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Ringing Suppression of S1IC MOSFET Using a
Strongly Coupled External Resonator Through
Analogy With Passive PT-Symmetry

Kenichi Yatsugi

Abstract—Suppressing parasitic ringing, unwanted oscillation
caused by switching, sufficiently and reliably, is of great importance
in wide bandgap semiconductor devices. RC-circuits inserted in
parallel with switching devices have been widely used to suppress
such parasitic ringing in power electronics circuits due to simple
configurations. However, short-circuit current would flow through
power lines if capacitors are broken. In this article, we show that
parasitic ringing can be damped with an external RLC resonator
implemented in parallel to a bus bar. The configuration enables the
strong magnetic coupling, which results in high ringing suppres-
sion effect. Moreover, the external resonator is designed through
analogy with passive parity-time (PT) symmetry. In the range of
unbroken phase, ringing energy is distributed effectively to the
external resonator, and the damping rate is increased by increasing
the loss of the external resonator. Our results represent a significant
step toward practical applications of passive PT-symmetry.

Index Terms—Electromagnetic interference, MOSFETSs,
silicon carbide, snubbers, switching circuits, wide band gap
semiconductors.

I. INTRODUCTION

OWER electronics plays a crucial role in wide range of
P industrial electronics systems such as electric, hybrid, and
fuel cell vehicles, railways, and renewable energy [1]-[4]. Wide
bandgap semiconductor devices, such as silicon carbide (SiC)
MOSFETs (metal-oxide-semiconductor field-effect transistors)
and gallium nitride (GaN) high electron mobility transistors
have been expected to offer high speed switching, enabling high
efficiency or high-power density of power converters [5]-[9].
On the other hand, unwanted oscillations caused by parasitic in-
ductances and capacitances, which are called “ringing,” become
more severe with increasing the switching speed [10]-[13].
Ringing causes electromagnetic interference [14]-[16].

RC-circuits, which are called as snubber circuits, have been
traditionally used to suppress ringing due to simple passive
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configurations and its effectiveness. Inserting capacitors and
resisters in parallel with switching devices damps the ringing
[10], [17]-[19]. In RC-circuits, ceramic capacitors are often used
due to high capacitances [17], [20], [21]. However, short-circuit
current would flow through power lines if capacitors are broken
[20], [22], [23]. Thus, alternative approach is desired to avoid
the insertion of ceramic capacitors in parallel with switching
devices while suppressing ringing effectively.

Recently, non-Hermitian parity-time (PT) symmetry, arising
from quantum mechanics, has been expanded to various fields
of technology, such as photonics [24], [25], acoustics [26], [27]
and electronics [28]-[30]. Especially, practical applications of
PT-symmetry in electronics have been reported very recently
[30]. Typical PT-symmetry systems consist of resonators with
the same resonance frequency, and balanced gain and loss. In
such a system, eigen values and eigen modes coalesce at an
exceptional point, and in the unbroken phase, energy is equally
distributed between loss and gain resonators [25], [30]. More-
over, PT-symmetry can be expanded to passive systems, which is
called passive PT-symmetry [25]. At first, passive PT-symmetry
was observed as loss induced transparency in a coupled lossy and
lossless waveguide system [31]. As in the case of PT-symmetry,
energy in passive PT-symmetry is equally distributed among res-
onators in unbroken phase [31], [32]. The important suggestion
of passive PT-symmetry is that in a coupled lossy and lossless
resonator system, energy is distributed effectively between res-
onators and the total energy damping increases as increasing the
loss of the lossy resonator in the range of unbroken phase [31].

In this article, we show that parasitic ringing can be signif-
icantly suppressed with a magnetically coupled external RLC
resonator. The magnetic coupling is realized by implementing
the external resonator in parallel to a bus bar of the main circuit.
Such configuration needs no circuit-element inserted in parallel
with switching devices, hence the reliability is ensured. The
external resonator is designed through analogy with passive-PT
symmetry. In the range of unbroken phase, ringing energy is
distributed effectively to the external resonator, and the damping
rate is increased as increasing the loss of the external resonator.
Recently, a scheme for ringing suppression using a magneti-
cally coupled external resonator consisting of a thin printed
circuit board (PCB) Rogowski coil has been proposed [33].
Our approach is distinctively different from the report in the
following two features. The first feature is a strong coupling
scheme between resonators. While such a PCB Rogowski coil
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Fig. 1. Circuit configuration. (a) Double-pulse circuit with an external res-
onator. (b) High-frequency circuit. (¢c) Schematic of the magnetically coupled
bus bar.

can be inserted even in a narrow space, strong magnetic coupling
between a Rogowski coil and the main circuit in high frequency
is often limited because coupling strength and bandwidth of a
Rogowski coil are in a tradeoff relationship [34]-[37]. Strong
coupling using a Rogowski coil can be realized by increasing
the turn number or cross-section area, resulting in increasing the
self-inductance which lowers the resonance frequency. On the
other hand, our configuration promises high resonant frequency
due to its small self-inductance and realizes strong magnetic
coupling. Second feature is physical insight for optimal design in
our system. We elucidate how ringing is optimally damped using
passive PT symmetry theory. The notable point is that the anal-
ogy of passive PT symmetry can be applied to strongly-coupled
highly-lossy systems. So far, passive PT symmetry is observed
in weakly-coupled less-lossy systems [31], [38]. Although the
intrinsic damping rate of the external resonator and coupling
coeffcient are large, our system can be treated with passive
PT-symmetry analogy.

II. CIRCUIT DESIGN
A. Circuit Configuration

We employed an inductive-load double-pulse test circuit
shown in Fig. 1(a) to evaluate the ringing behavior [10], [17].
The circuit consists of two pairs of a SiC MOSFET and a free-
wheel diode included in a half-bridge module, load inductor
L, smoothing capacitor C, and voltage source Ej. The external
resonator is magnetically coupled via the mutual inductance of
busbars M. Ly, Ly, and L are the parasitic inductances of the bus
bar of the main circuit, the module, and the smoothing capacitor,
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respectively. R is the equivalent series resistance of the circuit.
L- is the inductance of the bus bar of the external resonator. L3
is the inductance equivalent to that of the half-bridge module of
the main circuit. Ly is the inductance for adjustment.

The ringing can be analyzed with the high-frequency equiva-
lent circuit shown in Fig. 1(b) because the ringing phenomenon
is described by a resonance between the output capacitances
of the switching device and parasitic inductances [10], [17].
Coss 18 the output capacitance of MOSFET. Then, we designed
the external resonator using Cy = Cogs and Lo + L3 + Ly =
Lo + L; + L.. Thus, our system is considered as magnetically
coupled RLC resonators having the same resonance frequency.
When R, < \/ (Lo + L1 + L.)/Coss, Ro, the main circuit and
the external resonator can be regarded as lossless and lossy
resonators, respectively.

The external resonator is magnetically coupled by mounting
the bus bar of the external resonator alongside the bus bar of
the main circuit, as shown in Fig. 1(c). The external resonator is
insulated from the main circuit by using Kapton tapes. The bus
bars of the main circuit and the external resonator are wrapped
by Kapton tapes and then put together with double sided Kapton
tapes. Surface mount ceramic capacitors, inductors, and resistors
were used for Cs, L3, Ly, and Ro.

B. Coupled Mode Theory

We start with reviewing coupled mode theory (CMT) for
considering a system consisting of two coupled resonators [25],
[41]. We assume that the two resonators have the damping rates
Y1, 72 (0 < 1 < 72), and the same resonance frequency
we. Using the exp(iwf) convention, the system dynamics is

described as
.d | Ay Ay
= = . 1
i [Az] {AJ o
where A; and A, are the mode amplitudes, and & is the coupling

rate. In this configuration, PT-symmetry is re-established by
applying gauge transformation

[ﬁ;] =e Xt {ﬁ/j (2)

where x = (71 + 72)/2. Then, (1) is rewritten as

wo + 7 K
K wo + 972

—Zi All wo + 7,’)/1 K All i All
dt | A's K wo + 72| [ A2 X Ay
_ wo — i(’ﬁ;“ﬂ) I{ |:A/1:|
K wo + 1(72;71) Ay |
(3)

In the CMT for a series RLC resonator, the resonant frequency
wo, the damping rate 7y ,,, and the coupling rate x are expressed as
wo = 1/vVL,Cpiyn = (WoRn\/Crn/Ly)/2, and k = wo/2Q,
respectively. ;. = M /+/L1 L5 is the magnetic coupling coeffi-
cient, where M and L,, (n = 1, 2) are mutual-inductance and
self-inductance. In the 2 x 2 matrix in Eq. 3, the diagonal
elements have the same magnitude and opposite sign in the
imaginary part. So, this system is considered as a PT symmetric
system with global exponential decay. Such system has a phase
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transition point so-called exceptional point, where two eigen
values and eigen modes coalesce. The exceptional point meets

Y2 — 71 = 2K “

Here, we consider that resonator 1 is excited. Below the
exceptional point, so-called exact phase, the energy of each
resonator is continuously exchanged, and the total loss increases
as increasing s [31]. Above the exceptional point, through
passive PT symmetry braking, the energy exchange is reduced
and as the result, the total energy loss is reduced with increasing
2 [31]. Therefore, ringing suppression is maximized at the
exceptional point, and the damping rate of the external resonator
is derived

wo C M
=y +2k=—|R +2 5
Y2 =" 5 < 1\/L m) (©)

C. Circuit Equations

As discussed earlier, the maximum damping rate is achieved
at the exceptional point and the value increases with increasing
k. Thus, strong magnetic coupling is desired for large damping
rate. However, the CMT deviates from exact solutions of circuit
equations when the damping rate is as high aswg [41]. Hence, the
deviation of the CMT is expected around the exceptional point
in strong coupling regime. Then, we solve circuit equations and
compare the results with the CMT, simulation and experimental
results.

According to Kirchhoff’s law and Ohm’s law, we have the
following set of equations in the series RLC resonators

Vitvetvit=o0 (6a)

IL =19 =1IF (6b)

VE=R,II (6¢)
d n

=% (6d)

where V, I, R, C, and L are the voltage, current, resistance,
capacitance, and inductance, respectively, and Q is charge in the
capacitor. The subscript n = 1 or 2 represents the main circuit
or external resonator, respectively. From (6a)—(6d) and p # 1,
we have the simultaneous differential equations

djlgl — Wi 2Q1 B u 3 Q Flw:2 dgl

i{ 222 dc% -0 (7a)
d;gg - Wi Q2 B uwo L+ F2w:2 dc(.ig

’1{ 122 dgl —0. (7b)

Using I, = Ry,\/Cy/Lpwo = 1/VLC, (7a) and (7b) are

rewritten as

_w? il w 1 w
w? + 1—p? wo + 1—p2 1- H 1+7’F2
e i) —wl g ila

1- 2(1+’LF1w0> w(2)+1 2 wg 1— ;L
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<Q2) —=0. ®)
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From (8), complex eigen frequencies satisfy

_ w? 7,F1 _u.i_i_ il w 1
w? 1—p2 wo wg 1—p2 wo 1—p2

)

_ [ _— (1 n z‘Fgw—O)} { " (1 + iFlwioﬂ —o.
‘We numerically solve (9) around the exceptional point, which
is obtained from the CMT.

III. EXPERIMENT

First, the magnetic coupling coefficient between the main
circuit and the external resonator was deduced by using the
equivalent circuit of the magnetically coupled inductance shown
in Fig. 2 [39], [40]. L,, is the total inductance of the main circuit
(L, = Lo + Ly + L), which equals to the inductance when the
external resonator is open-terminated. The inductance, when Co
and Rq are short-circuited (Lgport), 1S given by

1
Lehort = Lp — M + . (10
hort e M1+ (L, — M) " )
From (10), the mutual inductance M is given by

M = \/ L% - LpLshort~ (11)

The magnetic coupling coefficient p is deduced as

M

= 12
=1 (12)

L, and Lgport are deduced from the ringing frequency when
the external resonator is open-terminated, and Cy and Ry are
short-circuited, respectively. The ringing frequencies are f, =
1/2m\/LCoss and fonort = 1/2mv/ Lshort Coss. respectively.

Then, we retrieved key parameters with the open-terminated
external resonator as follows. L;, was obtained from the ringing
frequency f;,. The voltage dependence of C,¢s was measured with
a curve tracer (B1505A, Keysight). R. was obtained by fitting
a ringing voltage waveform with V ocexp[-vy1#] [17]. Then, L
was set to be equal to Ly, and L4 was chosen so that the total
inductance of the external resonator equals to L, by measuring
the total inductance with an impedance analyzer (E4980A, Ag-
ilent). Next, we obtained a magnetic coupling coefficient from
the ringing frequency fshort- Then, Co and Ry were inserted and
switching waveforms were obtained varying Rs.

The experimental setup for the double pulse circuit with the
RLC resonator is shown in Fig. 3. An all-SiC half-bridge module
(CAS120M12BM2, Cree, Inc.) [42] was used. A load inductor of
100 H (LSFHAM-101U100A, Pony Electric Co., LTD) and a
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TABLE 1
CIRCUIT PARAMETERS

Main circuit External resonator

L 100 nH L, 70 nH"™

C 400 pF Ly 15nH

Lo 15nH" Ly 6.8 (5.0 nH
L, 90 nH™ C, 1.2 nF
Coss 1.2 nF™ u 0.38

R. 140 mQ™

*: From data sheet [42].
**: Experimentally determined values.
***: Value for calculation.

TABLE I
PARAMETERS FOR CMT AND CIRCUIT EQUATION

oy 9.5x107 rad/s
7 7.6x10°rad/s
i 1.8x107 rad/s
I 0.016

smoothing capacitor of 400 uF (MEC-HC, Shizuki Electric Co.,
Inc.) were used. A gate voltage of +22/—5 V was applied using
a dual channel gate driver (CGD15HB62P1, Cree, Inc), and
the gate signal was applied using a function generator (FC300
Yokogawa Electric Corporation). A source voltage of 400 V
was applied by a dc voltage source (HV1.5-1, Takasago LTD).
The waveforms of V; and V, were measured by voltage probes
(701943, 701944, Yokogawa Electric Corporation). The current
was measured with a Rogowski coil (SS-283A, Iwatsu Electric
Co., Ltd). The above probes were connected to an oscilloscope
(DL9240, Yokogawa Electric Corporation).

The damping rate of ringing «, which is different from the
intrinsic damping rate ,,, was retrieved by fitting the envelope
of a time-domain ringing waveform with Vocexp(-at) [10]. The
circuit parameters are given in Table I. Cog is the value at 400 V.
The corresponding parameters for calculations of CMT and cir-
cuit equation are given in Table II. In addition to the experiment,
we performed numerical simulations with LTspice X VII.

IV. RESULTS AND DISCUSSIONS

First, we examined eigen frequencies and damping rates for
different values of Ry. Then, we investigated switching wave-
forms and the spectra for specific values of Rs.

Fig. 4 shows the parametric evolution of the resonance fre-
quencies and damping rates as a function of R The mea-
sured resonance frequency (circles) gradually increases with
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Fig. 5. Experimental switching waveforms of V; and I (a) without and

(b) with the external resonator (Ro = 5.3 ).

increasing Ry up to 8.4 2, and becomes almost constant with
further increase of Ry. The measured damping rate (circles)
is maximal at Ry = 5.3 . The measured results agree well
with the simulation results (squares) obtained by LTspice X VII.
Although there are two branches in the resonance frequencies
and damping rates in the circuit equation results [solid lines,
(12)] and the CMT results [dashed lines, (6)], the branch with
the low damping rate becomes dominant, as observed in the
measured results, because the branch with the high damping
rate vanishes more quickly. The circuit equation results agree
well with the experimental results with the maximal damping
rate around Rs =~ 6.0 (2. The exceptional point obtained by the
CMT reasonably estimates the maximum damping rate with
Ry ~ 6.5 Q. The deviation between the circuit equation and
CMT results around the exceptional point, where the eigen
frequencies in the CMT coalesce, comes from strong coupling
between the two resonators.

Fig. 5(a) shows the experimental waveform of V; and drain
current /; without the external resonator. Ringing was observed
after the switching operation. Fig. 5(b) shows the experimental
waveforms of V4, Vs, and I; with the external resonator when
R is 5.3 €, in which the ringing was sufficiently suppressed.
The same behaviors are reproduced by simulation results shown
in Fig. 6.

Fig. 7 shows the spectra of the ringing in the experiment. The
spectral peak voltage with the external resonator is suppressed
to 15% comparing with that without the external resonator.
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The peak voltage reduction rate is higher than the results of
Ref [33]. The high ringing suppression effect comes from the
strong magnetic coupling. Our magnetic coupling coefficient of
0.38 is larger than that in [23] (about 0.14). The spectra of V,
and V5, shown in Fig. 7(b) are almost the same, indicating that
ringing energy is effectively distributed to the external resonator,
and experienced the loss of the external resonator. The ringing
suppression effect and the energy distribution to the external
resonator in spectra were confirmed by simulation results shown
in Fig. 8.
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Fig. 9(a) and (b) shows the waveforms with the external
resonator when Rs is 1.3 and 18.2 (2, respectively. The ringing
continues longer than the case shown in Fig 5(b), and the peak
voltage of spectra shown in Fig. 10 is about 30% of the case
without the external resonator. On the other hand, the behavior
of V; is different for the above two cases. Fig. 10(a) and (b) shows
the ringing spectra when R is 1.3 and 18.2 €, respectively. The
peak voltages of V; and V5 are almost the same when Ry is
1.3 Q). When R is 18.2 €, V5 is smaller than V. This behavior
is indeed the feature of passive PT symmetry [31]. When the
lossy resonator has small loss, the energy is equally distributed
between the resonators. Conversely, the total loss is small due
to the small loss of the lossy resonator. On the other hand, when
the lossy resonator has large loss, the energy is less likely to
be distributed between the resonators, which results in that the
energy is less likely to experience the loss. We note that the
system is in the unbroken phase for R, = 1.3, 5.3 €2, or in the
broken phase for R, = 18.2 {2 in passive PT-symmetry.

The switching loss is calculated through the integration of
Vg X I4 in time using 10% limits of V4 and ;. The switch-
ing losses with and without the RLC resonator were 0.32 and
0.33 mJ, respectively. The external resonator hardly affects the
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switching loss. In addition to the switching loss, we discuss the
current ripple loss at the circuit operation frequency and damped
energy in the external resonator. As for the currentripple loss, the
additive impedance by the external resonator Z(s) is expressed
as [23]

—(jw)’M2C,
(jw)? (L + L3 + Lg) Co + jwRyCs + 1

The operation frequency of the power converter circuit is
generally as high as few tens of kilohertz. The real part of Z(jw)
in the range of few tens of kilohertz is as low as ~10~!'! (€2).
Thus, the external resonator has little effect on the ripple loss.
As for damped energy in the external resonator, we calculated
the loss by integrating RoI%?2 in time for Ry = 5.0 . The
external resonator has a loss of 8.4 1J, which is negligibly small
comparing with the switching loss. Considering together with
the current ripple loss, the external resonator has little effect on
circuit efficiency. Our configuration using the external resonator
has higher circuit efficiency comparing with typical RC-circuits
inserted in parallel with switching devices since RC-circuits
often increase switching loss [10].

The discrepancies of the CMT results (dashed lines) from the
circuit equation results (solid lines) in damping rate near the
exceptional point arise from the strong coupling, as mentioned
in Fig. 4. On the other hand, the system characteristics can be
well described by the CMT when the coupling is weak. Fig. 11
shows the damping rates as a function of R, for weak coupling
condition. The circuit equation results (9) get close to the results
obtained by the CMT (3), and the lower damping rate is maximal
around the exceptional point. Thus, we have proved that the
CMT provides a reasonable estimation of resistance Ry with
physical insight for optimal design of our system even in strong
coupling regime although a discrepancy occurs.

7 (ju) =

13)

V. CONCLUSION

We have shown that parasitic ringing can be significantly sup-
pressed by implementing an external resonator in parallel to the
bus bar through analogy with passive PT-symmetry. Owing to the
strong coupling enabled by putting the bus bars in parallel, the
peak voltage of ringing decreased to 15% of the original wave-
form. Ringing was suppressed through analogy with passive
PT-symmetry, i.e., the ringing energy is effectively distributed
to the external resonator when the external resonator has small
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loss, and the ringing energy is less likely to be distributed to the
external resonator when the external resonator has large loss. We
showed that the passive PT symmetry analogy can be extended
to strong coupling regime. Our results represent a significant
step toward practical applications of passive PT-symmetry.

APPENDIX

Here, we show the derivation of (7). The V,Z, V.%and VI are
expressed as

Vi ng + MditL (Ala)
vk Lg% + Mdﬁ (Alb)
Ve = % (Alc)
VE=R,IE (Al1d)

Inserting (A1) into (6a), we have the simultaneous equations

dI¥ iy o
Li— + M—% + = IR = A2
Lan + 7 + o +Ri;'=0 (A2a)
dr¥ dIt¥ Qs
Lo—2 + M—L 4 == IR . A2b
g "M g, TR =0 (A2
Using (6b) and (6d), (A2) are rewritten as
d*Qq d’Qs dQ1
L M —-— = A3
g PM g e TR =0 (A3a)
d?Q, Q1 | Q2 dQ
L M == —= =0. A
2 g + p7e +02 + Ry o 0 (A3b)
In our case, we have C; = Cy and L, = Ls.

ThUS, w():l/\/LlClzl/\/LgCg and ,u:M/ L1L2:
M/Ly = M/ Ls. Equation (A3) are then expressed as

d?Qq d?Qs d@Q

dt2 + H dt2 + wOQl + Fle dt =0 (A4a)
&2 42

dgz +u dgl + w2 Qy + Dowy—2 Q2 =0. (Adb)

From (A4), (7a) and (7b) are obtained.
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