8050

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 8, AUGUST 2020

Analysis and Comparison of the Radiated
Electromagnetic Interference Generated by Power
Converters With Si MOSFETs and GaN HEMTs

Yingjie Zhang

Abstract—In this article, the effects of the parameters of GaN
HEMTs and Si MOSFETs and the load conditions on the radi-
ated electromagnetic interference (EMI) are analyzed based on
the compositions of the equivalent noise voltage sources. These
compositions include the rising and falling edges of the switching
voltages, the zero-voltage-switching voltage drops and the parasitic
ringing. The radiated EMI from two identical dual-active bridge
converters with GaN HEMTs and Si MOSFETSs is investigated and
compared. Experiments were conducted to validate the analysis.

Index Terms—GaN HEMT, power converter, radiated

electromagnetic interference (EMI), Si MOSFET.

I. INTRODUCTION

aN HEMTs become popular in the field of power elec-
G tronics due to their superior performance in many aspects,
such as the higher breakdown voltage [1]-[3], higher efficiency
[4], [5], better thermal conductivity [6], and so on, than Si
MOSFETs. However, their abilities of achieving higher switching
frequencies and faster switching speeds than Si MOSFETs lead
to severer electromagnetic interference (EMI) issues, especially
the radiated EMI in the high-frequency range [7], [8], than Si
MOSFETS.

Some research has been conducted to investigate the differ-
ence of switching characteristics and the generated electromag-
netic interference (EMI) between the GaN HEMT and the Si
MOSFET. Huang et al. [4] analyzed the influence of reverse recov-
ery charge and the output capacitance on the turn-ON transient,
whereas it focused on the difference of switching power loss
between GaN HEMTs and Si MOSFETS. The authorsin [6] and [9]
compared the conducted EMI generated by converters with GaN
HEMTs and Si MOSFETS. However, it did not further thoroughly
analyze the mechanisms for the difference. There are few papers
addressing radiated EMI for GaN HEMTs and Si MOSFETS.
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Besides, the load condition influences the switching speed of
the switches so it is another key factor affecting the radiated
EMI. Under heavy load, the switching speed mainly depends
on the driving loop, while the power loop dominates under light
load. The switching characteristics of the Si MOSFETSs have been
discussed in many papers [10]-[13], while the influence of the
load condition is not covered in most of them. The authors in [14]
and [15] claimed there are three possible cases of the switching
transients, but the mechanism and the parasitics involved were
not analyzed. When it comes to the wide bandgap (WBG)
devices, [16] and [17] derived the equations of the rising/falling
speed for the GaN HEMTsS and they are different from the con-
ventional equations used for the Si MOSFETs. However, the clear
explanation of the equation difference between GaN HEMTSs
and Si MOSFETS was not given in the papers. Moreover, [18]
developed two models for the WBG devices based on the two
possible cases in the switching transients, but it concentrated on
the analysis of the power loss.

This article analyzes the effect of the parasitic parameters of
the semiconductor switches on the switching characteristics, and
the effects of the switching characteristics and the load condition
on the radiated EMI. Based on the analysis, the radiated EMI
generated by the dual-active bridge (DAB) converters with GaN
HEMTSs and Si MOSFETs under different load conditions are
compared. This article is organized as follows. In Section II,
the radiation model of the DAB converter is first developed.
Based on the developed model, the difference of switching
waveforms between the converters with Si MOSFETs and GaN
HEMTS leads to the difference of radiated EMI. Therefore, the
relationship of the radiated EMI and the compositions of the
switching waveforms are investigated. In Section III, the effects
of switching parameters of the Si MOSFET and the GaN HEMT
on the compositions of switching waveforms are analyzed. The
radiated EMI is finally measured and compared in Section I'V to
verify the analysis. Meanwhile, the variation of the radiated EMI
while changing the parasitic parameters is analyzed to further
verify the analysis. Finally, Section V concludes this article.

II. RADIATION MODEL OF A DAB CONVERTER AND THE
COMPOSITIONS OF NOISE VOLTAGE SOURCES

Two DAB converters were built with Si MOSFETs and GaN
HEMTs, respectively to compare the radiated EMI generated
by the converters with the two devices, as shown in Fig. 1. The
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Fig. 1. Prototypes of DAB converters with (a) St MOSFETs (b) GaN HEMTs.
TABLE I
PARAMETERS OF THE SI MOSFET AND GaN HEMT
Si MOSFET GaN HEMT
IRF7493 LMG5200
Vs mar (V) 80 80
Ly e (A) 9.3 10
R, (mQ) 15 15
V,, (V) 2 2
R (Q) 2.5 2.5
C,, (°F)
¥, ~15V) 1600 420
V=15V 410 400
C, OF) 2
V30V 290 270
C_. (pF
o (¢F) 150 10
(V,=15V)
KAV 15 61
Package SO-8 QFM

two converters are identical except the semiconductor switches.
Because they use identical components and have an identical
printed circuit board layout, all the parasitic parameters are
equal. Also, the drivers of both converters supply enough driving
current, so the switching speed of devices is not limited by the
driving.

The switching frequency of the converters is 735 kHz. The
input and output voltages are both 30 V. The maximum output
power is 150 W. The model numbers and parameters of the Si
MOSFETs and GaN HEMTs are in Table I. Due to the limited
options of low-voltage-enhanced GaN HEMT, the two GaN
HEMTs of a half bridge are integrated with the drivers, while
the MOSFETs and their IC drivers are separated.

Fig. 2(a) is the schematics of the DAB converter including
parasitic inductance in each switching branches. Fig. 2(b) is the
prototype with input, output cables, battery, and a load resistor.
There are high impedance ferrite beads on the battery end to iso-
late the battery from the input cable [19], so the cable antenna’s
impedance is not influenced by the complicated structure of the
battery. Based on the topology of the DAB converter in Fig. 2(a),
its radiation model can be developed in Fig. 3 [19].

Based on the theory developed in [19], in Fig. 3, Vg1 ~ Vs
are the drain-to-source voltages of M;~My, respectively. And
they are the noise sources to generate the radiated EMI. Mean-
while, R4 and jX 4 are the resistance and reactance of the
antenna, respectively, consisting of converter’s input and output
cables.

A

Vin (-) I:', Ci

w i
Input Cables

)

Fig.2. Schematic and prototype of the DAB converter. (a) Schematics includ-
ing parasitic inductances on switching branches. (b) Prototype including cables
and load.
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Fig. 3. Radiation model of the DAB converter.

According to the radiation model and the antenna theory [20],
the radiated electric field generated by the DAB converter is
derived in (1) based on the superposition theory

nGoRA
Em X — Y 5
* V. drr2

o VasiVG1 4 VaeeVGa + Va3V Gs + VauV Gy

ey

where 7 is the intrinsic impedance of the free space, and GG, is the
maximum gain of the antenna. VG1~VG, are the voltage gains
from noise sources Vg1 ~ Vyssa to the induced voltages on the
antenna due to each source, respectively. The radiated electric
field is measured at distance r, which could be 3 or 10 m defined
in standards [7], [8].

Based on Fig. 3 and (1), since the passive components and
the layout of the two converters are identical, the difference of
radiated EMI between the two converters is exclusively caused
by the difference of voltage sources Vg1 ~ Vg4, which is related
to the characteristics of Si MOSFETs and GaN HEMTs.

To analyze the difference of source voltages generated by
converters with Si MOSFETs and GaN HEMTSs, Vg1 ~ Vg of
the two converters are measured with an oscilloscope — Rigol
MSO 4054 (500-MHz bandwidth). Meanwhile, to investigate
the effects of load conditions on the radiated EMI, the converters
were tested under two different load conditions, i.e., when the
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Fig. 4. Waveforms of voltage sources Vg1 ~ Vgsq. (@) Si MOSFETs when

the output power is 49 W. (b) GaN HEMTs when the output power is 49 W.
(c) Si MOSFETs when the output power is 132 W. (d) GaN HEMTs when
output power is 132 W.
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Fig. 5. Half bridge consisting of M and M. (a) Schematic and (b) operating
waveforms.

output power is 49 and 132 W. The measured waveforms are in
Fig. 4.

Because Vg1 ~ Vg4 are generated similarly by four switching
legs in Fig. 2 [21], Vgs1, which is generated by the half bridge
consisting of M7 and M5 in Fig. 5(a), is taken as an example. The
driving voltage waveforms Vpyiver and Vpyives Of the switches
M; and M5, the drain-to-source voltage waveform Vg of My
and inductor current I, are shown in Fig. 5(b) for illustrating
purpose.

Based on the superposition theory, the time-domain waveform
of Vg4s1 can be separated into the following three compositions
illustrated in Fig. 6.

1) Trapezoidal waveform Visi_trapesoidal’ The trapezoidal

waveform is the basic composition of the noise voltage

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 8, AUGUST 2020

Vst

|
|
|
|
|
|
|
Vasi Trapezoidal

—

|
|
|
|
‘ t
| | |
Visi_zvs | |
| | |
| | |
u I t
| |
Vast_Ringing N
| | [
| | [
Ly | Il W
o S —
| | | |
th 4 Lt

Fig. 6.  Composition of Vgg1.

sources to realize the function of the converter. It is gen-
erated by the turning ON and OFF of the switches.

2) Zero-voltage-switching (ZVS) waveform Vg1 _zvs: Dur-
ing the dead times #p~f; and f2~f3 in Fig. 5(b), both the
driving signals are zero. However, one of the switches re-
versely conducts current before it is turned ON. Therefore,
ZVS can be achieved. The ZVS waveform is, therefore,
caused by the reverse conduction of the switches.

3) Ringing waveform Visi_Ringing- The ringing is induced
by the resonance of parasitic parameters and their initial
conditions.

Therefore, the waveform of Vj.; is the sum of the three

compositions

Vast = Vias1_Trapezoidal + Vas1_zvs + Vast_Ringing: ~ (2)

Based on the linearity of the Fourier transform F(),
the spectrum F(Vis1) of Vgg1 is the sum of the spectra
]:(VdslfTrapezoidal)’ f(Vd517ZVS)’ and ]:(VdslfRinging> of the
three compositions as

]:(Vdsl) - «/T-'(VdslfTrapezoidal) + I(Vd517ZVS)
+ F(Vdsl_Rirlging)~ (3)

The aforementioned analysis is also valid for the other three
voltage sources Vggo ~ Visq.

The three compositions of Vg4 are extracted to illustrate their
influence on the spectrum of the total noise source voltage. The
time-domain waveforms and the spectra of Vs and its com-
positions with different devices under different load conditions
are shown in Fig. 7 in different colors. Due to the bandwidth
limitation of the oscilloscope, the measured spectrum is up to
500 MHz.

From Fig. 7, the trapezoidal waveform is generally dominant
in the low-frequency range, and the ringing always takes over at
high frequencies.

In addition, under the same load condition, the source voltage
spectrum on the GaN HEMT is larger than that on the Si MOSFET.
While for the same device, the source voltage spectrum with
heavy load is higher than that with light load.
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Fig. 7. Waveform and spectra of Vgq1 and its three compositions. (a) Si
dsl

MOSFETs when the output power is 49 W. (b) GaN HEMTs when the output
power is 49 W. (c) Si MOSFETs when the output power is 132 W. (d) GaN HEMTs
when the output power is 132 W.

III. EFFECTS OF PARAMETERS OF Si MOSFETs AND GaN
HEMTs ON SOURCE VOLTAGE SPECTRUM AND RADIATED EMI

As analyzed in Section II, the source voltage spectrum is
determined by three compositions. At the same time, the three
compositions are affected by the parameters of Si MOSFETs and
the GaN HEMTs, so the three compositions of Vg will be
investigated with device parameters.
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Fig. 8. Schematic of half bridge consisting of M1 and M5 with parasitic
capacitance.

A. Trapezoidal Waveform

1) Theoretical Analysis: The magnitudes of trapezoidal
waveforms of Vig ~Vyso and Vigg~ Vg are equal to the
input and output voltages, respectively. They are 30 V, and
their frequencies are equal to the switching frequency 735 kHz.
And the duty cycles are all close to 50%. Therefore, the only
parameter differentiating the trapezoidal waveforms between Si
MOSFETs and GaN HEMTs under various load conditions is the
rising/falling time, which is determined by the switching speed.

Some papers analyzed the switching behavior of Si MOSFETS
under different load conditions [14], [15]. However, when ana-
lyzing the rising or falling speed of the drain-to-source voltage,
these papers assume a Miller plateau always occurred. On the
contrary, [14] and [17] claimed the gate voltage could be below
the threshold voltage without a Miller plateau during the rising
time of the drain-to-source voltage, but they did not analyze
why and under what condition there is no Miller plateau. To
thoroughly investigate the influence of the load conditions on
the switching speed and the difference between Si MOSFETs and
GaN HEMTs, the switching behavior of M; is analyzed later
based on the schematic and the voltages and currents at that
time.

Because the switching speed is mainly determined by the par-
asitic capacitance of the switches [13], to investigate the switch-
ing speed difference between Si MOSFETs and GaN HEMTs, the
parasitic capacitance Cyq between gate and drain, Cys between
gate and source and Cgs between drain and source in Fig. 8 will
be considered. On the contrary, the influence of the common
source inductance on the rising/falling speed of the drain-to-
source voltage is limited, as a result, it is ignored as indicated in
[12], [13], and [16].

From Fig. 5(b), the rising of Vg1 happens at 3, when M; is
turned OFF by the driving signal Vp,ive1. On the other hand, its
falling edge at 75 is caused by the turning OFF of M5 due to the
ZVS operation of the DAB converter. Therefore, both the rising
and falling speeds are determined by the turn-OFF characteristics
of the devices. Here, the turn-OFF transient of My, corresponding
to the rising edge of V41, will be analyzed as an example. The
analysis of the falling edge, which is related to the turn-OFF of
Ms, is similar, so it will not be repeated here.

At 19, VDriver 18 set to 0, and Vpyives 18 still zero due
to the dead time. Vg4 begins to increase. The current and
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Fig.9. Current and voltage distribution in the half bridge of M and M5 at 1g.

voltage distribution in the half bridge at this time is illustrated
in Fig. 9.

From Fig. 9, at the gate of M, there are three currents—
the current flowing through the driving resistor R, the
charging/discharging currents gq1, and Igg1. So

Vgsl d(vdsl - Vgsl) dVgsl

R, ~ Cw dt dt

Meanwhile, at the drain of M;, the current flowing through
M; includes two parts: the channel current /.},; and the charg-
ing/discharging currents Igq; and g .

— Cls

“

d(vdsl Az sl) dvdsl
Iy =C, & Cas I 5
M1 od 7 + Cq 7 + Lent (5)
1
Iep = §K(Vgsl — Vra)®. (6)
Because the transconductance gy, depends on Vg, the cal-

culation of the rising/falling speed will be inaccurate when g,
is treated as a constant. Using the constant K to calculate the
channel current in (6) solves this issue.

The input capacitance Cjss and the output capacitance Cogg
are

C’iss = Cgs + ng (N
Coss = Ugd + Cds- (8)
Therefore, (4)~(6) can be reduced to
\% dVys dVy
éﬂ = gd% - Ciss d%:l 9)
g9
dViys AV 1
IMl :Coss% _ng dgtl +§K(Vgsl _VTH)Q- (10)
Similarly, for M5
Ve dV. AV
= Caa = — Ciaa— (11)
g9
dViys dVss
Iy = C’oss dc; > gd dgt . (12)

Because Cog is always larger than Cyq, and d Vs /dt ismuch
larger than dV5/dt, we can simplify (12) as

dVdsS

I = C'ossi
M5 dt

13)
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Additionally
(14)
5)

From (9), (10), and(13)—(15), the equation set to derive the
rising speed of Vs i

_ dVas1 _ v, AVes
P Cea d Ciss dt

It = Iy — s

Vin = Vas1 + Vass.

t

Vis1
R
1 (16)
{IL = 20055% - ng d‘;gts + %K(Vgﬂ o VTH)Q'

While solving the aforementioned equation, it is found that
there is a critical current Iy, i in (17) for Ir. If o is the
minimum current needed to provide the channel current /.y,1, the
charging and discharging current I5q1, I¢1, and I575. Depending
on whether Iy, is larger or smaller than /.., the rising speed
of Vgs1 is represented by different equations. Both cases are
analyzed as follows:

2KR;CgqVruCoss — 20355 a7
K (RyCga)®

Case I. Iy > I1_cit: In this case, I is large enough

to provide both the channel current I.,; and all the charg-

ing/discharging currents. So M is still ON when Vg rises. At
this time, Vg1 and dVqg /dt are

Ves1 = Vru+

ILfcrit =

V2K TL(RyCia)? 4K Ry Cua Vit Coss + 402, ~2C s
KRyCoa

(18)
dVas1 _ _Vam
dt Rgng

+

V2K T (RyCaa)? ~AK RyCia Vi Coss +AC2,, —2Cins
K(RyCqa)? '

(19)

From (18) and (19), if Css and Cgq are constant, Vg1 does not
change while the rising speed of V4 is also constant. However,
since Coss and Cyq are a function of Vygi, Vge1 and rising
speed would not be constant. R, and Cyq, Coss affect the rising
speed.

Meanwhile, the currents flowing through the switches are

dvdsl

I :IC Cossi
M1 h1 + it

dVdsl
dt -

If I;, is much larger than I, i, the channel current of
M; is much larger than the charging/discharging current.
Then

(20)

IM5 = *Coss (21)

(22)
(23)

Inp = It
Ins = 0.
And (18) and (19) can be further simplified as
Ves1 = Vu
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N V2K TL(RyCua)? — 4K RyCa Vi Coss + AC2, — 2Css

KR,Cya
(RyClaaVIKT + 2Coss)
2[ - 2COSS
—4KRyC3qCoss | Vru + 1/ &
=V
TH+ KRyCyq
R, C dm +2C0ss — 2Css / 21y,
~ V- 9~'g = V- —
TH + KRgng TH + K
(24)
dVdsl _ VTH
dt Rgng

V2K TL(RyCa)? — 4K RyCua Vi Coss + 402, — 2C s
_|_
K(RyCya)?

. [21},
RyCaa  RyCoa V K -

Equations (24) and (25) agree with the equations in most text-
books and papers in the derivation of switching speed [13], [22].
Under this circumstance, the channel current /., dominates I,
so the rising speed is determined by R, and Cygq in the driving
loop as in (25). The results in (18) and (19) are close to those of
(24) and (25).

Equations (24) and (25) could be inaccurate when Iy >
17, crit 18 not met. Equations (18) and (19) should thus be used
under that condition.

Casell. I, < Iy Inthis case, I, is not enough to provide
both the channel current /., and all the charging/discharging
currents.

As a result, the rising speed of V41 is mainly determined by
the charging and discharging current

d‘/dsl _ IL
dt 2C,ss

So, the currents flowing through M; and M5 are both deter-
mined by the charging and discharging currents

dvdsl

~
~

(25)

(26)

1 = Loss ™ — 27

M1 = C. 7 27
dVdsl

s = —Clopg 2051 2

M5 C. 7 (28)

In conclusion, under different load conditions, depending on
whether [y, is large enough to provide both the channel current
and the charging/discharging currents, different equations ought
to be applied to calculate the switching speed of the semicon-
ductor devices.

As stated previously, the V_; s falling edge can be analyzed
based on M5’s turning OFF, which is similar to M ’s analysis, so
the conclusion is the same.

2) Comparison of Experimental Results of Si MOSFETs and
GaN HEMT:s: Based on the parameters of Si MOSFETs and GaN
HEMTs in Table I, the critical current I, .,it can be calculated
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Fig. 10.  Vgs and Vs of M7 under different load conditions: (a) output power

is49W, I, = 1.8 A, and (b) output power is 132 W, I, = 8.4 A.

from (17) as

Si MOSFETS : I, oit = 4.2 A

GaN HEMTS : I, it = 55.6 A.

(29)
(30)

From (30), due to the small C'yq of the GaN HEMT, its I1,_c,i¢
is even larger than the maximum drain current. Thus, the GaN
HEMT only has case II. Namely, in the whole power range of
the converter with GaN HEMTSs, the GaN HEMT is always
OFF during the rising and falling edges of Vjs, and its speed
is determined by /7, and Cgg in (26).

Different from the GaN HEMT, I}, i of the Si MOSFET falls
within its maximum current range. Hence, it can have either
case under different load conditions. The voltages on M; at the
turn-OFF transient are measured in Fig. 10 to prove the influence
of load conditions.

In Fig. 10(a), when I, < I}, s, at the rising edge of Vs,
the gate-to-source voltage Vg is already below Vrpy. While in
Fig. 10(b), Vg is always above Vi when Vg rises.

Fig. 11 shows the rising and falling edge of the Si MOSFET
and the GaN HEMT under different load conditions. The rising
and falling time is calculated and compared with the measured
results in Table II.

From Table II, the calculated rising and falling time based
on the proposed equations are almost equal to the measured
results under different load conditions, therefore, they verified
the equations. On the other hand, the calculated rising and falling
time based on the conventional equation (25) is inaccurate for
all cases when I, < Iy _cit. For the GaN HEMT in Table II,
(25) always gives wrong results.

Based on the waveforms in Fig. 11 and the rising and falling
time in Table I1, for the same device, the rising and falling speeds
are always faster under heavy load than that under light load
because [, is bigger under heavy load than under light load.
Bigger I, can provide more charging and discharging current
to shorten the rising and falling time.

On the other hand, in Fig. 11, under light load, the rising and
falling time of the Si MOSFET is close to that of the GaN HEMT
as predicted in (26), causing by their similar output capacitance
Coss- Under heavy load, the switching speeds of GaN HEMTs are
determined by (26), on the other hand, the switching speeds of
Si MOSFETs can be determined by either (19) or (26) depending
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Fig. 11. Rising and falling edge of V5 under different load conditions for
(a) Si MOSFET and (b) GaN HEMT.

TABLE II
COMPARISON OF CALCULATED AND MEASURED RISING AND FALLING TIME OF
THE Si MOSFET AND GaN HEMT UNDER DIFFERENT LOAD CONDITIONS

Si MOSFET GaN HEMT
IRF7493 LMG5200
TN 42 55.6
1,(A) [ 18 84 | 18 84
Case | Casell | Casel | Casell | Casell
Calculated
av, Jdt (Vns) 22 6.9 2.3 10.5
Calculated t, and t, based
on proposed equations 10.9 3.5 10.7 2.3
(10%~90%) (ns)
Calculated t, and t, based
on conventional 2.89 36 0.27 0.24
equation (25) ' ’ ’ ’
(10%~90%,) (ns)
Measured t, andtf 11.9 15 11.4 25
(10%~90%) (ns) ’ ’ ’
Corner Frequenc;
meney izt | 567 | 909 28 127
(MHz)

on the relationship of Iz, and I _ ;. For the converter in Fig. 1,
because I, > Iy, _rit, (19)1is used to calculate the speed. Based
on the parameters in Table I and (19) and (26), GaN HEMT is
faster than Si MOSFETs. This agrees with Fig. 11.

Table II also shows the corner frequency determined by the
rising time ¢, and falling time ¢ of the Vg, in the spectrum of
the Vs [23]. The spectrum of Vs changes slope from —20 to
—40 dB/dec at the corner frequency, so the higher the corner
frequency, the higher the EMI spectrum after the corner fre-
quency. In Table II, the GaN HEMT has higher corner frequency
than the Si MOSFET, its EMI noise is, therefore, higher at high
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Fig. 12.  Current distribution in the half bridge of M; and M5 at the dead time
to—t1 after My is turned OFF. (a) Si MOSFETSs. (b) GaN HEMTs.

D D
+ +
G '| V,]\ G -| Vds
Ky S
(a) (b)

Fig. 13.  Reverse voltage drop of a (a) St MOSFET, and (b) GaN HEMT.

frequencies. Higher rising and falling slopes, therefore, lead to
higher radiated EMI.

B. ZVS Waveform

1) Theoretical Analysis: During the dead time ty—1 and to—t3
of the half bridge, both driving signals of the top and bottom
switches are zero, but one of the switches reversely conducts load
current /7. Therefore, there are two small pulses after the rising
and falling edges and their magnitudes are equal to the reverse
conduction voltage drop of the switch. The current distribution
in the half bridge at the dead time #,—#; after M is turned OFF
is shown in Fig. 12.

Due to the different semiconductor structures of the Si
MOSFET and GaN HEMT, the reverse conduction voltage drops
are determined by different factors. For the Si MOSFET in
Fig. 13(a), the reverse conduction voltage drop Vjs g; is the
forward voltage drop of the body diode V¢

Vas_si = = V5. (31)

Nevertheless, when it comes to the GaN HEMT, which has
no body diode, in Fig. 13(b), the reverse current can still flow
from source to drain [24]. Hence, the gate-to-drain voltage of
the GaN HEMT is at least its threshold voltage

Vea = Vrm. (32)

Because during the dead time, the driving signal is zero
Ves =0 (33)
Vas_gan = Vgs — Voed = —Vea < —VrH. (34)

2) Comparison of Experimental Results of Si MOSFETs and
GaN HEMTs: The voltage waveforms during the dead time 7y—t;
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Fig. 14.  Comparison of the voltage waveforms at the dead time 7o—#; and ro—73

of Si MOSFETs and GaN HEMTs when (a) output power is 49 W, Iy, = 1.8 A
and (b) output power is 132 W, I, = 8.4 A.

and r5—t3 are measured in Fig. 14. The magnitude of the ZVS
pulses of the GaN HEMTs is about 2 V, while for the Si MOSFET,
based on datasheet, it is only 0.6 V. Therefore, the ZVS voltage
pulse of the Si MOSFET has much smaller effects on the spectrum
of the total source voltage spectrum than the GaN HEMT, as
shown in Fig. 7(a) and (c). On the contrary, the ZVS voltage
pulse of the GaN HEMT may affect the spectrum of the total
source voltage spectrum. Under light load, because the rising and
falling slopes are slower than those under heavy load, within the
radiated EMI frequency range, the spectrum is lower than that
under heavy load, so the effects of ZVS voltage pulse on the total
source voltage spectrum may become apparent as in Fig. 7(b).

C. Ringing

1) Theoretical Analysis: Due to the resonance of the parasitic
parameters, the source voltages V51 ~ V54 have ringing, which
may cause severe EMI issues. The schematic of the half bridge
consisting of M; and M5 with the parasitic capacitance and
inductance is illustrated in Fig. 15. Ly, is the parasitic loop
inductance between the half bridge and Cj,, while Ly and L
are the combined parasitic inductance of the switch inductance
and the trace inductance at the drain and the source connections,
respectively.

Because of the low impedance of the input capacitor Cj, at
the ringing frequencies, the dc input voltage source V;, and the
parasitic parameters between Vi, and the input capacitor Cj,
have no influence on the ringing of V51. Moreover, the induc-
tance of L, is large enough so that the current flowing through
it is constant at the turn-OFF transient. Hence, it does not affect
the ringing, either.

The ringing of V41 occurs at the instant ¢, at the end of rising
edge when M5 began to reversely turn ON and M is still OFF. If
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Fig. 17. [Initial conditions are modeled as equivalent voltage sources for
(a) inductor and (b) capacitor.

t, is the time instant right before M is ON and ¢ is the time
instant right after M5 is ON and the ringing begins, based on
Fig. 15, the resonant circuit loop of Vg1 with its current and
voltage distribution at ¢, and ¢;" is shown in Fig. 16. In Fig. 16,
during the switching transient of the DAB converter, the top
switch of the other half bridge is ON, so the load current I,
flows through the top switch of the other half bridge and back
to the half bridge under investigation via the load, as shown in
Fig. 16. Because of this, the current flowing through Ly, is the
sum of /75 and the load current I, which is equal to ;.

Referring to the properties of the Laplace transform, the initial
conditions of the parasitic capacitance and inductance can be
modeled as equivalent voltage sources [25] as Fig. 17. Therefore,
the resonant circuit loop with the equivalent sources representing
initial conditions is derived in Fig. 18(a).

Fig. 18(a) can be reduced to Fig. 18(b). In Fig. 18(b), E is
the magnitude of the voltage source, which is determined by the
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Fig. 18. Frequency-domain resonant circuit loop of V4g1 with equivalent

voltage sources. (a) Original. (b) Reduced.

initial conditions

E = (Lioop + La + L) In1 (t7) 4 (La + Lg) s (8)).
(35)
And because the current flowing through the inductor cannot
change instantaneously

L (t)) = I (t,) (36)

Tns () = s (t,) (37)

E = (Livop + La+ Ls)Inn(t,) + (La + L) Ins (¢, ). (38)
Then, the function for the ringing of Vg can be derived as

E
Lloop + 2(Ld + LS)]COSS
1

Vdslfringing(s) = [

X

> Rioia 1 L1
8"t ST (Lat L) T Troop T2(Eat To)] (Cm + C)
(39

Because the capacitance of Cj, is much larger than that of the
output capacitance of the switches Cogs, (39) can be simplified
as

E
Lloop + 2(Ld + Ls)]coss
1

2 Riotal 1
§°F St 2(La L] T Tmop T2(La T L]0

Vdsl_ringing(s) - [

(40)

Therefore, the time-domain waveform of the ringing is

Vs ringing(t) = Ae™ ) sinfw, (t — t,)]e(t —t,)  (41)
2
i (42)
wn
1
wy = (43)
\/[Lloop + Q(Ld + Ls)]coss
Rtotal
= 44
“ 2[Lloop + 2(Ld + L.s)] ( )
Wy, = 1/ 3—&2 45)
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where A is the maximum magnitude of the ringing and is
proportional to E, w is the natural resonant frequency, w, is the
damped resonant frequency, and « is the damping coefficient.

From (35) and (41), besides the parasitic parameters, the
initial currents flowing through the inductance also affect the
magnitude of ringing. Because the parasitic inductance’s initial
current is different at different load conditions as analyzed for
the two cases in Section III-A 1), the magnitudes of ringing are
different under different load conditions.

1) Case I. I, > I1_cpit: According to (20), (21), and (35),

the equivalent voltage source E in Fig. 18(b) is

E = (Ligop + La + Ls)Ini (t,) + (La + Ls) a5 ()

dVas
- (Lloop + Ld + Ls) <Ich1 + Cossdc;l>
dV,
- (Ld + Ls)coss%
dVdsl

= (Lloop + Ld + Ls)Ichl + Lloopcossi~

7 (46)

It is shown in (46) that, higher load currents result in higher
magnitudes of ringing.
2) Casell. I, < If it From (26)—(28) and (35), the equiv-
alent voltage source in this case is

E = (Lioop + La + L) Inn(t, ) + (La + Ls) s (t,)

B AV dVas1

- (L100p+Ld+LS)COSST (Ld—"_LS)COSST
dVys 1

- Lloopcossﬁ - §L100pIL- (47)

For this case, the magnitude of ringing is also dependent on
I1,. Higher load current will result in bigger ringing magnitude.
Comparing (46) and (47), for the same device under different
load conditions, due to higher dVgg; /dt and the influence of the
channel current /.1, the magnitude of ringing in the case I is
always larger than that in the case II.

2) Comparison of Experimental Results of the Si MOSFET
and the GaN HEMT: The waveforms and spectra of the ringing
composition extracted from the measurements in Fig. 7 are
compared in Fig. 19. As analyzed previously, depending on the
load conditions, either case may occur on the converter with Si
MOSFETs. When the load current is 8.4 A (the turn-OFF current
at 132-W output power), it is case I, and while it is case I when
the load current is 1.8 A (the turn-OFF current at 49-W output
power). Therefore, in Fig. 19 (a), the magnitude of ringing with
heavy load is larger than that with the light load as predicted in
(46) and (47).

For the GaN HEMTs, although it only has case II, the
dVgs1/dt with heavy load is always higher than that with light
load, leading to severer ringing.

On the other hand, comparing the ringing of Si MOSFETs and
GaN HEMTs when Iy, is 8.4 A, although they have similar
Coss, the equivalent voltage source E of the Si MOSFET is larger
than that of the GaN HEMT based on (46) and (47). Moreover,
while Iy, is 1.8 A, the QFM package of the GaN HEMTs leads
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Fig. 20.  Simulation of the loop inductance of the GaN HEMT half bridge.
(a) Simulation model. (b) Simulated loop inductance.

to smaller parasitic inductance, therefore, resulting in smaller
ringing and higher resonant frequency.

In Fig. 19, at the frequencies of the ringing, the spectra have
spikes at 175 and 330 MHz. Based on Fig. 18, Table I, (43), and
Fig. 19, the total inductance Lioop + 2(Lgq + L) of the resonant
loops in Fig. 18 are calculated as 0.9 nH for the converter with
GaN HEMTs and 2.9 nH for the converter with Si MOSFETS.
Because the half bridge of the GaN HEMTs is integrated in
one IC chip with QFM package and the decoupling capacitor is
added very next to the chip, the loop inductance is much smaller
than that of the discrete Si MOSFETs. The loop inductance of
the GaN HEMT is also extracted using finite-element-analysis
simulation in Fig. 20. It is around 0.94 nH very close to the
calculated.

IV. EXPERIMENTAL RESULT

A. Comparison of Radiated EMI Generated by Converters
With Si MOSFETs and GaN HEMTs

The radiated EMI generated by the converters was measured
in a 3-m semianechoic chamber [7], [8]. The measurement setup
is shown in Fig. 21. Based on the technique in [19] and the
radiation model in Fig. 3, the radiated electric field of the board
with Si MOSFETs under heavy load is calculated from (1) and
compared with the measured in Fig. 22. They match very well.
For the radiated EMI at light load or with GaN HEMTs, the
calculations are similar, so they will not be repeated here.

According to Fig. 3, there are four noise sources Vg1 ~ Visa.
The magnitude of the noise source spectra and the phase shift
between the noise sources affect the radiated EMI. So, the final
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Fig. 22.  Comparison of the calculated and measured radiated EMI generated

by the converter with Si MOSFETs under heavy load.

measured spectrum of the radiated EMI is determined by the
four noise sources instead of one. As a result, the spectrum
difference of the noise sources between Si MOSFETs and GaN
HEMTs may not exactly match the spectrum difference of the
measured radiated EMI in the whole frequency range. The
measured radiated EMI spectra are compared with the spectra
of the four noise sources at 49- and 132-W load in Fig. 23.

Although the waveforms of the four sources are similar in
Fig. 4, their spectra could be different especially between the
sources on the primary side and those on the secondary side due
to the load current difference of the primary side and secondary
side. Under light load, the primary-load current is 1.8 A, while
that of the secondary side is 2.8 A. Therefore, the switching
speeds of the semiconductor switches on the secondary side
are faster than those on the primary side, causing higher noise
spectra at low frequencies in Fig. 23(a).

On the contrary, when the converter is under heavy load, the
primary-side load current is 8.4 A and the secondary-side load
current is 9.2 A. Therefore, the difference between switching
speeds is very small, leading to similar source voltage spectra
in Fig. 23(b).

From Fig. 23, the difference of the radiated EMI is cor-
responding to the difference between source voltage spectra.
First, under the same load condition, the switching speed of the
GaN HEMT is faster than that of the Si MOSFET, leading to
higher magnitude of the trapezoidal wave spectrum within the
radiated EMI frequency range as analyzed in Section III-A 2).
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Fig.23. Comparison of source voltage spectrum and radiated EMI between the
converter with St MOSFETs and GaN HEMTs under different load conditions:
(a) output power is 49 W and (b) output power is 132 W.

Meanwhile, the GaN HEMT also has larger reverse conduction
voltage, so the spectrum due to ZVS waveform of the GaN
HEMT is higher than that due to the Si MOSFET as well. More-
over, although the magnitude of ringing of the GaN HEMT
is lower than that of the Si MOSFET, it can still generate a
significant high frequency spectrum spike due to its higher
resonant frequency. Consequently, the voltage source spectra
of the converter with GaN HEMTs are higher than those with
the Si MOSFETs in the corresponding frequency range.

By comparing Fig. 23(a) with (b), it is concluded that under
different load conditions, the voltage source spectrum and the
radiated EMI are both higher under heavy load than those under
light load due to the faster switching speeds and higher initial
currents of the ringing under heavy load.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 8, AUGUST 2020

z 90, 20°C T A —20°C
S ——38°C s> —35°¢
2 70 2 70
o T
] 5
2 2
i 50 i 50
w w
° °
o Q
T 30 & 30
o °
] ©
© 14

10 10

30 100 500 30 100 500

Frequency(MHz) Frequency(MHz)
(a) (b)
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case temperatures. (a) Si-MOSFET converter with 132-W output power. (b) GaN-
HEMT converter with 132-W output power.
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Fig. 25. Comparison of time-domain waveforms, source voltage spectra, and

radiated EMI with different Czq when (a) output power is 49 W and (b) output
power is 132 W.

In addition, the impedance of the parasitic parameters changes
slightly at different temperatures according to the datasheets of
the semiconductor devices. However, its effect on the radiated
EMI is ignorable due to the very limited parasitic impedance
variation. The radiated EMI at different temperatures is
measured and compared in Fig. 24. The case temperature of
the semiconductor switches is measured using a Fluke 62 max
IR infrared thermometer.

B. Influence of Parasitic Parameters on Radiated EMI

Based on previous analysis, the difference between the radia-
tion generated by converters with Si MOSFETs and GaN HEMTs
at different load conditions is due to their different switching
characteristics that are determined by their parasitic parame-
ters. To further clarify the effect of parasitic parameters on the
radiated EMI, the radiated EMI generated by the Si MOSFET
converter with different parasitic parameters is compared.
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radiated EMI with different Cy5 when (a) output power is 49 W and (b) output
power is 132 W.

First, Cyq is equivalently changed by adding small ca-
pacitances between the gate and drain of the MOSFETs. The
time-domain waveform of Vg1, the corresponding source volt-
age spectrum and the radiated EMI are compared in Fig. 25.

InFig.25(a), when the converter is under light load, increasing
Cya increases the output capacitance Cogs in (26), therefore,
decreasing the switching speed of the MOSFETs. As a result, the
magnitudes of the source voltage spectrum and the radiated EMI
decrease at low frequencies where the trapezoidal waveform
dominates. Meanwhile, it reduces the resonant frequency based
on (43).

On the other hand, when the converter is under heavy load,
increasing Cyq directly decreases the switching speed based on
(25). This leads to increased rising and falling time that only
reduces the spectrum after the corner frequency, as given by
Table II, which is around 50 MHz when 150 pF is added and
66 MHz when 68 pF is added. Besides, increasing Cyq also
reduces the resonant frequency.

Second, the drain-to-source capacitance Cys is changed by
adding small capacitances. The spectra of V¢, and radiated EMI
are compared in Fig. 26.

InFig.26(a), when the converter is under light load, increasing
Cjys increases the output capacitance C,ss, which has the same
effect of increasing Cgq. Therefore, the spectra in Fig. 26(a) are
similar to those in Fig. 25(a).

On the contrary, when the converter is under heavy load,
Cgs has limited effect on the switching speed of the MOSFETs
according to (25). Hence, the spectra of the source voltage

8061

Source Spectra of V‘151

Mag(dBuV)

30 100 500
Radiated EMI Spectra

2.50hm
4.7ohm
10ohm

~
o

10 - - - -
144 146 148 15 152 154
t(s) x10°¢

©
S

Radiated E Field(dBuV/m)
g
=

w
=3

100 500
Frequency(MHz)

(a)
Source Spectra of V.
120 dst
— 2.50hm
Time-domain Waveforms of V.. — 1f
“ ds1 g 100 y: ' A 4.7ohm
@ 100hm
T 80
£ y
= 60 b A
40
30 100 500
E %0 EMI Spectra
>
3
g
0 4.70hm 5
100hm 2
o w
1.3 1.35 14 3
t(s) x10°® s
b=}
I+
.4
Frequency(MHz)
(b
Fig. 27.  Comparison of time-domain waveforms, source voltage spectra and

radiated EMI with different R, when (a) output power is 49 W and (b) output
power is 132 W.

and the radiated EMI with different Cys are the same at low
frequencies in Fig. 26, while the resonant frequency decreases
with the increased Cys.

Finally, the driving resistor R, is changed from 2.5 to 4.7 Q2
and 10 €. The results are shown in Fig. 27.

In Fig. 27(a), when the converter is under light load,
based on (17), while R, is changed from 2.5 to 4.7 €,
it is the case II. Therefore, the rising speed of the source
voltage is only related to Coss in (26). Consequently, the
time-domain waveform, source voltage spectrum and radiated
EMI are almost the same as those when R is 2.5 ).

However, when R, is 10 2, according to (17), it is case 1.
Therefore, the rising speed of Vs is reduced and the magnitudes
of the corresponding source spectrum and radiated EMI are
reduced within the whole frequency range.

On the contrary, when the converter is under heavy load, R,
will directly affect the switching speed based on (25). Hence,
the difference of time-domain waveforms, source voltage spectra
and radiated EMI with different R, is obvious in Fig. 27(b).

V. CONCLUSION

It was concluded in this article that, at the identical operating
conditions, GaN HEMTs had higher rising and falling slopes,
higher ZVS voltage drops, and higher ringing frequencies, de-
spite of lower ringing magnitudes, than Si MOSFETs. As a result,
GaN HEMTs had higher radiated EMI than Si MOSFETs. For
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both GaN HEMTSs and Si MOSFETs, heavy load always leads to
higher radiated EMI than light load. Besides, at low frequencies,
the radiated EMI was mainly affected by the raising/falling
speed of the switches. Therefore, R, and Cyq were key factors
under heavy load, while C,ss dominates under light load. On the
contrary, when the influence of the ringing becomes significant at
high frequencies, the parasitic inductance and C,ss had dominant
impact on the radiated EMI.
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