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Ferrite Beads Design to Improve Turn-off
Characteristics of Cascode GaN HEMTs: An
Optimum Design Method.

Peng Xue, Member, IEEE and Francesco lannuzzo, Senior Member, IEEE

Abstract—In this paper, an optimum ferrite beads design
method is proposed to suppress the self-sustained turn-off oscilla-
tion of cascode gallium nitride high-electron-mobility transistors
(GaN HEMTS). At first, the impacts of gate loop beads and power
loop beads on the turn-off oscillation of cascode GaN HEMTs
are analyzed. The analysis reveals the weak damping effect of
gate loop beads on the turn-off oscillation. Next, an analytical
method is proposed to design the power loop beads that can
achieve maximum effective damping on the turn-off oscillation.
The power loop beads introduce extra stray inductance in the
power loop, which can induce high voltage overshoot. To tackle
the problem, an optimum design method is proposed so that the
power loop beads can suppress the oscillation while mitigating
the voltage overshoot. The accuracy of the proposed model is
validated by the experimental data in the end.

Index Terms—gallium nitride (GaN), GaN cascode HEMTs,
ferrite beads, turn-off oscillation, self-sustained oscillation

I. INTRODUCTION

The high turn-off speed of cascode gallium nitride high-
electron-mobility transistors (GaN HEMTs) make them a
suitable candidate for high-frequency power conversion appli-
cations with high turn-off current [1], [2]. Despite the merit,
the cascode GaN HEMTs have a well-known problem of
underdamped current and voltage oscillation during the turn-
off transient [3]-[7]. Due to the cascode configuration, the
stray elements in the gate loop of depletion-mode HEMT
(DHEMT) form an LC tank which lacks effective damping [6].
This makes the cascode GaN HEMTs based half-bridge circuit
very unstable and prone to generate underdamped turn-off
oscillation. In the worst-case scenario, the underdamped turn-
off oscillation can become self-sustained [4], [8]. The self-
sustained oscillation can induce very severe electromagnetic
Interference (EMI) problems, which need to be avoided in
power conversion applications.

To tackle this problem, many suppression methods have
been proposed in previous research. As one of the most readily
applicable solutions, the utilization of ferrite beads is discussed
in many previous studies to suppress the turn-off oscillation. In
[9], SPICE simulation is performed with a ferrite bead utilized
in the gate of cascode GaN HEMT. The simulation shows
that the gate loop beads can slightly dampen the gate voltage
ringing. In the application note provided by the Transphorm
[10], [11], the ferrite beads are recommended to be utilized
in the gate loop and power loop to suppress the switching
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oscillation of cascode GaN HEMT. In [12], the double-pulse
test is performed with a ferrite bead utilized in the gate
loop and very severe oscillation are observed in the turn-off
waveforms. In [13], the ferrite beads are utilized either in the
gate loop or power loop to suppress the switching oscillation of
cascode GaN HEMT. It is identified that the gate loop bead has
a relatively weak damping effect on the switching oscillation.
On the other hand, the power loop bead has a very strong
damping effect and can greatly suppress the oscillation. In
[14], the test is performed on a GaN cascode HEMT based
boost converter with and without ferrite beads in power loop.
The test results show the power loop beads can greatly dampen
the switching oscillation of cascode GaN HEMT.

The studies presented in [9]-[13] provide diverse opinions
on the utilization of gate loop beads in cascode GaN HEMTs
based circuits. Although the gate loop beads are recommended
in [10], [11], the other papers [9], [12], [13] show the gate loop
beads have a relatively weak damping effect on the oscillation.
The impact of the gate loop beads on the turn-off oscillation
has to be further investigated. Many research [10], [13], [14]
show that the power loop beads have a great damping effect on
the turn-off oscillation of cascode GaN HEMTs. However, the
beads also introduce additional stray inductance in the power
loop. If improper power loop beads are utilized, the stray
inductance can induce extra oscillation [15], [16]. Therefore,
it is necessary to find the optimum design of the power loop
beads which can suppress the oscillation without introducing
extra oscillation.

Looking into the previous research, only a few papers are
published on the application of ferrite beads in cascode GaN
HEMT:S based circuit [9]-[14]. In [10], [11], the manufacturer
recommend some typical ferrite beads applications in the
cascode GaN HEMTs based half-bridge circuit. The studies
[9], [12] show the impact of the gate loop beads on the
switching oscillation. In [13], the effective damping of gate
loop and power loop beads on the switching oscillation are
experimentally investigated. The utilization of power loop
beads to suppress the switching oscillation of cascode GaN
HEMT is briefly discussed in [14]. Unfortunately, none of the
the studies mentioned the ferrite beads design method. Since
the self-sustained turn-off oscillation of cascode GaN HEMTs
causes severe electromagnetic Interference (EMI) problems
and can disrupt the converter operation, a ferrite beads design
method is highly demanded to suppress the oscillation.

The goal of this paper is to propose an optimum ferrite beads
design method to suppress the self-sustained oscillation of
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Fig. 1. Double-pulse test setup. (a) Test platform. (b) Schematic of double-
pulse test circuit.

cascode GaN HEMT. The remainder of this paper is structured
as follows. In section II, the double-pulse test setup used
in this study is proposed. In section III, the self-sustained
oscillation which occurs at turn-off transient of cascode GaN
HEMT is identified. In section IV, the impact of gate loop
beads and power loop beads is investigated. In section V, an
analytical model is proposed to analyze the instability of the
half-bridge circuit utilizing power loop beads. Based on the
model, a design method for the power loop beads is proposed
in section VI. The design method is validated by the test data
in section VII. In the end, the power loop beads optimum
design procedures are presented in section VIIIL.

II. DOUBLE-PULSE TEST SETUP

To obtain the turn-off waveforms of the cascode GaN
HEMTs, the double-pulse test is performed. Figure 1 shows
the double-pulse test platform and the equivalent double
pulse test circuit. In the test circuit, the device under test
(DUT) T3 is 650V/20A Transphorm cascode GaN HEMTs
TPH3208PS. The freewheeling diode D5 is the 650V/26A SiC
Schottky diode CVFD20065A. Rgrp = 2712 is the external
gate resistor. Vpco is the DC-bus voltage. Cpc = 470uF is
the power capacitor. An air coil inductor Loy = 277uH is
used as a load inductor. A function generator is connected
to the gate driver, which generates the gate voltage V,. In
the double test, V,, switches with OV/10V. A high voltage
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Fig. 2. Experimental turn-off waveforms with Vpc = 300V and I = 10A.

differential probe THDP0200 is used to measure the drain-
source voltage Vpg. A current shunt resistor SSDN-015 is
used to measure the drain current /p. In this study, the DC-
bus voltage Vpe = 300V and load current I;, = 10A.

In the beginning, the double-pulse test is preformed without
utilizing ferrite beads to show the unstable turn-off oscillation
of cascode GaN HEMTs. Then various kinds of ferrite beads
will be utilized in the gate loop (at position A) and power
loop (at position B) to investigate the impact of gate loop and
power loop ferrite beads on the turn-off oscillation.

III. TURN-OFF OSCILLATION OF CASCODE GAN HEMTSs

Fig. 2 shows experimental turn-off waveforms without uti-
lizing ferrite beads. Self-sustained oscillation is observed dur-
ing the turn-off transient. According to [8], the self-sustained
oscillation occurs due to the instability of the test circuit. Due
to the cascode configuration, a positive feedback mechanism
can be triggered. If the test circuit is unstable, the positive
feedback action can draw additional energy from the power
supply, which compensates for the power losses dissipated by
the resistive components in the test circuit [8]. The oscillation
is thereby able to maintain self-sustaining. In this case, the
test circuit is unstable when Vpo = 300V, which gives rise
to the occurrence of self-sustained oscillations.

IV. INFLUENCES OF FERRITE BEADS ON THE TURN-OFF
OSCILLATION

Ferrite beads can be utilized to suppress the turn-off oscil-
lations. The damping effect of the ferrite beads originate from
the following aspects:

1) The ferrite beads generate high-frequency losses. The
high power dissipation thereby becomes higher than the energy
drawn by the positive feedback action. The turn-off oscillation
can not maintain self-sustaining and thereby attenuates.
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Fig. 3. Experimental 300V/10A turn-off waveforms with (a) Zp = 502, (b) Zrp = 12012 and (c¢) Zr = 30012 utilized in the gate loop.

2) The ferrite beads introduce additional stray elements in
the test circuit, which impact the system instability. If the
circuit is more stable, the turn-off oscillation is dampened.

It should be noticed that the second aspect greatly relies on
the design of the ferrite beads. If the ferrite beads introduce
proper stray elements that can make the test circuit stable, the
turn-off oscillation is suppressed. In the following sections,
the impacts of the gate loop beads and power loop beads on
the turn-off oscillation of cascode GaN HEMT are discussed.

A. Influence of gate loop Beads

In the previous research, it is widely proved that the gate
loop beads have a very strong damping effect on the switching
oscillation of non-cascode power devices like SiC MOSFETSs
[17] and P-GaN HEMTs [18]. Since the ferrite beads can not
dissipate massive power in the gate loop, their damping effect
is mainly due to the impact on the instability of the test circuit.
During the oscillatory transient, the power loop can resonate
with the gate loop [19], which induces self-sustained turn-off
oscillation. With a ferrite bead utilized in the gate, the resonant
frequency in the gate loop can be shifted far away from that
in the power loop [18]. As a result, a stable test circuit is
achieved, which greatly dampens the turn-off oscillation.

To investigate the impact of gate loop bead on the
turn-off oscillation of cascode GaN HEMT, double-pulse
tests are performed with a few different kinds of fer-
rite beads utilized in the gate loop. The gate bead
impedance recommended by the manufacturer ranges from
30 © to 330 ©Q at 100 MHz [10]. Within this range,
the ferrite beads KMZ1608DHR500CTDHS, 74279262, and
MMZ1608S301ATAOO are utilized at the position A at the
gate loop, as shown in Fig. 1b. Their impedances at 100 MHz
are 50 , 120 ©Q and 300 €, respectively. With the these
ferrite beads utilized, the double-pulse test is performed at
Vbe = 300V and I, = 104, as shown in Fig. 3. It can be
noticed that the damping effect of the gate loop beads is very
weak. The underdamped oscillation can maintain for a long
time before it vanishes.

The weak damping effect of gate loop bead is due to the
cascode configuration of the cascode GaN HEMTs. Fig. 4
shows the cascode GaN HEMT based resonant circuit with
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Fig. 4. Cascode GaN HEMT based resonant circuit with ferrite beads in the
gate loop.

a ferrite bead Fi; utilized in the gate loop. Due to the cascode
configuration, the cascode GaN HEMTs have two gate loops:
one is at the gate-side of LV MOSFET and the other is at
the gate-side of DHEMT, as shown in Fig. 4. In the gate loop
of DHEMT, the gate resistance R¢ p is designed to be very
small to achieve high switching speed [20] and avoid unwanted
reliability issues [3]. The gate loop of the DHEMT thereby
does not have effective damping. With the F utilized, the
gate loop of the DHEMT can still resonate with the power
loop and excite underdamped turn-off oscillation. Therefore,
the damping effect of the gate loop beads on the turn-off
oscillation is relatively weak.

With a weak damping effect, the gate loop can not suppress
the turn-off oscillation. Therefore, utilizing ferrite beads in the
gate loop is not a good option for the circuit design.

B. Influences of power loop Beads

Utilizing ferrite beads in the power loop is widely proved to
be very effective to suppress the turn-off oscillation of cascode
GaN HEMTs [10], [13], [14]. The power loop beads can
greatly suppress the oscillation due to the following reasons:

1). In the power loop, the ferrite beads can generate high-
frequency losses to dampen the turn-off oscillation.

2). The power loop beads shift the power loop resonant
frequency far away from that of the other two gate loops,
which can disrupt the turn-off oscillation.

If optimum designed power loop beads are utilized, the os-
cillation is mainly suppressed due to the second reason. In this
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Fig. 5. Impedance-frequency plot of a typical ferrite bead indicating its
equivalent circuit model.

case, the test circuit becomes very stable, which greatly damp-
ens high-frequency oscillation. The high-frequency losses on
the ferrite beads should be relativity minor. As a result, the
turn-off oscillation is suppressed without an increase in the
overall power losses.

However, the introduction of the power loop beads also has
a major drawback. The ferrite beads also introduce additional
stray inductance in the power loop, which can make the
test circuit more instable. In the worst-case scenario, extra
oscillation can be excited if improper ferrite beads are utilized
[15], [16]. To solve this problem, an analytical approach is
developed in this study to obtain an optimum design of the
power loop beads, which is presented in the following sections.

V. ANALYTICAL MODELING OF THE TEST CIRCUIT
UTILIZING POWER LOOP BEADS

To investigate the instability of the test circuit using the
power loop beads, a small-signal model is derived following
the approach presented in [8], [19], [21]-[24]. Fig. 5 shows the
impedance-frequency plot of a typical ferrite bead. A ferrite
bead can be modelled as a parallel-connected inductor L,
resistor Rp, and capacitor Cr [25], which correspondences
to the inductive, resistive, and capacitive response regions
presented in Fig. 5. The dc resistance of the power ferrite beads
is extremely small and is thereby neglected in this analysis.

Fig. 6a shows the schematic of the double-pulse circuit with
a power ferrite bead Fp utilized in the power loop. Lp is the
power loop inductance, which includes the power loop stray
inductance and stray inductance of drain lead. L¢ is the gate
loop inductance, which includes the gate loop stray inductance
and stray inductance of gate lead. Lg is the stray inductance
in the common source.

To analyze the circuit instability, the test circuit presented in
Fig. 6a is converted to its equivalent small-signal model [21]—
[23], [26]. With the equivalent ferrite bead model utilized, the
small-signal model is derived, as shown in Fig. 6b. In the
model, Rr, Lr, and Cr are the stray resistance, inductance,
and capacitance of the power loop bead F'p. Following the
approach proposed in [23], [26], the DC-bus voltage Vpc

(a) Double-pulse test circuit.

CDS_H Vbs1 Le
- ||+

Lint1

D,
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L L

+
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(b) Small-signal model.

Fig. 6. Double-pulse test ciruit with ferrite beads utilized in the power loop.
(a) Test circuit schematic. (b) Equavilent small-signal model.

is short-circuited. The high-side freewheeling diode D5 is
replaced by its capacitance C'py. The gate drive voltage Vg,
is replaced by its small signal Vp. Following the approach
presented in [27], the Vp is generally considered as a non-
zero small signal since it does not have any impact on the
system instability. R¢ is the gate resistance, which includes
the internal gate resistance Rg; and external gate resistance
RgEe. Rp is the power loop stray resistance, which includes
the stray resistances of the device and power loop. The GaN
cascode HEMT is replaced by its equivalent small-signal
model. In the model, L;,¢1(2,3) are the stray inductances of
the internal bond wire interconnections. Rgy is the internal
gate resistance of the DHEMT. Cgs v, Caop_am and Cps v
are the gate-source, gate-drain and drain-source capacitances
of the LV MOSFET. Cgs i, Cap g and Cpg g are the
gate-source, gate-drain and drain-source stray capacitances of
the DHEMT. Following the approach presented in [21]-[23],
[26], the small-signal of the channel current Icfry(2) can be

modelled as ipi(2) = Gmi2) * vgsi(2). where G, and
G2 are transconductance of the DHEMT and LV MOSFET,
respectively.

By analysing the node current in G, D1, S1, S, G2, S3 and
D, the equations (1)-(8) can be obtained, which are presented
as follows:

Vp — (Vasz + Vines + Vs)/Ra + sLa
—sVas2Cas v —s(Vase — Vps2)Cap v =0 (1)

‘/intB

8Lint3

—sVas2Cas_ m—GmaVasa—sVps2Cps v =0 (2)
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s(Vpsa — Vas2)Cap m + sVps2Cps v + GmaVasa
—(Vintz — Vas1 — Vbsa — Vines) /8Lins1 =0 3)

Vint2/(8Lint2 + Raou) — s(Vps1 — Vasi)Cap_u
+sVgs1Cags_ua =0 4

sVps1Cps o + sVes1Cas_u + GmiVasi
—(Vintz — Vas1 — Vbps2 — Vines) /8Linsn = 0 @)

s(Vps1 — Ves1)Cep_ + sVps1Cps_u
+Gn1Vas:i + (Vs + Vipie — Vas1 + Vbsi)/Zp  (6)

Zp =1/((1/Rr) + (1/(SLF)) + (SCF))
+SLP+RP+1/(SCD2) @)

Vints/SLints + Viniz/(SLins2a + Rau) — Vs/sLs =0 (8)

Where the voltage components Vig1(2), Vpsi(2)s Vine2(3)
and Vg are defined in Fig. 6b. The system of linear equa-
tions (1)-(8) has nine varibles: Vasi, Vase, Vbsi, Vbso,
Vint2, Vints, Vs, Vp and Zp. With the MATLAB symbolic
math toolbox utilized, the varibles Vas1, Vpsi, Vbse, Vines,
Vintss Vs and Zp can be eliminated. The equations (1)-(8)
are thereby simplified to a equation that contains variables
Vaso and Vp. During the oscillatory transient, the gate drive
voltage Vp provides the initial disturbance signal in the gate.
Therefore, Vp is input of the oscillatory system. Using Vg2 as
the system output, the transfer function H (s) of the oscillatory
system is obtained as:

Vase
H(s) = = )
The H (s) is of the ninth order. Therefore, it is impossible to
solve H (s) analytically. The poles of H (s) are thereby derived
numerically by MATLAB.

To analyze transfer function H(s), its parameters should
be obtained. Following the approach proposed in [19], [21]-
[23], [26], [28], the nonlinear behaviour of resonant circuit is
neglected. The parameters can thereby be extracted at their dc

TABLE I
PARAMETERS OF THE DEVICE UNDER TEST

Symbol Value Symbol Value Symbol  Value
Rar 22Q Rp 04 Rau 0.12
Cb2 1.09 nF Gm1 0.08 S Gma2 0.07 S
Lp 7.6 nH Ls 0.8 nH Lg 5.9 nH
Lint 0.26 nH Lint2 0.2 nH Lints  0.33 nH

Caep_m 71.8 pF Cas v 653 7pF Cps.m 669 pF

Cap_H 40.8 pF Cas u 1325pF Cps.g 354 pF
Lp 0.037uH Cr 0.589 pF RFr 120 Q

operating point. In the device under test, a silicon MOSFET
IRF8707 is utilized to drive a normally-on GaN DHEMT
[19]. Following the approach presented in [19], [21], the stray
capacitances of the LV MOSFET are linearized at it is off-state
voltage Vpg ar(ofy)- According to the SPICE simulation re-
sults, Vs aroff) = 24V. Based on the C-V curves obtained
from the device datasheet [29], the capacitances Cap
Cas_m and Cps_yr are extracted at Vpg ar(off)» @s shown
in Table I.

Fig. 7 shows the C-V curves of GaN DHEMT provided by
the device manufacturers. Based on the C-V characteristics,
the capacitances Cop m, Cas m and Cps g are extracted
at Vpc — Vps_m(osy). During the turn-off transient, the
freewheeling diode D, forward conducts, the capacitance C'po
is thereby linearized at OV. The capacitances Cpy of Dy are
thereby extracted at OV. Following the approach presented in
[19], [21], [22], the transconductance G,,; and G,,s are ex-
tracted at the threshold voltages of DHEMT and LV MOSFET,
respectively. The circuit stray inductances Lp and Lg are
obtained by the Q3D extractor. The internal stray elements
Rah, Lint1(2,3) and Lg are extracted from the SPICE model
provided by the manufacturer. The R¢ is obtained from the
device datasheet [29]. The Rp, L, and Cp are extracted
from the circuit model of a TDK ferrite bead with part number
MAF1608GAD121LTAHO. In the next section, the parameters
of the ferrite bead will vary depending on the bead utilized
in the power loop. The values of all the parameters are
summarized in Table I.

To identify the impact of ferrite beads on the turn-off
oscillation, its instability of transfer function H (s) should be
analysed. Since the instability of H(s) is mainly determined
by its poles, the poles of H(s) should thereby be investigated.
Utilizing the parameters presented in Table I, the poles of the
H (s) are calculated, as shown in Fig. 8. The P;, P, and P;
are real poles, whereas P>, Py, Py, Py, Ps and Pj are the
complex conjugate pole pairs.

In Fig. 8a, the real poles P;, Ps, and P5 do not have impact
on the system instability. The conjugate pole pairs P and
P35 lay far away from the imaginary axis, their impact on the
system instability is thereby negligible. To shows the conjugate
pole pairs P, Pf, Ps and Fg, Fig. 8a is zoomed, as shown
in Fig. 8b. Compared with the other complex conjugate pole
pairs, the P and P¢ lie much closer to the imaginary axis.
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Therefore, the instability of the test circuit is dominated by
Ps and Fj.

In the next few sections, the damping ratio ¢ of Ps and Py
is used to analyze the system instability. ( can be obtained
by ¢ = o/(0? + w?), where the -0 and w are the real and
imaginary parts of P and P§. When ¢ < 0, the oscillatory
system is unstable and the self-sustained oscillation can be
excited. When ¢ > 0, the system is stable and the oscillation
attenuates.

VI. POWER LOOP BEADS OPTIMUM DESIGN

To clarify the optimum design on the power loop bead F'p,
the impact of R, Lr and Cr on the damping ratio ¢ of P6
is analyzed. Fig. 9a shows the plot of ¢ in volume slice planes
as a function of Rp, Ly and Cp. Fig. 9b shows the zoomed
plot of Fig. 9a with Rp € [0€2, 62]. It can be noticed that ( is
independent of stray capacitance C'r and is only determined
by the stray resistance Ry and inductance L. This is because
the turn-off oscillation frequency (tens of megahertz, as shown
in Fig. 2) is far below the typical frequency range of capacitive
region (hundreds of megahertz to few gigahertz, as shown in
Fig. 5). Therefore, the impact of stray capacitance C'r on the
turn-off oscillation can be neglected. In 9b, it is also shown that
Rp mainly determine ¢ when Ry have very small resistance.

Damping ratio ¢

0.04
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Fig. 9. Plots of ¢: (a) ¢ as a function of Rr, Lr and Cg; (b) Zoomed plot
of Fig. 9a with Rp € [012, 6€].

Capacitor CF [pF]

Since ( is independent of C, the impact of Rr and L
on ( should be investigated. Fig. 10a shows the plot of ( as
a function of Ry with various Lr. When Ry is small, the
damping effect of Ry is significant. The { becomes larger
with the increase of Rr. However, when R is large enough,
the ferrite bead becomes more inductive with the increase of
Rp, which results in the reduction of (, as shown in Fig. 10a.
With the increase of L, the peak value of ( increases and
eventually plateaus at maximum damping ratio (,,., when
Lr > 2nH. In the plateau, maximum effective damping on
the turn-off oscillation is achieved. The plateau is thereby the
stable region for the oscillatory system. As shown in Fig. 10a,
the lower boundary of the stable region is fixed at about 1
Q. The upper boundary is indicated as Rr 7, which increases
when Ly becomes larger. The stable region extends with the
increases of L. To achieve effective damping, the R of the
power ferrite bead is at least tens of ohms, which is much
larger than the lower boundary. Therefore, only Rr < Rp p
is needed to be considered in the ferrite bead design.

Fig. 10b shows the plot of ( as function of L. When Rp <
19, ¢ increases when Ly becomes larger and plateaus at its
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Fig. 10. Plot of ¢ : (a) ¢ as a function of R with various Lg; (b) ¢ as a
function of Lz with various Rp.

maximum value. The maximum value is smaller than (4.
since the small R limit the effective damping of the bead.
When Rp > 5(), ¢ reduces with the increase of Lp in the
beginning, as shown in Fig. 10b. In this phase, the power
loop resonant frequency is close to that of the gate loops. With
larger L, the power loop bead becomes more inductive. This
makes the oscillatory system more unstable, which give rise to
the initial reduction of (. However, when L is large enough,
the ( starts to raise with the increase of Ly, as shown in Fig.
10b. In this phase, the power loop resonant frequency becomes
much smaller than that of the gate loops and system resonance
is disrupted. With the increase of L, the power loop resonant
frequency becomes lower, which gives rise to a more stable
oscillatory system. As a result, ( raises with the increase of
L. In the end, ¢ plateaus at { = (,;,4, and the stable region is
achieved. In Fig. 10b, the lower boundary of the stable region
is indicated as L _r,. With the increase of Rr, Ly j, becomes
larger, which gives rise to a narrower stable region. To ensure
that the oscillatory system operates in the stable region, the
Lp > LF 1, is required.

The contour plot of ¢ as a function of Lr and Rp with
Ly € [10nH,2.4pH] and Rp € [5Q,1.2kQ)] is presented
in Fig. 11a. The contour line with ¢ = 0 is indicated. In
the contour plot, the stable region is yellow area under the
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Fig. 11. Contour plot of ¢ with the various desgin points (green dots
indicate { = C(maaz, black squares indicate { € (0,Cmaa) and red
squares indicate ¢ < 0) : (a) ¢ as a function of Ly and Rp with
Lr € [10nH,2.4pH) and Rp € [69,1.2kQ] ; (b) Zoomed plot of Fig.
1la with L € [10nH,160nH]| and Rr € [5%2, 20012].

contour line (Lp 1, Rp v), as shown in n Fig. 1la. In the
stable region, with Ly > Lp 1, and Rp < Rp y, maximum
damping ratio (.4, is achieved. The maximum effective
damping on the turn-off oscillation is thereby achieved when
the Ly and Rp of the power loop beads lay in the stable
region.

It should be noticed that a large stray inductance Ly can
also introduce additional stray inductance in the power loop.
This causes the high voltage overshoot during the turn-off
transient. To minimize the voltage overshoot, the L should be
very small. Fig. 11b shows the zoom contour plot of Fig. 11a
with Ly € [10nH,160nH] and Ry € [592,20012]. The yellow
area under the contour line (Lp 1, Rp r7) is a optimum region
which can achieve both the small Ly and ( = (qz. If the
design points (L F(n)s Rp(n)) of the power loop beads locates
in the optimum region, power loop beads should suppress the
turn-off oscillation while mitigating the voltage overshoot. As
a result, an optimized turn-off performance is achieved for the
cascode GaN HEMTs.
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Fig. 12. Experimental 300V/10A turn-off waveforms using following power loop beads: (a) single #, (b) two paralleled #1 , (c) single #2 , (d) two paralleled
#2, (e) single #3, (f) two paralleled #3, (g) single #4, (h) two paralleled #4, (i) single #5, (j) two paralleled #5, (k) single #6 and (1) two paralleled #6.



TABLE I
FERRITE BEADS UTILIZED IN THE POWER LOOP.

Bead Part number Zr Rp L
#1 74279252 880 @ 1012 2 0.633 uH
#2 7427511 416 Q450 Q 2.1 uH
#3 742792511 190 Q 152 Q 0482 uH
#4 BLM21SN300SZ1D 300 40.8Q 0.146 uH
#5 MPZ1608S260ATDH5 26 Q 34Q  0.072 uH
#6  MAFI608GADI121LTAHO 20 120 0.037 uH

VII. EXPERIMENTAL VALIDATION

To validate the optimum design method proposed in the
previous section, the double-pulse test is performed with ferrite
beads utilized in the position B in the power loop, as shown
in Fig. 1b. Six different kinds of ferrite beads are utilized,
which are denoted as beads #n (n=1-6), as shown in Table
II. Their impedance Zr (at 100 MHz), stray resistance Rp
and inductance Ly are also provided in the table. The Z is
obtained from the datasheet. The Rr and Ly are extracted
in the equivalent model provided by the manufacturer. To
validate the proposed design method, the power loop beads
are required to achieve 'good’ and ’bad’ design points. This
greatly limited the choice of the power loop beads. Some
ferrite beads which have dc current ratings lower than 10A is
thereby selected to achieve specific design points. Fortunately,
the ferrite beads do not generate much heat in double-pulse
test and can work under much higher load current than their
maximum dc current ratings. Therefore, there is no need to
consider current limitation of ferrite beads in the double-pulse
test. However, in the real application, the ferrite beads current
ratings should be considered, which is discussed in the next
section.

In the test, various ferrite bead designs are utilized in the
power loop. At first, the test is performed with a single #n
bead (n=1-6) utilized in the power loop. The corresponding
design points (L gy, Rp(n)) of the ferrite beads are indicated
as #n (n=1-6) in the Fig. 11. Rp(,) and Lp(,) are the stray
resistance and inductance of #n bead (n=1-6). The test is also
performed with two #n beads (n=1-6) connected in parallel in
the power loop. In this case, the equivalent stray resistance
and inductance of the parallel-connected #n beads (n=1-6)
become half of the single #n bead (n=1-6). Their design points
(Lrn)/2, Rp(n)/2) are indicated as #n_P2 (n=1-6) in the
Fig. 11. The design points are marked by green dots, black
squares and red squares, which indicate the design points have
¢ = Gnaz» ¢ € (0,Cmaz), and ¢ < 0, respectively. The
experimental 300V/10A turn-off waveforms utilizing single
and parallel-connected #n beads (n=1-6) are presented in Fig.
12.

As shown in Fig. 11a, the design points #2, #2_P2, #3
and #3_P2 are marked by green dots. These design points
lay in the stable region and the maximum damping ratio
Cmax 18 achieved. Figs. 12 (c)-(f) show the experimental
turn-off waveforms utilizing the corresponding ferrite beads.

With ¢ = (s, the turn-off oscillation quickly attenuates.
However, due to the large Ly, a huge voltage overshoot is
observed in the test waveforms. With the increase of L,
the peak overshoot voltage becomes higher. The design points
#1, #1_P2 are marked in red squares, as shown in Fig. 11a.
The experimental turn-off waveforms using the corresponding
ferrite beads are given in Figs. 12 (a) and (b). With negative (,
the resonant circuit utilizing the designs #1, #1_P2 is unstable
and self-sustained oscillation can be excited. However, during
the oscillatory transient, ac resistance is generated in the power
loop due to the skin effect on the power loop circuit and
radiation loss [30]. Due to the effective damping generated
by the ac resistance, the oscillation can not maintain self-
sustaining and becomes underdamped, as shown in Figs. 12
(a) and (b). The analytical results agree with the test data. It
should be noticed that #1 bead has 880 €2 of impedance and
still can not suppress the turn-off oscillation. This shows that
ferrite beads with large impedance do not necessarily have a
strong damping effect on the turn-off oscillation.

As shown in Fig. 11b, the design points #4, #4_P2, #5
and #5_P2 are marked by green dots. These design points
lay in the optimum region which achieves both small L
and maximum damping ratio (y,q;. The experimental turn-off
waveforms utilizing the corresponding ferrite beads are shown
in Figs. 12 (g)-(j). With these ferrite beads used in the power
loop, the turn-off oscillation is greatly suppressed. Moreover,
due to the small Ly and high (, the voltage overshoot is
also greatly mitigated. The design points #6, #6_P2, which are
marked in black squares, are given in Fig. 11b. These design
points have the damping ratio ¢ € (0, (;nax ). The low damping
ratio gives rise to the relatively weak effective damping of the
ferrite beads. As a result, underdamped turn-off oscillation is
excited, as shown in Figs. 12 (k) and (1). Moreover, with a
small damping ratio, a relatively high overshoot voltage is
observed even when L is very small. The test results validate
that the ferrite bead designs in the optimum region can achieve
the best turn-off performance for the cascode GaN HEMT.

In Fig. 12k, the oscillation frequency of the turn-off test
using a single #6 beads is around 40 MHz. In Fig. 8b, the
dominant pole pair P and F§ of the corresponding oscillatory
system is derived. The oscillation frequency f of the pole pair
can be calculated by:

f=2 —92MHz

o (10)

The analytical and experimental results are in the same
order. However, the oscillation frequency of the experimental
waveform does not completely agree with that derived from
the dominant pole pair P and Py This is due to two reasons.
Firstly, with ferrite beads and cascode GaN HEMTs used, the
transfer function of the oscillatory system is very complex and
has multiple complex conjugate pole pairs. The other complex
conjugate pole pairs can also have a minor impact on the
oscillatory system. Secondly, The proposed small-signal model
greatly simplifies the oscillatory system. The ferrite beads are
simplified as a parallel-connected inductor L, resistor Rp,
and capacitor Cr. The parameters of power devices are also
approximately linearized at their DC operating points. The
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non-linear behaviours of the resonant circuit, like the voltage-
dependent stay capacitances, are not included. All in all, to
make the analytical modelling feasible, some simplifications
are needed, which cause the errors. However, the experimental
results presented in Fig. 12 validate the proposed methods can
provide a reasonable general guideline for the ferrite beads
design.

VIII. THE POWER LOOP BEADS DESIGN PROCEDURE

In the real application, th rated dc current Iz of the selected
ferrite beads should be higher than I;. Fig. 13 shows a
flowchart of power loop beads optimum design procedure
considering the current limitation of power loop beads. In
the beginning, the initial ferrite beads design which achieves
Ir > Iy should be selected. The initial parameters of the
circuit and power loop beads are thereby obtained to calculate
the transfer function H(s) based on the system of linear
equations (1)-(8). It should be noticed that the dominant pole
pair Pp of H(s) depend on the circuit and power loop beads
parameters and may not be the pole pair P6. Therefore, the
analysis presented in Fig. 8 should be used to determine the
dominant pole pair of H(s). After that, the damping ratio ( can
be calculated with various Ry and L to identify the optimum
region presented in Fig. 11b. The design point (Lz, Rp) of
the selected ferrite beads design are obtained to check whether
the design point lay in the optimum region. If (Lr, Rr) lay in
the optimum region, the optimum design of the ferrite beads
is achieved. If not, another ferrite bead design with Ip > I},
should be selected to identity its (L, Rp). The optimum
design procedure stops when a ferrite beads design point lays
in the optimum region.

IX. CONCLUSION

This paper presents a detailed analysis of the optimum
design on the ferrite beads in the cascode GaN HEMT-based
half-bridge test circuit. Based on the theoretical analysis and
experimental investigation, it is identified that the ferrite beads
have a weak damping effect when they are utilized in the gate
loop. To obtain the optimum design of power loop beads, an
analytical model is derived to obtain the transfer function of
the test circuit. The analysis on a dominant pole of transfer
function reveals the stray capacitance Cr of the power loop
bead does not have a significant impact on system instability.
The oscillatory system can achieve maximum damping ratio
Cmaz When the stray inductance Lp, the resistance Ry of the
power loop bead are in a certain range. A stable region is
identified to design the power loop bead which can suppress
the oscillation. Since the power loop bead can introduce high
stray inductance in the power loop, a high voltage overshoot
can be excited even when the turn-off oscillation is suppressed.
An optimum region is thereby identified to design a power
loop bead that can suppress the oscillation while mitigating
the voltage overshoot. The accuracy of the proposed design
method is validated by the test results. The proposed ferrite
beads design method can also be used in the other cascode
device like SiC JFET Cascode.
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