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Abstract—This paper proposes a simple lumped circuit mod- coupling paths. Analysis and prediction can then be carried out
eling approach for describing noncontact EMI coupling mecha- \jith ease.
nisms in switching power converters. The resulting model assumes Lumped circuit models are proven to be adequate for analysis

a minimum number of noise sources and contains essential cou- ‘i :
pling paths that allow easy physical interpretations. Essentially, all and prediction of EMI behaviors up to around 30 MHz [5]-{19].

capacitive couplings are represented by an equivalent noise voltage !N much of the prior works, knowledge of the significant paths
source and six coupling impedances, whereas all inductive cou-is often crucial in the derivation of so-called simplified models
plings are represented by an equivalent noise current source and for analysis. However, such knowledge can be hard to obtain
three coupling impedances. The resulting coupled noise appearsin certain situations where the coupling paths could exist in a
as currents flowing into the terminals of the Line-Impedance-Sta- - g htje manner. In this paper we propose a general lumped circuit
bilization-Network (LISN). The equivalent voltage source can be . . .
conveniently approximated as the switching-node-to-zero voltage, moc_lel for analys!s Of_ all ”O“CF’“t?Ct pat_hs thgt giverise to E_MI'
which is typ|ca||y a rectangl_"ar pu|se of a few hundred volts. The Derived from a circuit theoretic VIeWp0Int, this model contains
equivalent current source can be modeled as the current flowing all essential coupling pathat should be taken into considera-
around a loop containing the equivalent voltage source and para- tion when evaluating the level of EMI that can be picked up by
sitics such as winding capacitance of the power transformer, the the standard line-impedance-stabilization-network (LISN). By

shubber capacitance and connection inductances. Also, the cou- .
pling impedances can be estimated by making simpiifying assump- noncontact paths we mean those paths that are not found in the

tions about the geometry of the components and tracks, or by direct ©figinal circuit diagram. They represent capacitive and induc-

measurements. Simulations and experiments verify how inductive tive couplings of EMI noise from the circuit board to the LISN.
and capacitive couplings through each path may produce substan-  The paper is organized as follows. In Section I, we present
tial EMI measured by the LISN. Being based on a lumped circuit  the derivation of the model based on a circuit theoretic view-
approach, the proposed model is easy to apply in practice for un- ,qint An jllustration of the use of the model is given in Sec-
derstanding, diagnosing and approximating EMI behaviors. tion lll. In Section IV, we describe how the model can be applied
Index Terms—Capacitive coupling, electromagnetic interfer- in practical situations. Finally, an illustration of the procedure
ence, inductive coupling, lumped circuit models, modeling. for estimating the parameters for the model is given in the Ap-

pendix, along with an experimental verification of the viability

|. INTRODUCTION of lumped circuit representation for EMI prediction.

LECTROMAGNETIC INTERFERENCE (EMI) prob-

lems are usually complicated by the presence of coupling
paths which do not show up explicitly in the formal circuit
design. As a consequence, the formulation of effective solutionOur aim in this section is to derive a lumped circuit model
approaches often relies on the engineer’s experience or extéfi-describing the essential coupling paths between the con-
sive numerical simulations based on some empirical mod&grter’s circuit board and the LISN’s physical input terminals.
[1]-[4]. It will be desirable, from the engineer’s point of view,We assume a linear model for this application, and therefore the
if all noncontact EMI can be modeled by conventional lumpeaverall noise is equal to the sum of all components from indi-
circuits which can be combined with the converter’s circuitidual analyzes for all harmonics. In the following we show the
diagram to provide a full picture of the EMI conduction ancnalysis for one particular harmonic.

L uMPED CIRCUIT MODEL FORNON-CONTACT EMI BASED
ON ESSENTIAL COUPLING PATHS

A. Overview of Non-Contact Couplings
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Fig. 1. (a) Noise coupled capacitively from noise voltage sources on the circuit board and manifested as noise currents flowing into terminal$ Glan® a
(b) noise coupled inductively from current loops on the circuit board and manifested as controlled voltages applied around the loops formealdi Tetrin
and G and converter’s equivalent impedances.

In a dual manner, Fig. 1(b) shows the inductive couplinghoice is shown in Fig.2 (b), which depicts the complete lumped
of noise through noncontact paths from current loops on th&cuit model for all noncontact EMI coupled to the LISN.
circuit board to the LISN’s input terminals L1, L2, and G. In In summary, the noncontact EMI in a switching converter can
this case, the appropriate induced noise sources are controbedepresented by a lumped circuit model consisting of
voltage sources around the three loops formed between thel) an equivalent noise voltagi,,,, which injects noise cur-

LISN terminals and the converter's equivalent impedances. rent to the LISN terminals via six coupling impedances
Note that the choice of the exact location in each loop is arbi-  (j.e., Zc 14 cqr 012,00 2C.Greqr 211,05 o120, @Nd

trary. In Fig. 1(b), we denote the induced controlled voltages 7.  );

by Var,L1-L2, VaL1-a, andVa,, where subscript M denotes  2) an equivalent noise current,,, which induces noise

inductive coupling. voltage to the three loops formed around the converter's
impedances and the LISN terminals, the coupling imped-
B. Derivation of the Lumped Circuit Model ances being/am, ri-1.2, Zm,Li—-G, andZy c.

The main modeling objective is to represent all couplin? Based on the above model, the noise currents coupled capac-

paths by a minimal number of noise sources and essent ijely from the converter circuit to the LISN terminals and the

coupling paths. We begin with the capacitive coupling pathgqse voltages coupled inductively from the converter circuit to

Obviously, the simplest model consists of one equivalent noidl terminal loops can be written in terms of the equivalent noise
voltage source which is connected to each terminal of tiglt2ge and current sources and the coupling impedances. As-

LISN through a coupling impedance. This requires a total g¢Ming thatVii, Vi», andVg are the voltages at L1, L2, and
six impedances, as shown in Fig. 2(a). These six impedan{@¥/ith respect to the zero reference, and setifag, to 0, we

constitute sixessential coupling pathdetween the noise ave

sources and the LISN terminals. Furthermore, since the noise Veq — Via Vi1

sources are physically contained within the converter circuit, Iepr = ZCL1.eq - Zc.01.0 @)

it is imperative that the noise voltage source is referenced Vo — Vio Vio

to a node in the converter circuit. This node can be located Ic12 = Zq -7 2)

arbitrarily, and a convenient choice is between L1 and L2, chzi;q ‘(/j’m’o

which is also regarded as the “zero reference” of the circuit. Iog =— G _ @ (€))

The equivalent model for capacitive coupling can then be Z0.Gea  ZCG0

represented by lumped circuit elements as shown in Fig. 2(a), Va2 = leqZmL1-12 (4)

whereV,, is the equivalent noise voltage source. VM- =legZML1-G (5)
To complete the model, we need to include the inductively VG = leqZM G- (6)

coupled noise. The same basic model shown in Fig. 1(b) can
be used here, and the main modeling step is to replace all ndisshould be reiterated that the above model does not include
loop currents by one equivalent current soufige A convenient  direct-contact EMI, such as input ripple current, which can be
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Veq equivalent Suppo_se the_ capacitively coupl_ed n'oise i_s dominated by the

noise voltage switching noise across the transistor’s drain and source. Then,
F we may approximate the equivalent voltage sourgeas the
voltage across the drain and source of the transistor, assuming
Zcrio that all other physical noise sources are negligible. Let the ca-
pacitance between the transistor’s drain node and ground be
/ Cc,c—eq- The situation is shown in Fig. 3. Thus, the coupling
impedanc&c ¢ .q can be approximated by

L1

LISN
1

20 Goog = ——— 7
gZLl—G C.G=ed SCC,Gfeq ()

Cﬁ‘;‘;}'ﬁ;ﬁ;ﬁ which s simply the total switching-node-to-ground capacitance.

impedance The other coupling impedances can also be approximated in a
seen by likewise manner, as illustrated in Fig. 3(b). Specifically, we have
LISN

L2

1
Zollmeq = ——— 8
C,Ll—eq 5Co11—og (8)

equivalent 1

I '
3. noise sources 20, L2—eq = SCoo
—(:}— C,L2—eq
Veq

where Ccri—eq and Ccr2-.q are the total switching-
node-to-line capacitances. In practice, the switching node is

\ @ N often identified as “hot” node in the analysis of EMI problems.

The hot-node-to-ground capacitanc€c g_.q, has been

©)

f

ML1-L2
=I°qZM,Ll-L2[ ﬁC,Ll,eq/
L1 —\<7\

studied by many authors [8]-[10], [19]-[21]. However, the
P v other two capacitances, namely hot-node-to-line capacitances,
Mﬁ“‘u are rarely discussed [9], [11].
LISN| Zcl2eq Zcioo TeaZ ML1-G Furthermore, there are three coupling impedances associated
with the zero reference node, i.€¢ 11,0, Zc,L2,0 andZc g 0.
L2 o . VAR They can be approximated by the corresponding capacitances
7 7 converter's between each of the LISN terminals to the circuit's zero refer-
C.Geq C,G,0 ZLZ—G equivalent ence node, i.e.,
@ impedance
G I H>—e * seen by 1
— ZoLl—0=—— 10
Yme™ leaZmc LISN GLi-o sCc,L1-0 (10)
b 1
® Zcla—0=—F— (11)
sCc 120
Fig. 2. (a) Lumped circuit model for noncontact paths via capacitive coupling 1
and (b) complete lumped circuit model for noncontact paths. ZC,Gfo = m (12)

modeled by current source(s) that are directly connected to yypere Cc.1 -0 and Co 2o are the total “zero™to-line ca-
LISN terminals. pacitances, which represent rather subtle coupling paths, and

Here we emphasize that the equivalent noise sources are féic—o i the total “zero™to-ground capacitance and can be
essary and sufficient, and all coupling paths in the model are proximated as the converter-to-ground capacitance. Usually,

sential. The resulting model therefore provides a guiding modgf->¢—° has a much higher value compared to the other capac-
for evaluating the effects of all noncontact couplings. Moreov F;\nces,.and the_refo_re gpdeswably produces a_Iow-lmpedance
the model still requires parameter estimation in order to be pr op Wh'ch permits S|gn|f|gant noise current to (_:lrculate dge to
tically useful. The estimation of parameters for the model cé e mductlvel_y coupled noise voltagéy,c. See Fig. S(C)' This

be done by measurement or analytical calculation based on 1. ct of low-impedance loop caused by larf@e,c o is rarely
geometry of the circuit. Furthermore, using this guiding mode ,|scussed [21].
engineers may identify significant coupling paths more easil
on the one hand, and may less easily ignore some subtle but i

portant coupling paths on the other hand.

m._ | LLUSTRATIVE EXAMPLE—PARAMETER ESTIMATION AND
EMI PREDICTION

In this section, we illustrate the estimation of the parameters
in the afore-described model, and demonstrate the significance
of each coupling path in producing conducted EMI. We will use

The afore-derived lumped circuit model can be easily applighdese estimated parameters again in Section IV for predicting
to practical situations. Consider a boost converter, for exampkeMI in a practical boost converter.

C. Physical Interpretation
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hot node
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Fig. 3. Physical interpretation of the coupling impedances and paths.

A. Model Parameters for Capacitive Coupling Suppose in the printed circuit board the “hot” trace is run-

To use the model, we need to supply the actual values of {ygg in parallel with traces of L1 and L2. The distance between

parameters including the noise sources and the coupling impHl "hot” trace and the L1 trace is 5 cm, and that between the
ances. First, we defink.,, as a voltage pulse with the following hot” trace and the L2 trace is 5.4 cm. Further assume that the

width, length and thickness of these traces are 0.1 cm, 2 cm and

parameters: . ;
0.01 cm, respectively. Thus, the trace-to-trace capacitance can
peak value : 400V be approximated as
dutycycle : 0.3 14(e
1)
rise time : 150ns Ctrace-trace = — —z5— PF/M (15)
. Wt
falltime : 20ns

which can be used to findc 11 eq and Z¢, 12,4 Of the model.
Putting in the appropriate values gives

We now consider the coupling impedances. As explained
earlier, we have more impedances than are needed to defir%QLLeq
Ic 11, Ic12 and Lc ¢ independently. However, to preserv
the physical meanings, we include six essential coupliﬁ’ée
impedances in the model, namel§: 1.1.cq, Zc,1.2,eq: ZC,G,eq:
Zc,11,00 Zo,12,0 @and Zc a 0. To simplify the model, we may
assume that/,, is connected to the zero reference of th
converter and hencBc o = 0. 1 ) 47(0.085)
We assume that the “hot” node is a thin copper trace of wid#he.c.o = sCo.ao with Cc.g0 = Ceelf =
W = 0.1 cm, lengthl = 4 cm, thicknesg = 0.01 cm, and Y
distance to ground® = 40 cm. The capacitance to ground can
be approximated based on a sphere with surface lare{2], The remaining two coupling impedances to be found are
I.e., Zcu1,0 and Zg 120. Clearly, these impedances can be ab-
47(0.085) sorbed intoZr; o andZ1s o, as shown in Fig. (2b). Now, by
Csphere = ——5—PF (13) measurement (using HP4194 impedance analyzer), we find that
T Z11_o9 andZr»_( are mainly inductive and given by

frequency : 150 kHz.

=0.005604 pF  and Cc 12.eq = 0.005518 pF.

(16)
nceyzc,Ll,cq = 1/SC(C‘,Ll,cq andZC,L2,oq = 1/3CC,L2,oq-
To estimateZc¢ a0, We assume that the power converter is
a spherical body [2] and the converter-to-ground capacitance is
Es self capacitance, i.e.,

1
T

= 6pF. 17)

which is one of the coupling impedances in our model, i.e.,
Z ! ith C 02pF.  (14) Ze,uio = (108 pH +16 Q)||(27 pF) (18)
eq = — WI G.eq = 0. ] )
C,G,eq SCC,G,eq C,G,eq p ZC,LZ,O = (01 IJ’H +6 Q)||(14 pF) (19)



690 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 18, NO. 2, MARCH 2003

11 ‘ -
leq [ 10Q
0.0056pF == == 0.0055pF Vq s 1
n.
' 200pF 1.0 i ZEYTPVEPTUS R :
L2 gy k] ‘-, A ,,«“—-n—;wv.ﬁ.-‘\/‘v 5 'YVW;'V"\?.;\A,\
30806 : kiaa
51uH || 14pF 0.2pF == ;
| 60F 1o
S50uH || 50Qx 2 30
G > 10t
. -9
LISN VMo =1 j®17x10 3,000
81518z .00 12,000 12,004 oM 2.0
(a) (b)
940 . . 30
fr——— : 1w ;
: .00 ’
] ; 100
280 i ik ARG e e o
e | !
18640 : — : 1600
36l : : : :
! : : . Mg
160 . : 1 ——

3.4 . . : La =
{1512 .08 12,4682 18,632 .00 30,000 0. 15z £.0042 12,8040 18,0002 MM 30004
(©) (d

am 1 1 X ] 1
10 T ) ; T 7
s —
- : ' Ry Y : ""m% I ‘,./-'-‘f""-f.mm :
: O o 7 o
Sl s ; =) : :
190 : ! ! : :
' i i | H
i : : : : :
10l . . : i : .
| ' | . :
3xm 1 1 X 1 1 H
0,151 5.0 12,002 18,6082 WOz OB .15 400t 12,008 18,0042 WoB 2006
©) (63)]

Fig. 4. Simulation with parameter values estimated or measured, showing the significance of each coupling path. (a) Circuit model; (b) noseyld&N u

L1 with C¢ ¢ —eq Only; () noise picked up by LISN L2 with'c ¢ —.q Only; (d) noise picked up by LISN L1 or L2 with'c 11— eq @aNdCc 12— .4 ONly; (€) Nnoise
picked up by LISN L1 withC'c ¢ _( only; (f) noise picked up by LISN L1 witl’c ¢, only. Limit lines shown in (b) to (f) are based on EN55022 average noise
limits.

B. Model Parameters for Inductive Coupling coupling impedances may also be important in some situations,

. . . : .but they are not easily identified in practice.
We now consider the inductive coupling. As shown in _. . X .
First, a reasonable assumption fhr, is that it actually

Fig. 2(b), inductive co_uplmgs are modeled by three Contm"eedmulates the current which flows in a series LCR element
voltage sources applied around three loops formed between

L1, L2, G and the converter. Induced Hy,, the effect of connected acrosg.. Physically this LCR element represents

these controlled voltage sources depends very much on B]aerasmcs along a loop through the switching converter, which

) ically includes the parasitic capacitance in the windings

overall impedance around the loop concerned. It has al . o )
. . Of, the main power transformer, snubber circuits, connection
been mentioned previously that among the three controlled . R .
. . 2 nductances and resistances. The following is a realistic set

voltage sourcesVy; ¢ is usually quite significant because o - .

; ’ ; of values for this LCR element:
the low impedance loop. In the following, we only attempt to

L =250 nH, C =200 pF and R =10 Q.

find Zy . Nonetheless, we should stress that the other two
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Suppose the loop formed by, and the LCR element is an
equivalent circle of radius 2 cm. We focus on the coupling o
this circle loop to the loop containing the line cable (compose:
of L1 and L2) and ground. Since the cable length (typically 1
meter long) is much larger than the loop radius, we may appl
the standard formula for the mutual inductance between a circ
loop and a long straight wire [20]

) -

Al

L
2

L
100

r

Lloopftofline = Mo 100

)2 H (20)

Ly,

Ly
AN

L boost
Y'Y\

D,

Ci
Ly,

Cr =

3842
PWM
controller

i
Ll

T

R,

L2 —YN

(a

CL1_Veq0.0056p

T [
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where L is the distance of the circle loop to the wire anib
the radius of the circle loop. Assuming that the loop radiis
1.9 cm and the distandeis 2 cm, we have

il
i

CL2_Veq0.0055p

—

CL1 27p

ZM,G = SLM,G with LM7G =17 nH. (21)

RL1 15

it
1
2 1

L1 108u

Rc4 10

1}
L
c4 200p

V2 =400

V1 TR = 150n Lcd

250n
PW =2u
PER = 6.6u

STLANAS

Hence, we have all the parameters for the complete lumped ¢
cuit model, as shown in Fig. 4(a).

Sk

C. Significance of the Coupling Paths .
In this subsection we present simulation results to demc
strate the significance of each coupling path. Fig. 4(a) shows
model used for simulation. Fig. 4(b) and 4(c) show the simulat: ¢
noise spectra picked up by the LISN (L1 and L2) W& eq
(0.2 pF) is present alone. These figures represent the so-ca
common modaoise, which is due to the coupling path throug!
Cc.c.eq- The resonant peak near 4 MHz is caused by the ing
impedance%1,; (108 pH||27 pF) andZy; o(51 pH||14 pF).
Fig. 4(d) shows the simulated noise spectrum picked up by t
LISN (L1 or L2) due to the presence 6% 1.1,.4(0.0056 pF) and
Cc 1.2,64(0.0055 pF) which is connect the input lines to the “hot”.

. Fig. 5. (a) Simplified schematic of the boost converter and (b) PSPICE circuit
nOd.e' Here, we observe a resonant peak near 4 MHz, Wh'CQH%Wing details of parasitic impedances (elg.; and L;,») and the lumped
again due taZy, o andZp; o.

circuit model of essential coupling paths.
Figs. (4e) and (f) show the simulated noise spectra picked
up by the LISN (L1 and L2) due to the induced voltag§yhen the mechanical switch is closed, a loop is formed con-
sourceVyi,g. This voltage is applied to the loop containingaining the “hot” noise voltage(; and some parasitic induc-
Cc.c.0(6 pF). Here, two resonant peaks are observed. The figghce and resistance. This loop actually corresponds th fie
one near 4 MHz is caused B¥i.1 o, Zr.1—0 andCw.g, @nd  the lJumped circuit model developed earlier in Section 2. We can
the second one near 22 MHz is caused by the LCR elemeRérefore isolate capacitive coupling from inductive coupling by
connected in parallel with’.. _ opening or closings;. Specifically, withS; opened, we only
Clearly, our simulations show that each coupling path cgfyk at capacitive coupling, and wisy closed, we look at both

produce significant noise at the LISN, especially at frequenciggnacitive and inductive couplings. The converter circuit param-
near the resonant peaks. This is consistent with what is oftgl(s ysed are

observed in practice, where the noise spectrum captured by the

17nH

X1

{-’WH"‘-'

T co_vo
Bp

RLISN1,
02
S

RLISN2
< 3 50
CG_Veq
LLISNY 0.2p

50u

;|[}

(®)

LISN often exhibits resonant peaks. Lioost 2mH
Ly 3 (input filter) 500 pH
IV. APPLICATION AND EXPERIMENTAL VERIFICATION Ch. Cs (input filter) 330 uF
In this ;ect}on we (_jescrlbe an appllcat|or_1 gf the proposed C4 (representing snubber loop): 200 pF
lumped circuit modeling approach for predicting noncontact dut | 0.3
EMI in a practical boost converter. The parameters associated uty cycle ’
with the lumped circuit model are those found earlier in Sec- output power 20W
tion 11l. We will perform simulations of the EMI and confirm switching frequency : 150 kHz
the prediction by experimental measurements. output voltage 400 V.

Fig. 5(a) shows the prototype boost converter under test, and
Fig. 5(b) shows the PSPICE schematic for the proposed lumped\e first consider the case witsy opened. This corresponds
circuit model, which includes all coupling paths. The inputfilterto the situation where the snubber capacitance is absent, thus
formed byC, C5 and Ly 3, reduces the input ripple to an neg-eliminating inductive coupling. In the simulation, we simply set
ligible amount. Also,C, emulates the presence of a snubbe€/, to zero. Experimental results are shown in Fig. 6(a) and 6(b),
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Fig. 6. Measured and simulated noise current spectra for the boost converter prototype: (a) measured noise spectrum at LISN apenitd (capacitive
coupling only); (b) measured noise spectrum at LISN L2 vithopened (capacitive coupling only); (c) simulated noise spectrum at LISN L1Syithpened
(capacitive coupling only); (d) simulated noise spectrum at LISN L2 wittopened (capacitive coupling only); (e) measured noise spectrum at LISN L1 with
S closed (capacitive and inductive couplings); (f) measured noise spectrum at LISN L8 witbsed (capacitive and inductive couplings); (g) simulated noise
spectrum at LISN L1 witht; closed (capacitive and inductive couplings); and (h) simulated noise spectrum at LISN L2,withsed (capacitive and inductive
couplings).

whereas simulated results are shown in Fig. 6(c) and 6(d). AsFrom this application example, we see that the lumped circuit
shown consistently in both sets of results, there is a resonamdel indeed provides an adequate means for studying noncon-
peaking near 4 MHz. This has been explained in Section Il &&ct EMI up to around 30 MHz. However, it should be noted that
being resulted from the input impedandes; and L. Here, we have notyet addressed the effect®afr; 1.2 andVyin1—c
we confirm that the model indeed predicts this resonant peakiwich also form part of the inductive coupling model. The diffi-
quite accurately. culty in analyzing these sources lies mainly in the identification
Next, we closeS;, thus making inductive coupling a majorof the corresponding mutual inductances. Nonetheless, it should
player. Experimental results are shown in Fig.6 (e) and 6(fe borne in mind that they may make a significant contribution
whereas simulated results are shown in Fig. 6(g) and 6(k).the EMI behavior in some situations.
Again, both sets of results indicate an extra resonant peaking
at around 20 MHz, in addition to the one near 4 MHz. This
high-frequency peaking, as explained earlier in Section Ill, is
caused by the inductive coupling loop (excitation loop) which EMI prediction is never an easy task. Subtle coupling paths
is formed byC,; and some parasitic inductance and resistanceften present a major source of confusion in the analysis of EMI

V. CONCLUSION
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Fig. 8. \Verification of the lumped circuit model. Simulated and measured noise current spectra for (a) capacitive coupling and (b) inductgye couplin

problems. In this paper we attempt to provide a systematic fore flow into the LISN, especially for the low-impedance
approach for modeling all noncontact EMI, which can be loop(s).
summarized as follows. 4) The model parameters are the noise sources and the

1) We analyze the basic problem from the viewpoint of ca-  €ssential coupling impedances. The problem thus re-
pacitive and inductive couplings and make an attemptto ~ duces to finding the (dominant) noise sources and all
represent the noncontact EMI in terms of one voltage  relevant coupling impedances either by calculation or
source and one current source which couple noise to the by measurement.

LISN terminals via coupling impedances. Since the model is based on lumped circuits, its validity is

2) We systematically identify six capacitive coupling pathbmited to frequencies below around 30 MHz. Moreover, in
which directly inject noise currents into the LISN termi-using the model for predicting EMI, one should bear in mind
nals. that no exact prediction can be expected from the model. First

3) For inductive coupling, our model simply includes threef all, the actual couplings are far more complicated than what
controlled voltage sources applied around the three loopssimple lumped circuit can possibly predict. The proposed
formed between the LISN terminals and the converterinodel provides a simple (yet adequate) means to make an
equivalent impedances. The circulating currents therimitial estimation of the extent of the interference. Second, the
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parameter values can never be estimated accurately. HoweveEinally, the impedanceZ,, which has been included to

it usually suffices to make some simplifying assumptions eemulate the parasitic impedance, is constructed by a wire
the geometry of the circuit tracks and components in order wound inductor on a ferrite core. Its equivalent circuit is shown
get a quick estimate of the coupling impedances. In conclusiomFig. 7(a) and 7(c). The measured values of the constituent
we should stress that complicated problems such as EMductance, resistance and capacitance apeH,¥ Q2 and 5 pF
may require tedious and complex analysis if highly accurater frequencies below 5 MHz, and are 114H, 333 and
solutions are to be sought. However, in practical engineerirgs pF for frequencies between 5 MHz and 30 MHz.

there is always a need to trade off accuracy for simplicity. In Fig. 8(a) and 8(b) show the simulated and measured results
this case we have demonstrated a simple yet viable appro&mtthe capacitive coupling and inductive coupling cases for fre-
to the EMI problem based on a simple lumped circuit modejuencies below 30 MHz, i.e., the conducted EMI range. It is
This model contains the salient features of noncontact EMlear that simulation results using the lumped circuit model is
is convenient to use, and gives adequate prediction of EMIgood agreement with the measurements.

behavior in switching converters.
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