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Abstract—This article first develops a radiated electromagnetic
interference (EMI) model for a gallium nitride (GaN) integrated
circuit (IC)-based active clamp flyback converter. Important ca-
pacitive couplings, which play a big role in the radiated EMI, are
identified, extracted, and validated in the converter. The radiated
EMI model is improved to characterize the impact of capacitive
couplings. Based on the improved model, techniques to reduce
capacitive couplings and the radiated EMI are proposed and ex-
perimentally validated.

Index Terms—Active clamp, capacitive coupling, flyback
converter, gallium nitride (GaN) device, radiated electromagnetic
interference (EMI).

I. INTRODUCTION

N MODERN power electronics, fast-switching gallium ni-
I tride (GaN) devices can operate at the switching frequencies
higher than conventional Si MOSFETS, so they help significantly
reduce the size of passive components and increase power
density [1]-[5]. The active clamp flyback (ACF) converter is a
ZVS soft-switching topology, which recycles the energy stored
in leakage inductance [6], [7] to improve conversion efficiency.
Working with GaN devices, the ACF converter operating at
several hundred kHz to 1 MHz could be a game-changer for
high-power-density and high-efficiency power adapters [8].

However, fast-switching GaN devices lead to high switching
noise especially radiated EMI [6], [9]-[11]. Also, high power-
density layout leads to near field couplings, which degrade
the EMI filter performance [12]. Radiated EMI of a power
converter has been analyzed in [9], [10], [13], and [14]: the
long power cables attached to the power converter behave like
an antenna [10], [13], [14] driven by the noise generated by
the power converter; in isolated power converters, the antenna
can be driven by the voltage difference between the primary
ground (PGND) and the secondary ground (SGND) [9], [10],
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[13], [15], [16], which is mainly caused by the unbalanced
transformer parasitics. Radiated EMI can be suppressed by
reducing the common mode (CM) currents flowing between
transformer primary and secondary windings. Techniques such
as CM chokes with high-frequency (HF) lossy magnetic cores
and coaxial shielding winding transformers can help reduce the
radiated EMI [10], [14]; however, due to the parasitics such as
parasitic capacitance and inductance, their HF performance has
much to desire [12], [17]-[21]. In a high-power-density design,
near field couplings can degrade the EMI filter performance, so
it is important to investigate the couplings within converters [5],
[22]-[24].

This article investigates the modeling and reduction of radi-
ated EMI. Section II will develop a model for the radiated EMI.
In Section II-A, a preliminary radiated EMI model will be first
developed. In Section II-B, the impact of the capacitive cou-
plings on the radiated EMI will be identified and analyzed. An
improved radiated EMI model will be developed to characterize
the impact of the capacitive couplings. In Section III, techniques
to reduce capacitive couplings and the radiated EMI will be
proposed and verified. The investigation in this article is based
on a 60 W GaN integrated circuit (IC)-based ACF power adapter.

II. DEVELOPMENT OF THE RADIATED EMI MODEL
INCLUDING CAPACITIVE COUPLINGS

Fig. 1(a) shows a GaN IC-based ACF power adapter above
the ground. Fig. 1(b) shows the photograph of the prototype.
The input and output voltages are 120 V AC and 20 V DC,
respectively. The main and clamping switches, and gate drivers
are integrated into Navitas Semiconductor’s GaN ICs NV6117
and NV6115. The switching frequency is 450 kHz, and the
switching slew rate in this ACFis 20 V/ns. The winding structure
of the planar transformer has been optimized to minimize the
conductive CM noise [6]. The lengths of the input and output
cables are 0.8 m and 0.9 m, respectively. The load is a 6.67 2
power resistor.

A. Preliminary Radiated EMI Model

The radiated EMI is mainly caused by the CM currents
flowing on input and output cables. The differential mode (DM)
currents of the converter do not significantly contribute to the
radiated EMI [9]. Based on the substitution theory, SW; can
be replaced with a voltage source Vgwi; SW2 and SW3 can be
replaced with current sources Iswe and Isw3 in Fig. 2. Based on
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Fig. 1. GaN IC-based ACF power adapter with power cables attached
(a) circuit. (b) Prototype photograph.
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Fig. 2. EMI noise model of an ACF with switching devices substituted by
voltage/current sources.
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Fig. 3. EMI noise model.

the superposition theory, the effect of a voltage/current source
on EMI can be analyzed after shorting other voltage sources and
disconnecting other current sources. It is found that only Vw1
contributes to the CM noise [24] flowing to the attached input
and output cables, causing radiated EMI. As a result, Igyw2 and
Isws3 can be removed in the model, as shown in Fig. 3.

In Fig. 3, the impedances of capacitors Cx, C;1, C;2, and
C, are assumed to be zero for CM EMI analysis, so Vgw is
directly added to the primary winding of the transformer. Also,
one terminal of the primary winding is equivalently connected
to PGND. The two conductors of both input and output cables
can be treated as one for CM noise analysis. The attached power
cables behave like an antenna which can be characterized with an
equivalent antenna impedance Zantenna [91, [15], [25] in Fig. 4.
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Fig. 6. Impedance of the diode bridge can be ignored for the radiated CM

current. (a) Schematic. (b) Two diodes are ON. (c) All diodes are OFF.

R, isthe equivalent radiation resistance, Ry, is the loss resistance
of the power cables, X 4 is the reactance representing the near
field energy, SO0 Zantenna = Rr + Rr + 57X 4 [25].

The measured impedance Zanenna Of the cable antenna [15]
and Z1,c of the CM choke Ly are shown in Fig. 5. It should be
noted that based on the antenna theory, the antenna impedance
includes the effect of the real ground, so the real ground’s effect
is included in the antenna impedance Za ntenna-

The CM choke uses a Ni-Zn NL16D core from Hitachi, with
an outer diameter 8 mm, an inner diameter 4 mm, a thickness
2 mm, and a 9-turn (AWG26) bifilar winding structure. In the
concerned frequency range from 30 to 230 MHz (EN55032
3 m class B has the strictest radiated EMI limit in this range),
Z1,cM, Which is equivalently in series with Zaptenna, 1S higher
or comparable to Zytenna SO it can help reduce the CM currents
on the antenna.

For the diode-bridge (Z4DGP406L-HF from Comchip Tech-
nology) in Fig. 6(a), when two diodes conduct currents in
Fig. 6(b), the CM impedance of the diode bridge is negligible.
In Fig. 6(c), when all diodes are OFF, the CM current will flow
through diode junction capacitances. Due to the impedance of
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and SGND with Loy and cables removed. (¢) 7 model. (d) Reduced model.

DM inductor Lpypi, two lines may have different CM currents.
For the worst scenario, when the CM current only flows through
the line without Lpyiy, the impedance Zpiode_bridge Of the diode
bridge is the two parallel 45-pF diode junction capacitances.
ZDiode_bridge 1s much smaller than the impedances of the antenna
and Lcyy, as shown in Fig. 5. The impedance of the diode bridge
can, therefore, be ignored in the radiated EMI analysis. Also,
in Fig. 6(c), since the diode bridge impedance is ignored, the
CM current bypasses Lpyii via the other line, so Lpyp can be
ignored.

Based on the abovementioned analysis , the EMI model with
transformer parasitics can be simplified to Fig. 7(a) with both
the impedances of the diode bridge and Lpyr; ignored. Vonps
between PGND and SGND is the excitation voltage to drive
Lcy and antenna for EMI radiation. To investigate Vagnps in
Fig. 7(a), Lo, input and output cables are removed in Fig. 7(b).
Because any parasitics across PGND and SGND may contribute
to Vanps, although the impedances of C;;, C;2, C,, Cx, the
diode bridge and the related PCB trace connections are ignored,
they may contribute to the parasitic mutual capacitance across
PGND and SGND, so they will be kept on the PCB for the
parasitic extraction. Because Vg is the equivalent switching
voltage source added to the primary winding of the transformer,
and the resultant excitation voltage Vonps is the voltage dif-
ference between PGND and SGND, the circuit including all
parasitics between PGND and SGND in Fig. 7(b) can be mod-
eled as a two-port network: the PGND, which is connected to
one of the primary winding’s two terminals in Fig. 7(b), is the
reference ground; the other primary winding’s terminal, which
is connected to Vw1, is the input port, and the SGND is the
output port. The output port voltage is, therefore, Vonps. Based
on the network theory, a two-port network can be represented
with a 7 network including Ztp, Ztp, and Zyc in Fig. 7(c).
Since Zrp is in parallel with Vgwi, it can be removed. The
network is reduced to Fig. 7(d). Zrp and Zp¢ can be extracted
via S-parameters [15] using the Copper Mountain planar 808/1
vector network analyzer (VNA) and the results are shown in
Fig. 8.

In Fig. 8, based on the magnitude and positive phase infor-
mation, Ztp behaves like an inductive impedance in the whole
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Fig. 9. (a) Preliminary radiated EMI model of the ACF. (b) Reduced model.

frequency range from 30 to 230 MHz. Zrp is determined by the
transformer parasitics, the impedance of Y., and its related
parasitic inductance. Y¢,;,1 has an surface-mount device (SMD)
1808 package with capacitance 1.5 nF. On the other hand, the
phase of Zrc is negative from 30 to 107 MHz, but the polarity
changes frequently above 107 MHz. Zp¢ is much bigger than
Z1p below 230 MHz, so the transformer’s total CM impedance
ZrcllZrp is mostly determined by Zrp for this converter.

With the transformer model in Fig. 7(d), the radiated EMI
model can be developed in Fig. 9(a), where Icy is the CM
current flowing through the power cables, causing the radi-
ated EMI. Applying Thevenin equivalence between PGND and
SGND, it can be further reduced to Fig. 9(b). Zrc//Z1p is the
Thevenin equivalent impedance. It is much smaller than Z,cum
and Zantenna based on Figs. 5 and 8, so it can be ignored.

B. Improved Radiated EMI Model Including Capacitive
Couplings

In the experiments, it was found that capacitive couplings
play a big role in the radiated EMI. The undesired capacitive
couplings exist between conductors with pulsating voltage dif-
ference, especially between sensitive nodes and noisy nodes. In
order to identify possible capacitive couplings in Fig. 1, compo-
nents and PCB traces with similar voltage levels are identified
as voltage nodes in shaded areas in Fig. 10(a). The explanations
of these nodes are in Table I. The capacitive couplings between
any two nodes are analyzed in Table II.

The extraction of the impedances Zcac and Zcap of Cac
and Cap using a two-port VNA is shown in Fig. 10(b). Be-
fore the measurement, the calibration was made to the exact
measurement points, so no additional test wires are needed to
do the measurement. The effect of the gradient voltage on the
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Fig. 10. (a) Identified voltage nodes and capacitive couplings in the ACF.
(b) Extraction of Cac and CaB.

TABLE 1
IDENTIFIED VOLTAGE NODES

Node Components and PCB traces with a similar voltage level
Ny Input cable before CM choke (victim)
Ng Cyx, Lpmi, diode bridge, Ci;, Ci», Lpmz, and dc bus
N¢ Drain of SW, source of SW,, PCB traces and the transformer
winding with a gradient voltage
Np Output dc bus, C,, and output cable

transformer primary winding on capacitive couplings is also
included in the measurement because the voltage excitation
from port 2 is directly added to the primary winding and this
voltage is a gradient voltage on the primary winding. It should
be noted that, to extract the coupling parasitics due to Vswi,
based on the superposition theory, other switching devices SWo
and SW3 are removed. The extracted S-parameters are converted
to a m impedance network [23]. The three impedances of the
network correspond to Zcac, Zcan, and Zp. Zp, which is the
impedance between N and N in Fig. 10(b), is not needed in
the EMI model. Other parasitic capacitances can be extracted
similarly. Cac and Cap are extracted as 1.05 pF and 0.63 pF.
The equivalent parallel capacitance (EPC) of the CM choke is
1.29 pE. Ccp and Cpp are extracted as 1.59 pF and 3.7 pF
with port 1 connected between N¢ and Np, port 2 connected
between Np and N g, and the transformer removed. Their effects
have been included in Zt¢ and Ztp as discussed in Tabel II.
Based on the analysis in Table II, the capacitive coupling Cac
between the victim node NV 4 and the pulsating node N¢ is a very
important coupling. It should be pointed out that within the radi-
ated EMI frequency range, the voltage along a cable antenna is
not constant, so representing the distributed capacitive coupling
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TABLE II
CAPACITIVE COUPLINGS BETWEEN CM NODES

Involved

nodes Analyses about the significance

Couplings from the pulsating node to the victim node can
inject noise to the input cable, so it is a critical coupling.
Cag is in parallel with the CM choke, so it may degrade
CM choke performance.

Cap is part of the antenna composed of input and output
cables; it is determined by the test setup. However, an
external capacitance between input and output cables can
help reduce the antenna impedance and the radiated EML
Cgc is in parallel with SW;, so it does not influence the
gain from Vgw, to the CM noise and to the radiated EML.

Cac | Ny & N;

Cas | Ny & N

Ny & Npy

Cic | Ny & N,

Effect of Cgp has been included in the extracted Zp in
Fig. 7; if its impedance is much bigger than those of Y a1
and the transformer, it has negligible influence.

Cop | Ny & N

Effect of Ccp has been included in the extracted Zrc in

Cep | Ng & N | Fig. 7; if its impedance is much larger than that of the

transformer, it can be ignored.

Nc

ZCAC ZTC

Ny Ziem Ng Zrp Ny

Fig. 11. Radiated EMI model including the capacitive couplings.

between a node and a long cable using a lumped capacitance
can give a qualitative analysis but not a quantitative analysis.
However, the qualitative analysis can still help identify important
couplings and develop techniques to reduce the coupling and the
radiated EMI.

The radiated EMI model is improved from Fig. 9(a) to include
the impedances of Cpc and Cap in Fig. 11. The improved model
is a Wheatstone bridge with Vg as the noise source and the
antenna impedance as the load. The output voltage Vap (voltage
between nodes N4 and Np) of the bridge due to the unbalance
is the excitation voltage of the antenna. The voltage gain is

VAD ~ ( ZAntenna >
Vaw1 Zrem/ ] Zeas// Zoac + Zantenna

( Zrem// Zeas ___Zmp )
Ziom//Zeas + Zoac  Zrp + Zre )
(D

In (1), the second factor represents the balance condition of the
Wheatstone-bridge. Based on the extracted parasitic impedances
in Figs. 5 and 8, Fig. 12 shows the results of the second
factor. Compared with the balance curve without Cxc, i.e.,
Zrp/(Ztp + Zrc) in the same figure, the capacitive coupling
Cac introduces more unbalance, so it greatly increases Vap and
the radiated EMI.
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C. Experimental Verification

Based on the preliminary radiation model in Fig. 9(b), the
radiated power P, on R, can be predicted and the radiated
maximum electric field intensity E,.x at distance r from the
converter is given by (2) [9] for this preliminary model

\/ 1D, P, \/nDo
Emax == =
2mr? 2mr?
X [V | VR, ()
|ZAntenna + ZLCM + ZTC//ZTD| '

where 7 is the characteristic impedance 1207 €2; D, is the
maximum directivity of the antenna at distance r.

Based on (2), the insertion gain IGycn of Loy, which is
defined as the ratio of the radiated E ., with Ly to that without
Lcw, can be derived in the following equation:

1
11+ Zrom/(Zantenna + Z1c//Z1D)|
B 1
‘1 + ZLCM/ZAntenna| ’

From (3), high Z o\ can reduce radiated EMI. Fig. 13 shows
the calculated insertion gain based on (3). Loy can reduce
radiated EMI by 3—-18 dB from 30 to 230 MHz.

The radiated EMI of the ACF is measured in a 3-m semi-
anechoic chamber, as shown in Fig. 14, according to the EMI
standard EN55032 class B for power adapters. Ferrite beads
(Fair-Rite 0431167281) are used on the input cable before the
AC plug to isolate the grid from the measurement [15].

Based on the measured EMI without the CM choke and
the calculated insertion gain of the CM choke, the radiated
EMI with the CM choke is predicted and compared with the
measured in Fig. 15. The measured is several dB higher than
the predicted above 70 MHz because of the capacitive coupling

IGLcm =

3
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Fig. 14. (a) Radiated EMI measurement in a semianechoic chamber.
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Fig. 15.  Comparison of the measured and the predicted radiated EMI.

Cac as analyzed in Section II-B. Furthermore, the radiated EMI
cannot meet the EMI limit below 120 MHz.

Based on the analysis in Section II-B, the capacitive coupling
Cac should be reduced to reduce the radiated EMI. To validate
the impacts of capacitive coupling Cac, an experiment is con-
ducted in Fig. 16. A copper shielding is applied to node N ¢ with
the traces and components including the whole transformer iden-
tified in Table I shielded. The shielding is connected to SGND,
so the capacitive coupling between N4 and N¢ is bypassed to
SGND, and the C ¢ is eliminated. With the shielding, Ccp and
Cpc in Fig. 13(a) are also eliminated. The parasitic capacitance
Ccs and Cag represent the capacitive couplings between N - and
the shielding, and between shielding and N 4. Cag is in parallel
with Zantenna, SO it can help reduce the radiated EMI. Ccg is
part of Z’pc. Cpg between the shielding and Np is part of Z’ .
The model is shown in Fig. 17. Z’ ¢ and Z’tp can be extracted
similar to that of Zpc and Zrp in Fig. 7.

Similar to the extraction of Cgp and Cp with the transformer
removed, Ccg and Cgg are extracted as 1.93 pF and 4.7 pF. They
are only slightly bigger than Ccp and Cpp, so Z’r¢ and Z’1p
are close to Zt¢ and Z7p. It should be pointed out that because
the extracted impedance of Ccg above 160 MHz is determined
by high-order parasitics, the difference between Z’ ¢ and Zr¢
is bigger above 160 MHz in Fig. 18. The capacitive coupling
between the shielding and N is shorted so it does not contribute
to the radiated EMI. It should be pointed out that, the shielding
should be connected to SGND rather than PGND. If the shielding
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(b)

Fig. 16. Applying a shielding to the pulsating node N¢. (a) Circuit.
(b) Photograph.
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Fig. 17. Radiated EMI model with the node N shielded.
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Fig. 18.  Comparison of the extracted Zr¢ and Z'rc.

is connected to PGND, the capacitive couplings between N 4 and
the shielding can increase Ca g, which degrades the performance

of the CM choke.

Casg is extracted as 4.38 pF. It is in parallel with the cable
antenna, so the parallel impedance is smaller than the antenna
impedance above 55 MHz as in Fig. 19. Because the parallel
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Fig. 20. Comparison of the second factors in (1) and (4).
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Fig. 21. Measured radiated EMI reduction by shielding N¢.

impedance is smaller than Zcap//Z1,cnm, based on the model in
Fig. 17, Cas helps reduce the radiated EMI above 55 MHz.

The voltage gain from Vg1 to Vap is
VAD -~ < ZAntenna//ZCAS )

Zcas//Zuem + Zantenna// Zcas

(7t7m)
X | =——=]. @)
Zre + Zhp

Comparing (4) with (1), the first factor in (4) is greatly smaller
than that in (1) due to the impedance of Cag, which will be
shown later in Fig. 25(a). The second factor in (4) is also smaller
than that in (1), as shown in Fig. 20. The measured radiated
EMI in Fig. 21 verified this. In Fig. 21, the radiated EMI with

Vswi
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Fig. 22.

Applying a shielding to the whole converter.

the shielding applied is even lower than the predicted one with
Lc\ but no capacitive couplings because the shielding not only
eliminates the undesired capacitive couplings such as Cac but
also introduces desired capacitive coupling such as Cag, which
helps further reduce the radiated EMI.

However, as shown in Fig. 21, the radiated EMI cannot meet
the EMI limit below 80 MHz. It is, therefore, necessary to
develop noise reduction techniques to further reduce the radiated
EMI.

It should be noted that the total capacitance Cag + Cps +
Ccs between the shielding, which is grounded to the secondary
side, and the converter’s primary side is around 11 pF whose
impedance is much higher than the transformer’s interwinding
impedance and the 1.5 nF Y-capacitor. The effect of Cag + Cpg
+ Ccs on the 50/60 Hz safety leakage current is, therefore,
ignored.

III. TECHNIQUES TO REDUCE CAPACITIVE COUPLINGS AND
RADIATED EMI

A. Whole Converter Shielding Technique

Shielding the whole converter with the shielding connected
to SGND, as shown in Fig. 22, will have a better performance
than shielding N ¢ because of the following four reasons.

1) Cac is eliminated because the whole converter shielding
can bypass the capacitive couplings between N4 and N¢
to SGND.

2) Cap is eliminated by the shielding because the shielding
bypasses the coupling to SGND so Zi,cn is not compro-
mised.

3) Cas (C"as for this case), which is in parallel with the
antenna, is increased.

4) The capacitive coupling Cpg between the shielding
(SGND) and node Nz (PGND) is increased to help further
reduce the high frequency radiated EMI.

For 3) and 4) mentioned above, compared with the partial
shielding in Fig. 16, the whole converter shielding has a bigger
shielding area, is closer to input cable N4, and covers much
more area of N g, including C;1, Ci2, Lpwi, Lpwme, and the diode
bridge, than the partial shielding, so it has a bigger Cpg and
C" A5 > Cps. The parasitics are extracted as Ccs = 1.93 pF,
C'hs = 8.58 pF, and Cgg = 11.3 pF. The radiated EMI model
isin Fig. 23. Compared with Fig. 17, Z"rp is smaller than Z’ 1
Z1,cwMm is bigger than Zy cm//Zcap and CJ/AS is bigger than Cxg.
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Fig. 23. Radiated EMI model with the whole converter shielded.
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<
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Fig. 24.  Impedance comparison.

All of these help greatly reduce radiated EMI. In Fig. 24, the
impedance of the CM choke is much bigger than the parallel
impedance of antenna and C” 55 in the whole frequency range.
The voltage gain is

VAD -~ ( ZAntenna//ZC”As > ( Z”TD >
Vawi Zr.eMm + Zantenna/ [ Zcv o Z'rc¢+ 2"t )
)

Because of C'\q, the first factor in (5) is greatly reduced
especially above 50 MHz, as shown in Fig. 25(a). The second
factor is also reduced. Based on (1), (4), and (5), the predicted
voltage gains without shielding, with N shielded, and with the
whole converter shielded are compared in Fig. 25(b). The whole
converter shielding gives the lowest voltage gain as predicted by
(5).

The measured EMI is shown in Fig. 26. It is shown that,
with the whole converter shielding, the radiated EMI can be
further reduced above 50 MHz compared with the N - shielding.
This validates the analysis. It should be noted that based on
the measurements, the shielding does not sacrifice the converter
efficiency (93%) because the eddy current due to the leakage
magnetic field of the transformer is very small. Similar to the
shielding in Fig. 16, the total capacitance C" x5 + Cgs + Ccs
between the shielding, which is grounded to SGND, and the
converter’s primary side is around 21.8 pF whose impedance is
much higher than the transformer’s interwinding impedance and
the 1.5 nF Y-capacitor. Its effect on the 50/60 Hz safety leakage
current is, therefore, ignorable.

The predicted radiated EMI reduction in Fig. 25 is larger than
the measured in Fig. 26 because, as pointed out in Section II-B,
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Fig. 25.  Comparison of the predicted voltage gains from (1), (4), and (5).
(a) Comparison of the first factors. (b) Comparison of the predicted voltage
gains.
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Fig. 26. Radiated EMI reduction by shielding the whole converter.

the model in Fig. 23 is based on the lumped instead of distributed
capacitive couplings, so it gives a qualitative view but not a
quantitative view.

B. Improved Whole Converter Shielding Technique

Since the whole converter shielding and the increased Cag
can help reduce the radiated EMI, it is appropriate to add a
small capacitor Y¢ap2 from N4 to the shielding, as shown in
Fig. 27(a) and (b), to increase Cag on purpose. Ycap2, Lom, and
Ycap1 form a capacitor-inductor-capacitor (CLC) CM EMI filter.
Ycap2 is connected to SGND via the shielding which has a very
small inductance, so it has a good HF performance.

The impedance of Yc,p2 should be as small as possible to
reduce the excitation voltage on the antenna. At the same time,

5447

(b)

Fig. 27. Proposed CLC shielding CM filter technique. (a) Circuit.
(b) Photograph.

__10*

ZAntgnna

Impedance comparison.

Fig. 28.

Ycap1 has been designed to meet the conductive EMI standard, so
it should be not changed. Because both Y.,,1 and Yo generate
leakage current from the AC line to DC output, Y¢ap2 should be
kept small to meet safety requirements. In HF range, the equiva-
lent series inductance of a Y-capacitor is significantly influenced
by the packaging technique. Therefore, a small form factor SMD
1808, 100 pF safety capacitor is selected. The impedance Zy ¢, p2
including both the impedances of Y,2 and the shielding from
N 4 to Np is much smaller than other impedances above 50 MHz
in Fig. 28. Because of this, the excitation voltage of the antenna,
thus the radiated EMI can be greatly reduced.

The measured radiated EMI compared with the other three
cases is shown in Fig. 29. In Fig. 29, the radiated EMI is greatly
reduced from 40 to 120 MHz compared with that without Y¢apo.
It can meet the radiated EMI limit.

When implementing the proposed techniques, a full con-
verter shielding grounded to SGND with Y,,2 connected to the
shielding gives the best radiated EMI reduction. Fig. 30 shows
the comparison of the measured radiated EMI with different
Ycap2 connection patterns. In the first case, without the shielding
applied, Ycap2 is directly connected to SGND via a piece of wire.
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Fig. 31. Different ACF prototype: (a) photograph (b) with a shielding and
Ycap2~

Due to the capacitive couplings Cap and Cac as analyzed in
Section II, the CLC filter (Ycap2—Lom—Ycap1)’s performance is
degraded, so it cannot meet the radiated EMI limit. In the second
case, the shielding is applied, but Y, is directly connected to
SGND via a piece of wire instead of via the shielding. The
radiated EMI is much lower than the first case. In the third case,
Ycap2 is connected to SGND via the shielding. It leads to the
lowest radiated EMI to meet the EMI limit with enough margin.

The proposed techniques are insensitive to different proto-
types because of the following: 1) the proposed techniques
can eliminate the most important capacitive couplings between
N4 and N¢j; and 2) the parasitic capacitance Cag between the
shielding and N 4 can reduce the radiation because it is in parallel
with the cable antenna. Fig. 31(a) shows the proposed techniques
applied to another ACF prototype, which has different structures
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Fig. 32. Proposed techniques reduce radiated EMI regardless of different
prototypes.

and dimensions from the one in Fig. 1(b). The measured radiated
EMI in Fig. 32 shows that the proposed techniques are very
effective.

IV. CONCLUSION

This article first developed a radiated EMI model for an ACF
converter employing GaN switching devices. It was found that,
for the radiated EMI analysis, the switching transformer and
the parasitic impedances between the primary and secondary
sides can be modeled with two impedances; the impedance of a
diode bridge can be ignored no matter it is in ON or OFF status;
the capacitive couplings between pulsating voltage nodes and
the input and output cables are critical to radiated EMI. Based
on the developed model, an improved whole converter shield-
ing technique was proposed to greatly reduce the capacitive
couplings and the radiated EMI. Both theoretical analyses and
experiments were conducted to validate the proposed modeling
and EMI reduction techniques.
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