
Low A—sluONzl [ZWAeJ +RS
eff C5

where le and le are referred to each winding on toroid in case
A.

The DM inductance of case B and case C can be determined
from a similar analysis as:

(43)

1.45

2N 2 A 2N?
L =L, +L,+L +—2 =5y NZ2| & [ | =8 44
DM _B nthethy Res Ho I ( Ae] Res ( )

4 4 4 4 ZN2

L =L L, L, — N2 4| — N;N S

om-e |1+ |2+ |1+[RC1 RC3] ! (R RC4J T S RC5
(45)

145
ESyONfi[Ii lj +72(N5 +N,)
Ieff 2 Ae RCS

As a result, the DM inductance of the proposed choke in all
cases is increased compared to the conventional choke and can
be controlled by the number of turns of the solenoid, while the
CM inductance is almost constant.

D. FE Simulation

The 3D models of the chokes are built using JMAG Designer
and magnetostatic analysis is carried out. In the simulation, the
toroid and solenoid cores have the relative permeability of
14000 and 2000, respectively. The toroid in conventional
structure has 14 turns and each coil on toroid and solenoid of
the proposed structure has 7 and 5 turns, respectively. The core
dimensions and other conditions are constant in all simulations.
Fig. 5 shows the contour plot of the magnetic flux densities with
CM current of 1 mA (peak). As expected, the maximum flux
density of all choke is about equal. This Figure shows that, there
are no fluxes in the solenoid, meaning that the proposed
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Fig. 6. FE simulation of magnetic flux density with DM current excitation (a) conventional choke (b) case A (c) case B (d) case C

structures do not affect the CM performance which confirms
the results in section B.

The simulated flux densities with 5A DM excitation are
shown in Fig. 6. For the conventional choke in Fig. 6(a), the
DM fluxes are the leakage fluxes of the coils and their paths are
prepared among the air apace around windings. For the
proposed chokes of case A and case B, the magnetic paths are
prepared within the solenoid as shown in Fig. 6(b) and Fig. 6(c),
respectively. Thus, the leakage fluxes are reduced and higher
magnetic flux density is seen in the solenoid. Based on the
current directions of the windings on the toroid, the flux
densities in toroid are reduced and do not have symmetrical
distribution. From Fig. 6(d), case C has the most maximum flux
density on the solenoid. Furthermore, the distribution of toroid
is symmetrical among the core. As a result, the highest DM
inductance value is expected in this case. This fact verifies the
determined value of (45). Fig. 7 shows the DM magnetic flux
line distributions of the chokes. For the conventional choke
from Fig. 7(a), all the flux lines are propagated surrounding the
core as the leakage flux. In case A and case B, the flux lines are
mostly in the solenoid, but their distributions in toroid are
different based on winding current directions, as can be seen
from Fig. 7 (b) and Fig. 7 (c), respectively. The analysis of the
DM flux line distribution of case A and case B shows that these
cases are different from the core leakage point of view. As can
be seen, case B in Fig. 7(c) has lower leakage surrounding the
core than case A in Fig. 7(b). All the flux lines of case C, shown
in Fig. 7 (d), are within the cores which lead to having the most
DM inductance. The improvement in DM inductance may
cause the saturation phenomenon in the cores particularly for
the solenoid in our proposed chokes. The saturation limit is
analyzed in the following section as a considerable parameter

(d)
Fig. 7. FE simulation of DM magnetic flux line distributions (a) conventional
choke (b) case A (c) case B (d) case C

@

in designing the proposed EMI choke.

E. Saturation Analysis

The EMI choke is designed to attain an adequate inductance
value in the presence of both CM and DM noises. Once the
magnetic toroid core is selected for the conventional EMI choke
shown in Fig 1(a), the magnetic flux density saturation limit Bsa
is given from the manufacture datasheet. If the flux density in
the core exceeded from Bsay, then magnetic core saturation
occurs. It follows that to avoid this situation for each section of
the core it must be:

B :9: Mo NI, <B,,
A l.

where @ is the net magnetic flux of the core and Iy is the

winding current peak.

Both CM and DM currents could occur core saturation in the
choke. For the conventional choke from (46), to avoid the
saturation for known CM current peak, the size of the core
should be increased. Hence, the dimensioning of the CM
inductor is due to the minimum required size to prevent the
saturation phenomena. As mentioned before, the proper design
of the proposed choke causes the CM inductance to be equal to
one of the conventional choke. Therefore, the CM saturation
conditions of the proposed choke and the conventional choke
are the same. Since for some cases, like in this case study, the
peak value of DM currents is quite large, the DM excitation is
critical to the saturation consideration of the choke. Considering
DM currents, one can rewrite (46) to attain the maximum
margin of the DM inductance, as:
LDM < BsatNA

DM _max

where Ipm_max IS the maximum DM current peak. Therefore, the
DM inductance can be modified to the value given in (47)
without core saturation. In other words, for a given choke, the
desired value of the DM inductance is the maximum value
which could be attained from the choke while the core is not
saturated. The DM inductance of the conventional choke is
almost constant for the known geometry and can be calculated
from (39). If the condition of (47) is not satisfied, then another
core (bigger sized) should be selected.

(46)

(47)
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For the proposed chokes, the equations of DM inductance
values related to different cases are presented in the previous
section. Comparing the results in (43), (44) and (45) shows that,
case C has the highest inductance value. Hence, for the core
saturation study, it is sufficient to analyze only case C as the
worth case. The condition of (47) must be verified for both
toroid and solenoid core in the proposed choke. The toroid and
solenoid net fluxes (the total flux links the winding of toroid
and solenoid for case C with DM current excitation) can be
determined from Fig. 4(a) as:

(Dnet T= (NS i NT )IDM (48)
- Res

(Dnet s~ 2(NS - NT)IDM (49)
- Res

From (46), considering flux of (48) with the flux caused by
leakage inductance attains the condition for the toroid core to
be non-saturated as:

(I)neLT — (NS + NT )IDMimax + 2LI7T IDMfmax < Bsat ;
Ae_T Ae_T Res NTA\-.‘_T B

Similarly, for the solenoid core from (46) and (49), the

condition is obtained as:
B — q)net_s — 2(NS + NT)IDM_max < B
) Ats '%ﬁRcs s

The number of turns of solenoid winding Ns can be the
parameter in (50) and (51) which avoids the saturation of the
cores. Therefore, the saturation phenomenon is considered in
the design phase of the proposed choke. Considering toroid
core, Ns is determined from (50) as:

B =

(50)

(51)

B, Res 2L, ;R
Ns < I_TAe_T c5 1_T7™cs NT (52)
IDMimax NT
Also for the solenoid core, from (51) N is obtained to be:
B R
NS < 52]5 &78 C5 _ NT (53)

DM _max

The selected Ns must verify both conditions in (52) and (53).
According to (45), the DM inductance of case C increases as
the Ns is increased. Therefore, to attain more DM inductance
value it is desired to select the maximum number of turns Ng
which satisfies both (52) and (53). Moreover, the term Rcs
(which is a function of ,_s) shows the dependency of the
limiting conditions to the core material. In other words, the
proper material selection of the solenoid core is another degree
of freedom to prevent saturation. For instance, if the maximum
value of Ns from (52) and (53) becomes lower than 1, then using
the solenoid core with lower ;_s is suggested. similar equations
can be driven to attain the conditions for Ns in case A and case
B to prevent saturation. For a more detailed analysis of the core
saturation, finite element modeling can be helpful [30]. As a
result, the proposed choke can be considered as a linear system
because its CM performance is similar to the conventional
choke and also its DM performance is linear by the proper
design of air-gap and the number of turn of the solenoid.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

To verify and compare the results, three chokes with the
structures shown in Fig. 2 and a corresponding conventional
choke are built. The core material and their dimensions are the

7
TABLE |
PARAMETERS OF THE MAGNETIC CORES
Toroidal Core Solenoid Core
Material Mn-Zn Mn-Zn (N87)
OD = 38 (mm) L =21 (mm)
ID =22 (mm) W =8 (mm)
H =15 (mm) H =15 (mm)
Dimension Ae s = HXW
Ae 1 =H x(OD-ID)/2 les=L/2
le 1 =nx(OD+ID)/2 | Ae g~ 1.2% Acs
le g~ 0.5 (mm)
Inductance ratio A, 23 (UH/N?) -
Relative Permeability Hr_1= 14600 pr_s= 2200
Saturation Level (25 °C) 0.38 (T) 0.45 (T)

same in all chokes. The physical parameters of the magnetic
cores are presented in Table I, the Mn-Zn materials are used for
both toroid and solenoid cores. The dimension of the toroid is
selected based on the manufacturing catalog. The length of the
solenoid core is 1 mm less than the internal diameter of the
toroidal core resulting in two 0.5 mm air gap lengths (le ¢ =
0.5mm). The inductance ratio of the toroid, the saturation level,
and relative permeability of the cores are also given in Table I.

To evaluate the performance of the proposed choke and
verify the analytical discussions of the previous section,
different measurements have been done with the fabricated
chokes. The CM and DM inductances of the chokes are
measured. Then the chokes are mounted in the PCB board of an
EMI filter to measure the DM and CM ILs and finally the in-
circuit performance of the filters is tested in a 750W induction
motor drive system.

A. CM & DM Impedance

The required CM inductance of an EMI choke is specified
based on the power converter requirements to filter the CM
emissions. This value is 4.5 mH in this paper. Thus, based on
the inductance ratio given in Table I, the number of turns of the
conventional choke N is calculated to be 14 turns for each
winding. For the proposed choke based on the presented
analysis, Nr is selected one half of N to attain the same CM
inductance value. As mentioned in section 111, Ns is the design
parameter to avoid core saturation caused by DM currents. The
maximum margins of Ngs are given from (52) and (53) for the
parameters given in Table I, Nt= 7 and Ipm max = 12A as Ns <
13.54 and Ns < 5.6, respectively. Thus, to prevent saturation, Ns
is selected equal to 5. The specifications of the fabricated
chokes are shown in Table Il. The homogeneous copper wire is
used for all windings and the total occupied space of the chokes
is equal. The CM and DM inductances of the built chokes are
measured using a typical RLC meter at 10kHz. The measure
inductances are compared with their calculated values

TABLE Il
SPECIFICATIONS OF THE FABRICATED CHOKES

Conventional | Proposed Proposed Proposed
choke choke Case A |[choke Case B |choke Case C
Total toroid 2x14 4x7 4x7 4x7
number of turns (N=14) (Nr=7) (Nr=7) (Nr=7)
Total solenoid 2x5 2x5 2x5
number of turns B (Ns=5) (Ns=5) (Ns=5)
Occupied Space 12.54 cm® 12.54 cm® 12.54 cm® 12.54 cm®
Wire Diameter 0.9 mm 0.9 mm 0.9 mm 0.9 mm
Wire Length 11l1cm 124 cm 124 cm 124 cm
Wire Copper Resistance | ri= r;=31mQ | 2rr+rs=35mQ | 2rr+rs=35mQ | 2rr+rs=35mQ

0885-8993 (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

Authorized licensed use limited to: Middlesex University. Downloaded on August 04,2020 at 16:52:40 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPEL.2020.3010131, IEEE

Transactions on Power Electronics

IEEE TRANSACTIONS ON POWER ELECTRONICS

TABLE 11
CM AND DM INDUCTANCES MEASURED AT 10kHz
Measured | Calculated | Measured | Calculated
Choke Type Lem Lcm Lom Lom
. 4.57 mH 8.08 uH
Conventional | 4.56 mH from (29) 9.28 pH from (39)
4.57 mH 10.76 uH
CAsE A 4.56 mH from (31) 12.44 pH from (43)
4.57 mH 10.76 uH
CAsE B 4.55 mH from (32) 12.16 uH from (44)
4.57 mH 53.26 pH
CaseC 4.59 mH from (33) 51.22 yH from (45)
. 50Q )
500 {Phasc—m— EMI [FPhase-out- +——Phase-in—{ EMI Phase-ouj
Null-in— Choke FNull-out- -[Null-in— Choke FNull-out
= _VNA =
= VNA
(@) (b)

Fig. 8. Experimental impedance measurement configuration using vector
network analyzer (a) CM (b) DM

presented in section I, as shown in Table Ill. The CM
inductance is measured while the phase and null windings are
connected in parallel. The measured Lcwm of all chokes is around
its calculated value and its desired value which is 4.5 mH. The
measured values show that the proposed choke does not affect
the CM inductance and verified the analysis presented in the
previous section. For the measurement of the DM inductance,
the output of the phase winding is connected to the output of the
null winding and the inductance between phase and null inputs
is measured which is 2Lpm. The measured Lpwm Of the chokes is
compared with its related calculated value. As shown in Table
I11, the measured values are around the predicted values. As
expected, the DM inductance is modified in the proposed cases
and case C has the maximum value. These measurements verify
the theoretical analysis presented in section Il at low
frequency.

To analyze the performance of the chokes over the frequency
range (150 kHz to 30 MHz), the CM and DM impedances have
been measured using the Agilent N9917A-210 vector network
analyzer (VNA). In a typical one-port system, the measured S-
parameters of VNA can be converted to the Z-parameters using
[31]:

7_7 1+S,;

°1-5s,
where Zg is 50 Q reference impedance. The experimental CM
and DM impedance measurement configurations are presented
in [32]. Fig. 8(a) and Fig. 8(b) show the required terminal
connections to measure the CM and DM impedances,
respectively. The measured impedances are shown in Fig. 9.
Fig. 9(a) shows the absolute value and phase of the CM
impedances from 150 kHz to 30 MHz. As expected, the CM
impedances of all chokes are almost equal over the range which
is desired in this work. The measured DM impedance is shown
in Fig. 9(b). As expected, at the frequencies below 3 MHz, the
impedance of the proposed choke with case C structure is much
higher than the others. This is because the low-frequency
impedance of the EMI choke is mainly dominated by its DM
inductance [18]. For the frequencies above 3 MHz, the
capacitance of the choke decreases the impedance characteristic
due to the parallel resonance. The value of EPC can be obtained

(54)
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EPC_ (2ﬂfc )2 I‘DM (55)
where f¢ is the resonant frequency that the phase is zero. From
Fig. 9(b), the calculated EPCs are 40.8 pF for case C and 23 pF
for the conventional choke. Increasing the capacitance makes
the DM impedance of the proposed choke to be less than the
impedance of conventional choke in the range of 7 MHz to near
25 MHz. However, the grounding methods, the coupling effects
of the filter components, and the interaction with source
impedance usually play dominant roles for EMI noise rejection
performance in the high-frequency range [33]. Therefore, the
resonance of the proposed choke may not much affect the
filtering performance in the high-frequency range.
Furthermore, higher DM inductance of the proposed choke
attains better noise rejection at low frequencies which is
important to reduce the size of the filter.

From (45), the DM inductance of case C is the function of a
designable parameter Ns, which is selected to have the
maximum inductance value without core saturation. To validate
this, the DM impedances of case C are also measured using
VNA, for Ns = 4 and Ns = 3 which are shown in Fig. 10. From
the figure, the low-frequency DM impedance is increased as Ns
increases. These measurements validate the predicted DM
inductance of case C in (45).

B. Insertion Loss Measurement

To compare the presented chokes in the previous section,
five EMI filters with different chokes are built based on the
circuit model shown in Fig. 11. The Lem and Lpwm are the CM
and DM inductances of the choke and Rc is the conduction
resistance of the choke wire. This model works as a CL- and
LC-filter for common and differential modes, respectively [4].
Fig. 12 shows the fabricated filters. Although these filters are
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Fig. 11. Circuit diagram of the EMI filter
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Fig. 12. Fabricated EMI filters includes (a) a conventional choke (b) a choke
with case A structure (c) a choke with case B structure (d) a choke with case C
structure (e) a conventional choke with two additional DM inductors.
not optimum volume designed, they are suitable for comparing
the chokes in the same PCB and the same conditions. The filter
in Fig. 12(e) consists of a conventional choke with two series
of 40.5 pH additional iron-powder inductors. Based on the
measured DM inductance values in Table Ill, these two
additional inductors compensate for the difference of DM
inductance between case C and the conventional EMI filter.
However, the size of this filter has been increased near to 20%.

To evaluate the filter noise rejection performance, the
insertion loss (IL) of the transmission line is considered. The
lowering IL value causes increasing noise rejection [34]. Fig.
13(a) and Fig. 13(b) show the experimental IL measurement

500 EPhase-in— g Phase»out} 500
Null-in—|
-[Ground—
Port 1
VNA

EMI
Filter

Noise Source

(a)
50Q . 500
i—pPhase-in{g Phase-out—
2 Emi N
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L g Fiter :I_— Port 2
- =) -
L F\’/",{“: o—Ground—Z round—o |\ A =
(b)

Fig. 13. Experimental configuration to measure (a) CM, (b) DM, insertion loss
using two-port VNA
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Fig. 14. Measured insertion loss of the filters (a) CM insertion loss (b) DM
insertion loss
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configurations for both common and differential modes. The
measurement results of the CM insertion loss in Fig. 14(a)
validate the same CM insertion loss for all filters in Fig. 12.
Fig. 14(b) illustrates the DM insertion losses. The proposed
filter with a choke of case C (yellow curve) has the minimum
value of IL at frequencies under 3MHz. The results in Fig. 14(b)
show that the filter of Fig. 12(e), with two additional DM
inductors, has the IL (green curve) similar to the proposed filter
of case C, which means that these filters have similar DM noise
rejection performance.

C. Conducted EMI Results

The in-circuit performance of the filters has been tested with
a 750 W laboratory induction motor drive system. The circuit
diagram of the fabricated system to measure the conducted EMI
is shown in Fig. 15(a). It consists of a built EMI filter connected
to the AC/DC/AC converter which feeds a three-phase
induction motor. The inverter works with its nominal voltage
and is controlled with sinusoidal PWM comes from the
TMS320F2812 DSP unit. A fabricated line impedance
stabilization network (LISN) and a noise separator are utilized
to measure the conducted CM and DM noises of the system
[35]. The photograph of the laboratory setup is shown in Fig.
15(b). The Hameg HMS-1010 spectrum analyzer is used to
capture the quasi-peak noise spectra according to the CISPR-22
EMC standard. It can be seen that case C has the maximum DM
inductance, therefore only the filter containing the choke with
the structure of case C is used. The screenshot of the measured
CM noise spectra of the system from 150 kHz to 30 MHz with
the quasi-peak standard noise level is shown in Fig. 16. Fig.
16(a) represents the CM EMI of the system without a filter. As
can be seen, the measured noise is over the standard limit in the
frequencies below 15 MHz. Fig. 16(b) shows that the CM noise
of the system with the conventional filter passes the standard

50¢
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Fig. 15. Experimental setup to measure conducted EMI noise of the three-phase
induction motor drive (a) system block diagram (b) laboratory setup
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Fig. 16. Experimentgl)results of the conducted CM nois(e)measurement of the
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(case C) (d) with the conventional filter including two DM inductors.

limit. Fig. 16(c) and Fig. 16(d) show that the CM noise of the
system with the proposed filter, and conventional choke with
extra DM inductors are similar. That means, the proposed choke
used in the filter, does not affect the CM performance.

The measured DM noise level of the system without the filter
is illustrated in Fig. 17(a) which is over the limit. The DM noise
spectra using a conventional filter is presented in Fig. 17(b). As
mentioned in section IV (A), the DM impedance of the
conventional choke is relatively low at frequencies below
3MHz, thus the measured DM noise is not properly filtered in
this range and reached to the standard level at frequencies below
3MHz (the yellow shaded region on screen). Fig. 17(c) shows
the DM noise of the system with the proposed filter, which has
been reduced the DM noise level up to 16 dB at frequencies
below 3MHz by increasing the low-frequency DM inductance.
Fig. 17(d) represents the DM noise of the filter with
conventional choke and extra DM inductors. The measured
spectra show that these two filters are similar in DM
performance. From Table Il the wire length of the proposed
choke is about 11% more than the conventional and
consequently, the conduction loss becomes more. However, the
proposed choke has a lower wire length compared to the
conventional filter with additional DM inductors. Therefore, the
Ohmic per-phase resistance of the proposed filter is lower than
the conventional filter with DM inductors while the
performances are the same. Therefore, the proposed choke has
an improvement in filter efficiency from this point of view.

As a result, the in-circuit DM and CM performances of the
proposed filter are similar to the performances of the filter
shown in Fig. 12(e), while the size of the filter is reduced near
to 20%.

V. CONCLUSION

This paper presented an integrated EMI choke with improved
DM performance. An analysis is presented based on the
magnetic field distributions in the different configurations. The
derived equations show that the CM inductance of the proposed
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Fig. 17. Experimental results of the conducted DM noise measurement of the
system (a) without filter (b) with conventional filter (c) with the proposed filter
(case C) (d) with the conventional filter including two DM inductors.

choke is almost equal to the one of conventional choke, while
the DM inductance of the proposed choke is increased by
making the proper path for leakage fluxes and designing
solenoid core. The equations are presented which predict the
DM inductance of the proposed chokes for different cases. The
analytical results are evaluated by experimental measurements.
The measured DM impedance and ILs of the fabricated choke
with the proposed structure, show the significant increase in
DM inductance. Finally, the in-circuit performance of the
proposed choke is tested. The experimental results of the
conducted EMI reveal the good performance of the proposed
choke in the noise rejection, while it reduces the filter size by
about 20%.
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