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Quantitative Model-Based False Turn-ON Evaluation
and Suppression for Cascode GaN Devices in
Half-Bridge Applications

Tianhua Zhu
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Abstract—Owing to the high operation frequency and fast
switching speed, gallium nitride (GaN) devices are prone to the false
turn-ON phenomenon, causing high switching loss, shoot through,
and even sustained oscillation. However, most of research on false
turn-ON aims at the enhancement-mode GaN devices, whereas
there is still little published research on GaN devices in cascode
configuration due to the comparatively complicated structure and
various parasitic components. This paper conducts a comprehen-
sive and in-depth study for the problem of false turn-ON in cascode
GaN devices based half-bridge circuits, which has a great guiding
significance in the device selection, printed circuit board (PCB)
design, and debugging of cascode GaN converters. In this paper, a
novel analytical model of the device suffering false turn-ON is first
developed, with all the parasitic parameters being fully considered.
Based on the model, the quantitative and accurate expression of
the induced gate-to-source voltage is derived, which can serve as
a precise and significant reference for judging and evaluating the
false turn-ON problems. Then, the influences of device and circuit
parameters on the peak value of induced voltage are first inves-
tigated in detail, providing a reliable guidance for the usage and
PCB design of cascode GaN devices based half-bridge converters.
What’s more, guidelines to effectively suppress the false turn-ON
phenomenon are also given, which can be adopted both in the
design and debugging process of cascode GaN applications. Fi-
nally, all the theoretical calculations and analysis are verified by
experiments with satisfying results and performances.

Index Terms—Cascode gallium nitride (GaN) devices, false
turn-ON, half-bridge configuration, induced voltage evaluation,
suppression guidelines.
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I. INTRODUCTION

ITH the trend of high efficiency and high power density
W in power electronic applications, wide bandgap semi-
conductors are gaining increased attention [1]-[4]. Gallium
nitride (GaN) power device becomes an emerging candidate be-
cause of its much lower gate charge and lower output junction
capacitance than silicon MOSFETs, which is advantageous
in high-frequency applications [5]. The commercially avail-
able GaN devices can be divided into two categories: the
enhancement-mode GaN device and the cascode GaN de-
vice [6]. The recommended gate drive voltage of enhancement-
mode GaN device is 5 V, close to its breakdown voltage 6 V,
which allows only 1 V safety margin. For cascode GaN device,
the internal depletion-mode GaN transistor is controlled by a
series connected low voltage Si-MOSFET [7], as shown in Fig. 1.
Therefore, the gate drive of cascode GaN device is compatible
with common gate drivers of Si-MOSFETSs, which greatly simpli-
fies its application and effectively improves the reliability and
robustness. However, due to the inner combination of Si-MOSFET
and depletion-mode GaN transistor, cascode GaN devices have
much more complicated structure and a greatly larger number of
parasitic components than enhancement-mode GaN transistors,
making the relative research much more difficult.

Asis well known, higher frequency enables higher power den-
sity of power electronic converters [8]-[11]. However, higher
switching speed may increase the possibility of instability prob-
lems [12]-[15], and the most common is the false turn-ON phe-
nomenon [16]-[26]. In a half-bridge configuration, which is
widely used in power electronic converters as shown in Fig. 2,
when the active switch Q; turns ON, the drain—source voltage of
inactive switch Q9 increases sharply to the input voltage Vpc.
Such a high dv/dt generates a large displacement current flowing
through the Miller capacitance Cgp to the gate node and charg-
ing the input capacitor Cgg. Hence, the gate-to-source voltage
vgs may exceed its threshold voltage and Qo may falsely switch
ON, causing higher switching loss, shoot through, and even sus-
tained oscillation in the half-bridge and lowering the reliability
of converters. The false turn-ON phenomenon has been widely
studied in Si device applications [16]-[20]. The Cdv/dt induced
turn-ON of Si-MOSFETs in synchronous buck regulators is an-
alyzed in [18]. The maximum induced voltage is calculated
without considering parasitic inductances and various solutions
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Fig. 1. Structure of cascode GaN device.
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Fig. 2. False turn-ON in a half-bridge circuit.

to prevent the induced turn-ON are provided in [18]. A similar
but more accurate shoot-through analysis taking into account
the parasitic gate and source inductances of a synchronous buck
converter is introduced in [19]. A circuit-level analytical model
to describe the mechanism of the spurious triggering pulse in
the synchronous MOSFET of the synchronous buck converter is
derived in [20]. This model considers not only the parasitic
capacitances and inductances of both MOSFETs, but also the
reverse recovery characteristics of the body diode in the syn-
chronous MOSFET and an exhaustive investigation is conducted
to evaluate the impact of all these factors on the spurious trig-
gering pulse.

Since GaN devices feature much smaller input capacitances
and are usually employed in much higher frequency appli-
cations rather than Si devices, they suffer greater risks of
false turn-ON [21]-[26]. In [21], continuous analytical mod-
els of enhancement-mode GaN devices with consideration of
their nonlinear C—V and I-V characteristics are first developed.
Then, an analytical circuit model is established to evaluate the
false turn-ON of enhancement-mode GaN transistors in bridge-
leg configuration and design guidelines for mitigating this
phenomenon are proposed. Zhang et al. [22] identifies the fac-
tors determining the peak value of spurious gate voltage and
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analyzes their influences on switching speed limitation, yet no
parasitic inductances are considered. Ishiwaki ez al. [23] derives
the equation expressing the false turn-ON induced gate volt-
age fluctuation, of which the waveform includes two resonance
frequencies and four equilibrium factors. Furthermore, a mathe-
matical analysis reveals that satisfying the zero-balancing-factor
condition can reliably avoid the spurious turn-ON phenomenon
according to the L'Hopital’s rule. Matsumoto et al. [24] ana-
lyzes the phenomenon of oscillatory false triggering induced
by fast switching of GaN transistors and derives its occurrence
condition. And it points out that balancing the gate-drain capac-
itance and the common source inductance to reach an optimized
ratio is effective for preventing the oscillatory false triggering.
However, most of research on false turn-ON phenomenon as
mentioned above aims at the enhancement-mode GaN devices,
whereas only a few papers deal with cascode GaN devices due
to the comparatively complicated structure and various parasitic
components. Chen and Guitart [25] present a method to numer-
ate dv/dt immunization limit of low voltage MOSFET in cascode
GaN device using dv/dt safe chart. This chart can be used to
identify whether dv/dt of MOSFET is large enough to induce the
turn-ON of MOSFET and can serve as a design reference for engi-
neers to keep application conditions within the dv/dt safe region.
Nonetheless, the influence of the internal depletion-mode GaN
transistor on the dv/dt of MOSFET has not been taken into account.
In [26], the false turn-ON is identified as one of the inducements
for oscillation in bridge structure. The detailed oscillation pro-
cess is piecewise analyzed and using a ferrite bead is proposed
to suppress the oscillation, whereas only a qualitative analysis
of the oscillatory false triggering is given and no solutions from
the perspective of bridge structure itself are provided. Up to
now, to the authors’ knowledge, there is still little published
research on analytical modeling and quantitative calculation of
false turn-ON in half-bridge circuit of cascode GaN devices.

This paper proposes a novel theoretical treatment and com-
prehensive study of the false turn-ON phenomenon in half-bridge
configuration of cascode GaN devices. An analytical model fully
taking into account the circuit parasitic parameters is newly es-
tablished, and the induced gate-to-source voltage is quantita-
tively and accurately calculated as a response to the imposed
increase in drain-to-source voltage, which serves as a precise
and significant assessing index for evaluating the false turn-ON
problems and enriches the research of cascode GaN devices.
Furthermore, based on the derived expression, the influences of
major device and circuit parameters on the peak value, damp-
ing ratio, and oscillation frequency of induced voltage are also
investigated, offering a reliable guidance for the selection of cas-
code GaN devices and the printed circuit board (PCB) design.
In addition, effective guidelines to suppress the false turn-ON
phenomenon are provided on the basis of the research above,
such as optimizing PCB layout and gate loop design, adding a
parallel capacitor across the gate and source pin, and injecting
ferrite beads both in the gate loop and the main power loop. Fi-
nally, a cascode GaN device based half-bridge prototype is built
and the experimental results demonstrate good agreements with
the theoretical calculation and analysis in terms of correctness
and accuracy.
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Fig. 4.

Circuit model of false turn-ON transient of inactive switch Qs.

The paper is organized as follows. Section II establishes an
analytical model of the false turn-ON phenomenon considering
all the circuit parameters, and quantitatively calculates the in-
duced voltage with high accuracy. Section III investigates the
effects of major device and circuit parameters on the charac-
teristics of induced voltage and detailed suppression guidelines
are provided. Section I'V presents the experimental verifications
that evidently prove the validity and desirable accuracy of the
proposed expressions and analysis. Section V concludes the

paper.

II. ANALYTICAL MODELING AND QUANTITATIVE
CALCULATION OF FALSE TURN-ON IN HALF-BRIDGE CIRCUITS

The basic structure of cascode GaN devices has already been
shown in Fig. 1. In order to fully investigate the realistic cas-
code GaN device and analyze its complex characteristics, the
analytical device model of cascode GaN transistors taking into
account complete parasitic components is depicted in Fig. 3
[27], [28]. Lint1,2,3 and Riyi2 3, respectively, represent the par-
asitic inductors and resistors of wire bondings between the Si
die and depletion-mode GaN die inside the package. Lgi, Lsi,
and Lp; represent the internal parasitic inductances of three lead
frames. Cqp_si>» Cas.si, and Cpg_g; are junction capacitors of
Si-MOSFET and Cqp_gan, Cas. aan, and Cpg_ gan are junction
capacitors of depletion-mode GaN transistor.

As aforementioned, the turn-ON of active switch Q; can be
equivalent to a sharp voltage increase imposed on the drain
source of Q. Therefore, the false turn-ON transient of inactive
switch Oy can be modeled, as shown in Fig. 4. vpg represents
the high dv/dt input between the external drain D, and source
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Fig. 5.

Transformed circuit model of Fig. 4.

S, of Oy, which can be expressed as follows:

e, 0t T,

VDCv Tlr StSTon (1)
0, Ton <t < T

Ups =

where Vpc is the dc input voltage of the half-bridge circuit,
T, is the rise time of D.—S, voltage from O to V¢, which is
determined by the switching speed of active switch Q, Ty, is
the turn-ON time of Q1, and T is the switching period of Q;.
Rg and L¢ are gate resistor and gate inductor of gate drive
loop. Lg is the common source inductance and Lp is the drain
inductance. Hence, the false turn-ON induced voltage vgg can
be calculated as a response to the input vpg and the relationship
between vgs and vpg demonstrates the essential characteristics
of the false turn-ON phenomenon. Here, the external gate—source
voltage vgg between the package leads G* and S* is chosen
to be calculated instead of the internal voltage on Cgg.g; for
considerations of two aspects. First, since the values of parasitic
parameters Lgi, Lint3, Rint3, and Lg; are all relatively small,
the difference between the inner and external gate voltages can
almost be ignored. Second, due to the technical limitation, it is
hard to measure the inner voltage on Cs_s; and the only gate—
source voltage we can directly observe is outside the package,
between the gate pin G* and the source pin S*. Therefore, to
better compare the theoretical calculation with the experimental
results and verify the accuracy of our model, the external gate
voltage vgg is derived, analyzed, and measured.

Since it is too complicated and difficult to solve this model
directly, proper simplifications are implemented to facilitate the
calculations. In Fig. 4, Cgp si, Cgs_si, and Cpg_g; form a delta
connection that can be changed into a star connection around
the common node A, as shown in Fig. 5, by using the follow-
ing formulas (2)—(4) [29]. Similarly, the delta connection of
Cap_gan, Cgs.aan, and Cps_gan can also be changed into a
star connection around the central node B through (5)—(7) [29].
Then, the circuit model shown in Fig. 4 is transformed to the
equivalent circuit shown in Fig. 5, in which Z,y—Zsy are the
calculated impedances of star connections given as

1 % 1
_ sCqpsi sCgs.si
ZlY - 1 1 1 (2)
sCGgssi sCap si sCpssi
1 1
sCgp si sCpssi
ZZY = 1 1 1 (3)
sCcs si sCap si sCps.si
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Ty — sculss; X SCGls,Si 4
3y — 1 1 1 “4)
sCcs si sCap si sCps si
1 1
5CGs.GaN sCps.GaN
Z4Y - 1 1 1 (5)
sCGs.GaN sCps._GaN sCGD.GaN
1 X 1
_ sCGp GaN sCps . GaN
Z5Y - 1 1 1 (6)
sCgs.GaN sCps._GaN sCGD.GaN
1 % 1
_ sCGs.GaN sCGp.GaN
ZGY - 1 - 1 - 1 . (7
sCGs.GaN sCps_GaN sCGD . GaN

By observing the circuit shown in Fig. 5, apparently nodes
A, B, and C also form a delta connection that can be converted
to a star connection. Zxp, Zac, and Zpc are, respectively, the
impedances between node A and B, node A and C, and node B
and C, expressed as (8)—(10). Similarly, by using the delta—star
transformation, equivalent impedances Z,, Zp, and Z¢ can
be obtained as (11)—(13). Thus, the final simplified equivalent
circuit model of false turn-ON is shown in Fig. 6.

ZaB = Zoy + sLing1 + Zuy ®)
Zac = Zsy + SLings + Rins )

Zpc = Zgy + sLintz + Ring2 (10)
A4 Z
74 = AB X ZAC (11)
ZaB + Zac + Zpc
VA 7
Zp = AB X 4ZBC (12)
ZAB + Zac + Zpc
Z Z
Ze = AC X 4BC (13)

ZaB + Zac + Zc
The impedance Zp of two parallel branches shown in Fig. 6

can be described as follows:

Zp =

(Zc + sLsi + sLg) x (Za + Z1y + sLgi + Re + sL¢)

Zo + sLsi+ sLs + Za + Z1y + sLar + Re + sLe
(14)

Then the total impedance Z; ., can be easily obtained as

Ziotal = Zp + Zsy + sLp +sLpi + Zp. (15)
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The gate-to-source voltage Vs (s) is the potential difference
of V. (s) and V_(s) , as shown in Fig. 6. Both V., and V_ can
be calculated through voltage division in the parallel circuit as

Vi (s) Zos (R + sL
= x (Rg +
) = 7y + skar + Re + kg (Fo Tela)
(16)
Vos(s) Zp
Vo (s) = Ll Ls. 17
(S) Zc + sLgi + sLg shs an
Hence, V;5(s) can be derived as
Z
Vos(s) = Vi (s) = Vo(s) = Vos(s) x
total
y ( Rg + sLg B sLs )
Za+ Ziy +sLg; + Rg + sLa Zc +sLgi+sLg )’
(18)

To solve Vis(s), Vbs(s) should be accurately calculated.
The complete Laplace transformation Vpg(s) of vpg is shown
in (19). Since the turn-ON transient of active switch is the most
essential factor of false triggering during the switching process,
it is reasonable to treat T,, as infinite and the Laplace trans-
formation Vpg(s) can be simplified as (20). Though Vpg(s)
in (20) can be used to obtain Vg (s) directly, it is quite diffi-
cult to derive the time domain vgg (¢) according to the resultant
Vas(s) either by MATLAB or manually. In order to facilitate
the inverse Laplace transform of V;s(s) and simplify the cal-
culation process, the Laplace transform Vpg(s) can be divided
into two parts, Vpg (s) in (21) and Vs (s) x e 7. Vg (s)
in (21), i.e., the first term of Vpg(s) in (20), is first substi-
tuted into (18) and the inverse Laplace transform of resultant
Visi(s) in (22) can be calculated as vggy(t). As the expo-
nential term e 7" in s domain equals to a delay —7} in time
domain, the inverse Laplace transform of Vg1 (s) X e 5T cor-
responding to the second term of Vpgs(s) can be derived as
vas1(t — T,) x u(t — T, ), where u(t — T}) is a step function
with time delay —7,.. Because of the linearity property of inverse
Laplace transformation, the complete time domain expression
v (t) corresponding to Vizs(s) in (18) is derived in (23) and
(24), combining vgs (t) and vgsy (6 — T;) x u(t — 7). In this
way, only one simpler inverse Laplace transform and one step of
substitution is required to obtain the full expression of vgs (¢),
largely reducing the computation cost.

. VDc(l — ef'ST") _ VDC 675T°"

1% 19
ps(s) T3 S (19)
Voc(l—e*T") Voo 5 Voo 5 _op
Vps(s) = T 52 = T 57— T s ‘e
(20)
\% _
Vosi(s) = ;Cs 2 1)
Z
Vasi(s) = Vi = Vo = Vpsi(s) x 7 r
total
X ( R + sLg B sLg )
Zy+Ziv +sLgi + Rg +sLe Zo + sLsi + sLs
(22)
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sz(t) = L71 [Vgs(s)] = If1 [VGSl(S) — VGSl(S)eisT"}
= vas1 (t) ! [VGSl(S)ei'ST"] (23)
vas(t) = vasi(t) —vasi(t = T5) x u(t —T;). (24)

It should be mentioned that the specific and detailed vgs (¢)
expressed by explicit circuit parameters such as R and Vpc is
not given in this paper, because the complete expression derived
by MATLAB is extremely long and complicated due to the
large number of parameters. And the order of its approximate
Laplace expression is as high as seventh, of which the standard
equation is presented and discussed in Section III. Therefore, it
is faster and simpler to substitute the detailed parameter values
in each derivation rather than including all the parameters to
derive the final general expression. Consequently, it is strongly
recommended to calculate with the exact values in each step of
the aforementioned solution process, which is summarized as
follows.

1) Impedance transformation: Calculate Ziy_¢,, Zan,
Zac, ZBc, Z4a, Zp, Zo, Zp, and Z;,,) using exact val-
ues of parasitic parameters, which can be obtained from
the official device datasheet and extracted from the PCB
layout of prototype.

2) Calculate Vigi(s) according to (22) using Vpsi(s) in
21).

3) Inverse Laplace transformation of Vi;g;(s) to obtain the
corresponding time domain expression vgg1 (¢).

4) Derive the final vgg(t) by (24) using vgs1 (t) calculated
in step 3): The maximum value of v (¢) can then be ac-
quired and compared with the threshold voltage of cascode
GaN device (2.1 V for the cascode device TPH3212PS)
to judge the occurrence of false turn-ON phenomenon.

As a result, based on the derivations of the induced gate-to
source voltage both in frequency domain and time domain, the
major factors influencing the false turn-ON phenomenon in half-
bridge of cascode GaN devices can be specified and analyzed
accordingly.

III. INFLUENCE EVALUATION OF DEVICE AND CIRCUIT
PARAMETERS ON INDUCED VOLTAGE AND
SUPPRESSION GUIDELINES

The induced voltage exceeding the threshold can cause false
turn-ON, even resulting in shoot through and sustained oscilla-
tion in the cascode GaN based half-bridge circuit. In fact, the
characteristics of the induced voltage such as the peak value,
damping ratio, and oscillation frequency are greatly affected by
parasitic components in cascode GaN devices and circuit pa-
rameters, and the peak voltage against the threshold is relatively
crucial for the judgement of the false turn-ON problem. There-
fore, to avoid the problems brought by the false turn-ON, the in-
fluences of device and circuit parameters on the induced voltage
are comprehensively evaluated and the suppression guidelines
are developed.

The values of parameters employed in the subsequent study
are in accordance with the parameters of our experimental
prototype, as listed in Table I, to increase the reliability and
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TABLE I
DEVICE AND CIRCUIT PARAMETERS

Symbol Value Symbol Value
C(,'S?‘y, /pF 2096 CGS,GaN /pF 214
C(,'[)Jy, /pF 219 CGD,GaN /pF 6
C[)‘y?‘y, /pF 230 C[)‘y?(,'aN /pF 164
Liy /nH 0.26 Lgi/nH 0.65
Liyn/mH 0.2 Lgi/mH 2.86
Lins /nH 0.33 Lp; /mH 1.68

Rinnal Q2 0.12 Rin3 /Q 0.01

LS /mH 4 LG /nH 5

Lp/nH 6.6 R/Q 5

T,/ns 5 VeIV 0~400

authenticity of the following analysis. The cascode GaN de-
vice TPH3212PS (650 V cascode GaN FET produced by
Transphorm, Inc.) is used. The junction capacitances of its in-
ner Si-MOSFET and depletion-mode GaN transistor, inductances,
and resistances of internal wire bondings are obtained from the
official datasheet and spice model provided by Transphorm,
Inc., with the nonlinearity of output capacitance considered.
The values of junction capacitors given in Table I correspond
to Vpc = 300V. The parasitic inductances L¢g, Lg, and Lp
are extracted according to the PCB layout of the experimental
prototype.

A. Influences of Device and Circuit Parameters on the Peak
Value of Induced Voltage

The peak value of the induced voltage vgg(t) is a decisive
index of the false turn-ON problem in cascode GaN based half-
bridge. By measuring and comparing it with the threshold value,
the problem can be accurately judged. Normally, it is very hard
to estimate the peak value precisely, but with the complete ex-
pression of vgg(t), being derived by (24), the exact peak value
of the induced voltage vgg(t) can be obtained. Figs. 7-10 de-
scribe the peak voltage variation by sweeping different device
and circuit parameters.

Fig. 7 shows the changes in Vg.max versus the junction
capacitances of Si-MOSFET under different dc bus voltages: It
can be obviously seen that Vizs .« increases as Vp ¢ increases;
Vs max declines with larger Cgg_g; and smaller Cgp g;; and
Cps_si has almost no impact on Vg max-

In Fig. 8, the influences of junction capacitances of depletion-
mode GaN transistor on Vg max are shown. Vag may remains
nearly unchanged with the variation in Cgg_gan and Cgp_gan
and rises with the gain in Cpg_gaN-

Fig. 9 shows the relationships between parasitic inductances
and Vs max. With the increase in Lp and Lg, Vos max aug-
ments, whereas the impact of Lg on Vs max 1S different. Lg
has both positive and negative effects on the peak voltage in-
duced. At first, Vgs_max drops when Lg increases from zero
to a certain value. After that, Vg mac rises as Lg contin-
ues to increase. The value of Lg at this critical point with
minimum Vgg max depends on the values of other circuit
parameters.

Fig. 10 shows the influences of Rg and 7, on Vg nax that
Vs max becomes higher with larger R and shorter 7.
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According to the analysis above, C¢s si» Cap_si> CDS_GaN >
Lg, Ls, Lp, Rg, and T, are major device and circuit pa-
rameters having apparent impacts on Vg _max. This conclusion
can serve as an effective reference for the selection of cascode
GaN devices and PCB design to suppress the false turn-ON
phenomenon.

B. Influences of Device and Circuit Parameters on Damping
Ratio and Oscillation Frequency of Induced Voltage

Since the rising time 7, is relatively small in most cases,
the exponential term e *7" in (20) can be approximated as a
first-order inertial element [30], as shown in (25). Hence, by
substituting (25) into (18), Vizs(s) can be derived as (26)

_ We(l—e") Ve <1

o T, s? T T, 82
o A5S5+A4S4+A383—|—A282—|—A13—|—A0
- B7S7+B686+B5S5+B484+3383+Bg$2+Bls+Bo.
(26)

The coefficients in (26) derived by MATLAB are not given
here due to their extremely long and complex expressions, as
mentioned above, and the subsequent analysis and conclusions
are focused in this paper. The poles of Vig(s) determines the
transient characteristics of the system. The pole-zero map of
Vas(s) is plotted in Fig. 11. There are in total seven poles, three
real poles p1, p4, and p; and two pairs of complex conjugate
poles pa, p5 and ps3, p3. Since the real poles p, and ps are
both negative and located far from the imaginary axis, they
only have little impact on the time domain response and thus
can be neglected. The pair of complex conjugate poles p3, pj;
is much farther from the imaginary axis than p,, p3, therefore
their effect can also be ignored. Fig. 11(b) shows the enlarged
view and it reveals that p;, ps, pj are three poles dominating
the characteristic of time domain response. As the complex
conjugate poles, p2, p5 mainly affect the damping ratio and the
oscillation frequency of the induced voltage.

The complex conjugate poles p2, p5 can be defined according
to their real and imaginary parts as

1
1 +T7-s> 25)

Vbs(s)

Vc,s(s)

p2,py = —0 & jwa. 27

Hence, the damping ratio ¢ and the oscillation frequency f
can be derived as
o

S — 28

¢ P2l /0% + W] @9

f:;id. (29)
s

The damping ratio £ can reflect the damping characteristic
of the induced voltage vgg(t). The greater the damping ratio
is, the faster the oscillation attenuates and the smaller the peak
voltage is. Consequently, the desirable damping ratio should
not be too small in case the false turn-ON problem occurs.
Fig. 12 illustrates the damping ratio variation versus different
device and circuit parameters. According to the figure, it can be
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Fig. 11.  Pole-zero map of V; 5 (). (a) Pole-zero map of Vi; 5 (). (b) Enlarged
pole-zero map.

concluded that the damping ratio decreases with the increase in
Lp and L and increases with the rise in Lg. The induced volt-
age damps faster with smaller R, Cgp si, Cbs_gan> Cab_GaNs
and larger Cg si, whereas Cps si, Cas_gan, and T, have little
impact on the damping ratio. Since the output capacitor reduces
rapidly with the increase of dc voltage below 250 V, the damp-
ing ratio increases gradually in this voltage range. When the dc
voltage exceeds 250 V, the damping ratio remains nearly con-
stant because the change of the output capacitor is relatively
small.

Furthermore, Fig. 13 elucidates the variation of oscillation
frequency with respect to different device and circuit parame-
ters. It can be drawn that: the frequency drops with the increase
of Lg and Lp and remains almost constant with the change
of Lg; the induced voltage oscillates at a lower frequency
with larger Rg, Cgssi, Capsi, Cps.can, and Cgp_gaxs
Cbs.si, Cas_gan, and T, have little influence on the oscillation
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Fig. 12. Influences of device and circuit parameters on damping ratio €.

(a) & vs. parasitic inductances. (b) £ vs. junction capacitances of Si-MOSFET.
(c) € vs. junction capacitances of GaN transistor. (d) £ vs. gate resistance R .
(e) & vs. rise time 7. (f) £ vs. DC voltage Vp ¢ .

frequency; the frequency increases evidently with the dc volt-
age below 250 V because in this region the output capacitor
decreases significantly with its drain—source voltage.

As a result, these conclusions concerning the damping ratio
and oscillation frequency of the induced voltage can also be
useful for guiding the cascode GaN design to eliminate the false
turn-ON phenomenon.

C. Suppression Guidelines of False Turn-ON Problem

To prevent the false turn-ON phenomenon, the peak value
of induced voltage Vs max should be kept below the thresh-
old voltage V;}, of which the maximum value equals 2.6 V for
most of the cascode GaN devices. From Figs. 7 and 8, it can be
concluded that Cqs si, Cap si> and Cps_gan are three junction
capacitors of non-negligible impacts on V(;g_max. Therefore, the
induced turn-ON can be avoided through fabricating and select-
ing cascode GaN devices with proper junction capacitances of
low voltage Si-MOSFETs and high voltage depletion-mode GaN
transistors, by following the principle that Cgg_s; should be rela-
tively large and Cp s; and Cps_gan should be relatively small.

However, for a packaged cascode GaN device, the available
strategy for suppressing the false turn-ON phenomenon can only
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Fig. 13. Influences of device and circuit parameters on oscillation

frequency f. (a) f vs. parasitic inductances. (b) f vs. junction capacitances
of Si-MOSFET. (c) f vs. junction capacitances of GaN transistor. (d) f vs. gate
resistance R . (e) f vs. rise time 7). (f) f vs. DC voltage Vp ¢ .

be applied outside the package, especially from the aspects of
PCB layout and gate loop design. Fig. 9 shows that the values
of Lg, Lg, and Lp greatly affect the peak voltage induced.
Hence, during the process of PCB layout and routing, L and
Lp are supposed to be designed as small as possible, which
means the gate loop and the main power loop should be pos-
sibly short. Since Lg has both positive and negative effects,
the critical value of Lg corresponding to the minimum Vs max
ought to be searched and Lg should be kept around this value. In
Fig. 10, it is indicated that larger gate resistance R and shorter
rise time 7, lead to higher induced voltage. As a result, a small
gate resistor and even zero gate resistor is preferred to avoid the
false turn-ON. The rise time 7. reflects the switching speed of the
active device controlled by the value of its gate resistor, which
should be set relatively large to slow down the switching with-
out sacrificing the advantages of high-frequency applications at
the same time.

In addition, some extra measures may also contribute to the
elimination of induced turn-ON. Adding a parallel capacitor for
Cgs.si of the cascode GaN device suffering false triggering
can effectively share the displacement current from Cgp _g; and
thus reduce the maximum value of induced voltage. Another
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lnput capcacitors

Fig. 14.  Experimental configuration and prototype of a double-pulse test
circuit. (a) Double pulse test circuit configuration. (b)-(c) Experimental
prototype.

feasible choice which is often adopted in practice is injecting
ferrite beads, either in the gate loop close to the gate of the
cascode GaN device or in the main power loop near its drain
pin, to suppress the potential oscillation of induced voltage.

IV. EXPERIMENTAL VERIFICATION AND DISCUSSION
A. Experimental Prototype

Fig. 14 presents the configuration and experimental prototype
of the double-pulse test circuit. The switching cascode GaN
devices are TPH3212PS (650 V cascode GaN FET produced by
Transphorm, Inc.). To facilitate the signal measurement without
changing the working principle of double-pulse test, the active
switch Q; is placed on the top side, whereas the inactive device
Q> is put on the bottom side with its source terminal connected
to the ground. In this way, the measurement of vgg, vpg, and
ip are all based on the real ground. The half-bridge driver is
Si8273. The current shunt is SSDN-10, which has a resistance
of 0.1 €2, a bandwidth of 2 GHz, and a maximum power rating
of 2 W and 2 J. The current shunt resistor is connected in the
freewheeling circuit to measure the current of inactive switch
Q- and the heat generated by this resistor has been limited
under 2 J through reducing the widths of Q;’s double pulses to
protect it from large freewheeling current at high dc voltages.
The probe is TPP1000 of 1 GHz bandwidth. The inductor L has
an inductance of 40 pH.

Fig. 15 shows the example waveforms of inactive switch
0-’s vpg and vgg in the double-pulse test. Obviously, when the
active switch Q; turns ON, large oscillations can be observed
both in the induced gate—source voltage vgg and the drain—
source voltage vpg of Q9, as shown in the black circle, which is
disadvantageous for the cascode GaN device application.

B. Experimental Verifications of the Model and Calculation
of Induced Voltage

The modeling and quantitative calculation of false turn-ON
induced voltage are verified under various circuit parameters.
Figs. 16-19 display comparisons between the calculated vgs ()
using the proposed model and the measured waveform of v (¢)
in experiments of different conditions in terms of gate resistor
R¢, common source inductance Lg, dc voltage Vp, and rise
time 7, controlled by the gate resistor R ¢ of active switch
Q1. The calculated waveforms are in reasonable agreements
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Fig. 15. Example waveforms of inactive switch Q2’s vpg and vgg in the
double-pulse test.
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Fig. 16.  Comparison of calculated and experimental v s () at Vpc = 100V,
Rg =4Q,and Rg g1 = 4Q. (a) Calculated vgs (t). (b) Measured vgs (1).
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Fig. 17.  Comparison of calculated and experimental vg s () when R o1
increases to 10 2. (a) Calculated v g (¢). (b) Measured vg g (¢).
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Fig. 18. Comparison of calculated and experimental vgg(t) when Lg
increases by 6 nH. (a) Calculated vg g (t). (b) Measured vgs ().
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Fig.19. Comparison of calculated and experimental vi g () at Vpc = 120V,
Rg =10Q,and Rg_g1 = 0. (a) Calculated vg (2). (b) Measured vgs (1).

with the experimental results, especially in the peak voltage
Vi s max and the settling time for vg g (¢) to attenuate below V;,,
which equals 2.1 V for the cascode device TPH3212PS, indicat-
ing satisfying accuracy of the proposed model and calculation
of induced voltage under varied conditions.

Fig. 16 illustrates the calculated and experimentally measured
vas (t) when Vi equals 100 V and the gate resistors of Q; and
Q5 are both 4 €). The calculated and measured values of Viys max
are about 12V, greatly exceeding the threshold voltage V;y,. The
settling time for calculated vgg (¢) to damp below Vi, is about
200 ns, whereas it takes 208 ns for measured v (¢) to attenuate
under Viy,.

Fig. 17 depicts the calculated and measured vgs (t) when the
gate resistor of Oy increases to 10 2. Since larger gate resistor
leads to slower switching speed of Q1, both the calculated and
measured values of Vg max decline to around 11 V. The two
settling times have a difference of 10 ns.

As shown in Fig. 18, the calculated and measured Vs imax
both rise to about 12.7 V due to the gain in common source in-
ductance Lg, which deviates from its critical point of minimum
Vs max- The settling time of calculated vgg (¢) is 240 ns, which
has an acceptable tolerance compared to that of the measured
ves (1)

Fig. 19 plots the waveforms of calculated and measured
vgs (t) when a higher Vi is applied with a larger gate resistor
for Q> and a smaller gate resistor for Q; adopted, compared
with the case in Fig. 16. As a result, the peak values of both
calculated and measured vgg increase to about 13.5 V. The two
settling times are similar with a small gap of 8 ns.

The comparisons mentioned above indicate that the gate-to-
source voltages v g calculated according to the proposed model
are very close to the respective experimental results, especially
in terms of the peak value and settling time of the induced
voltage, which demonstrates the validity and accuracy of the
established model and the calculation process. Therefore, the
proposed theoretical model of false turn-ON in cascode GaN
devices and the calculation of induced voltage is proved to be
a precise and reliable reference for judging the occurrence of
false triggering and guiding the cascode GaN design.

C. Experimental Verifications of the Influences of
Circuit Parameters

This section gives the detailed experimental results verify-
ing the influences of major circuit parameters on false turn-ON
phenomenon presented in Section III.

Ves mn=11.5V Vasmn713:2V,

40ns/div

(c) (d)

40ns/div |

Fig. 20. Measured waveforms under different dc voltages at R = 42 and
Rg. g1 =0%Q. (a) Vpc = 20 V. (b) Vpc = 60 V. (¢) Vpc = 100 V.
(d) Vpe = 140 V.
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40ns/div 40ns/div§

(a) (b)
Vs m=13.5V Vs mu15.8Y
40ns/div 40ns/div

(é) (d)

Fig. 21. Measured waveforms under different gate resistors of Q2 at Vpc =
140V and R 91 =08Q. (a) Rg = 0Q.(b) Rg =2 Q. (c) Rg =4 Q.
(d) Rg =10 Q.

1) Influence of DC Voltage Vpc on Vs max: Fig. 20 shows
the measured waveforms of vgg under different dc voltages.
It can be seen that with the increase of V¢, the peak voltage
of vgg increases obviously and it takes longer time for vgg to
damp below V4;,. Moreover, the oscillation frequency also rises
with the gain in V. In Section III, the experimental results are
in good agreements with the analytical analysis.

2) Influence of Gate Resistor R on Vgs max: Fig. 21 plots
the experimental waveforms with different gate resistors of the
synchronous device Q». The increase in R has a positive im-
pact on the peak voltage of vgs and the oscillation period is
hardly influenced by R, exactly proving the analysis given in
Section III.

3) Influence of Rise Time T, on Vgs_max- As illustrated be-
fore, the rise time 7, is controlled by the gate resistor R g1 of
the active switch Q. Fig. 22 depicts the measured waveforms
under different rise times by changing the value of g 1. The
results are in accordance with the aforementioned analysis that
the longer the rise time is, the lower the dv/dt is and the less the
Vs max 18, While the rise time has little effect on the oscillation
frequency.
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Fig.22.  Measured waveforms under different gate resistors of Q1 at Vpc = 120V and Rg = 4Q. (a) Rg_ g1 = 0Q.(b) Rg g1 =4 Q.(c) Rg_g1 = 10Q.
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Fig. 23.  Measured waveforms under different common source inductance L g

at RG =40 and Rg_Ql =40Q. (a) LS = 4 nH, VDC =60 V. (b) LS
103 nH, Vpe = 60 V. (¢) Lg = 4 nH, Vpc = 120 V. (d) Lg = 10.3 nH,
Vpe = 120 V.

4) Influence of Common Source Inductance Lg on Vs max-:
Fig. 23 shows the influence of common source inductance Lg
on the peak voltage Vs max. TWo groups of experiments with
different values of Lg are conducted at two different dc voltages,
60 and 120 V.

At the first experiment, the value of Lg is 4 nH, close to
the aforementioned critical point. In the second experiment, Lg
is increased to 10.3 nH. Therefore, the Vag max 1n the latter
experiment is observed to be larger than that of the first experi-
ment, which is in accordance with the corresponding conclusion
drawn in Section III.

5) Influence of Drain Inductance Lp on Vgs max: Fig. 24
demonstrates the experimental waveforms under varied drain
inductances Lp at two dc voltages. The same conclusion can
be drawn as is drawn in the abovementioned analysis that larger
Lp leads to higher Vs max-

6) Influence of Gate Inductance L on Vs max: The results
of contrastive experiments under different gate inductances Lg
are shown in Fig. 25. Similarly, the larger L is, the larger peak
voltage Vs max 1S observed.

All these results prove the validity of the proposed analysis
for the influences of major circuit parameters in Section III,
which can serve as a reliable and practical guidance for the
usage of cascode GaN devices and the PCB layout and routing.
Moreover, the guidelines to reduce the peak value and avoid
false turn-ON problem are implemented on the basis of those
analyses.

Fig. 24. Measured waveforms under different drain inductance Lp at R =
4Q and Rg g1 =4%Q.(a) Lp = 6.6nH, Vpc = 100 V. (b) Lp = 19.2 nH,

Vbc = 100 V. (¢) Lp = 6.6 nH, Vpc = 160 V. (d) Lp = 19.2 nH,
Vbe = 160 V.
Vs mas=6V Yas m TV
40ns/div 40ns/div
(a) (®
5 Vest S V/diy
VGSJnax=9~4V VGSJn:x=10V
40ns/div 40ns/div
(©) (d)

Fig. 25.  Measured waveforms under different gate inductance L at Rg =
4Q and RG_Q1 =4Q. (d) LG = 5 nH, VDC =80 V. (b) L(; = 17.8 nH,
Vbc =80V.(¢c)Lg =5nH, Vpc =140V.(d) Lg = 17.8 nH, Vpc = 140 V.

D. Experimental Verifications of Guidelines to Suppress the
False Turn-ON

1) Optimizing PCB Layout and Gate Loop Design: As
shown in Figs. 21-25, optimizing PCB layout and gate loop
design can effectively reduce the induced voltage, thus sup-
pressing the false turn-ON phenomenon. The detailed strategies
can be figured out according to the results shown in Figs. 21-25.
In Figs. 21 and 22, it is indicated that smaller gate resistance
R¢ and longer rise time 7, lead to lower induced voltage. As
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Fig. 27.  Measured waveforms without and with ferrite beads at R = 02
and R(;in =10Q. (A Rg =0 Q, Rcin =10 Q, Vpc = 80 V, without
ferrite beads. (b) Rg = 0, Rg_ g1 = 10Q, Vpe = 80V, with ferrite bead
close to the gate. (¢c) Rg = 02, Rg_g1 = 10, Vpc = 100V, with ferrite
beads close to the gate and drain. (d) Rg = 0 €2, Rg g1 = 10 Q, Vpc =
200V, with ferrite beads close to the gate and drain. (¢) Rg = 0, Rg g1 =
10 ©, Vpc = 300 V, with ferrite beads close to the gate and drain. (f) R =
09, Rg_g1 =109Q, Vpc = 400 V, with ferrite beads close to the gate and
drain.

a result, a small gate resistor and even zero gate resistor is pre-
ferred to be applied on the synchronous device Q», whereas the
gate resistor of active switch Q; should be set relatively large
to slow down the switching without sacrificing the advantages
of high-frequency applications. From Figs. 23-25, it can be
concluded that the gate inductance and drain inductance L
and Lp are supposed to be designed as small as possible to
reduce the Vs max and the common source inductance Lg
should be designed approaching to its critical value to achieve
the minimum Vs pax.

2) Paralleling a Capacitor Across the Gate Pin and Source
Pin of a Packaged Cascode GaN Device: Capacitors of different
capacitances are paralleled across the gate pin and source pin of
Q- , with the results shown in Fig. 26. The peak voltage Vs max
does decline with the increase in the capacitance of the extra

(b) (©)

Measured waveforms when a parallel Cgg oy is added at Vpo = 80V, Rg =4Q, and Rg g1 = 4. (a) No Cggex. (b) Casex = 470 pE.

capacitor Cgs_ox. As a result, paralleling a capacitor can be an
effective way to reduce the induced voltage.

3) Injecting Ferrite Beads, Either in the Gate Loop Close to
the Gate of the Cascode GaN Device or in the Main Power Loop
Near Its Drain Pin: Fig. 27 presents the measured waveforms
without ferrite beads, with a ferrite bead (MMZ2012D121B) in-
jected close to the gate and with ferrite beads both near the gate
(MMZ2012D121B) and near the drain (BLE32PN300SN1L) of
inactive switch Oy at different dc voltage levels. By comparing
Fig. 27(a) with Fig. 27(b), it can be obviously seen that adding
a ferrite bead near the gate of Q, can decline the Vg 1ax from
8.5 to 5 V. Moreover, by injecting another ferrite bead in the
main power loop close to the drain pin of inactive switch Qs,
the damping of voltage oscillation in vgg can be greatly acceler-
ated with the peak voltage also largely decreasing, as shown in
Fig. 27(c). Though the peak value of vgg augments with the dc
voltage increasing in Fig. 27(d) and (e), the ferrite beads can still
attenuate the oscillation in vgg rapidly and protect the device
from false triggering and shoot through. Hence, injecting ferrite
beads is recommended as an effective method for the reduction
of peak voltage and suppression of oscillation in vgg.

V. CONCLUSION

The false turn-ON phenomenon in cascode GaN devices based
half-bridge configurations has been comprehensively studied
in this paper, which provides a credible and accurate refer-
ence for the device selection, PCB design, and debugging of
cascode GaN converters in engineering practice. A novel an-
alytical model considering all the parasitic parameters is well
established and the quantitative and accurate expression of in-
duced gate-to-source voltage is successfully calculated, which
enriches the research of cascode GaN devices and can serve as
a precise and significant assessing index for judging the occur-
rence of false turn-ON problems. What’s more, the influences of
major device and circuit parameters have been evaluated from
the aspect of peak value of induced voltage, providing a reliable
and practical reference for the usage and PCB design of cascode
GaN devices to get rid of the false turn-ON problem. The pro-
posed analysis further indicates that the false triggering can be
effectively suppressed by optimizing PCB layout and gate loop
design, by adding a parallel capacitor across the gate and source
pin and by injecting ferrite beads both in the gate loop and the
main power loop. Based on a half-bridge prototype consisting
of cascode GaN transistors, the validity and high accuracy of the
proposed theoretical model and analysis are fully verified by the
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experimental results with satisfactory performances. The sug-
gested suppression strategies are also proved effective by exper-
iments and can be recommended for designing and debugging
cascode GaN converters to avoid the false turn-ON problem and
hence, increase the stability and robustness of systems.
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