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Abstract—Wide bandgap devices such as gallium nitride (GaN)
devices are being widely used due to their low ON-resistance and
parasitic parameters that can improve system performance com-
pared to Si MOSFETs. However, these advantages mentioned above
can sometimes lead to unexpected behavior in practical systems,
such as false triggering oscillation. False triggering oscillation may
cause overshoot, electromagnetic interference, shoot-through, and
even device damage, which seriously affects the performance of
the system. In this paper, an RC snubber circuit is proposed to
suppress false triggering oscillation in a half-bridge circuit, and
the design method of the RC parameters is proposed. The proposed
oscillation suppression method is simpler, easier to implement, and
more effective than the active gate driver. In addition, it can provide
guidance for oscillation suppression design in high-order systems.
First, the double pulse circuit is used as an example to analyze false
triggering oscillation and its high-frequency equivalent circuit is
obtained. Then, the RC region is established by scrutinizing the
characteristic equations via a root locus method. The RC snubber
circuit has better oscillation suppression effect when the RC param-
eters are within the region rather than outside the region. Finally,
the RC region designed by the proposed method is verified by sim-
ulation and experiment results, and the proposed method indicates
a substantial improvement of the switching characteristics of the
controlled device at turn-OFF.

Index Terms—False triggering oscillation, GaN devices, half-
bridge circuit, RC snubber circuit.

I. INTRODUCTION

HE wide bandgap devices such as gallium nitride (GaN)
T transistors have faster switching capacity, lower conduc-
tion and switching losses when compared with the state-of-the-
art Si MOSFETs [1]-[3]. Accordingly, they are considered as
a kind of promising devices to achieve high-frequency, high-
efficiency, and high-power-density power conversion.
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Fig. 1. False triggering oscillation of the half-bridge circuit. (a) GaN-based
half-bridge circuit. (b) False triggering oscillation waveform. (c) Enlarged
waveform.

Despite all its merits, low ON-resistance and capacitance of
GaN devices can also cause false triggering pulse and even more
severe false triggering oscillation as switching speed increases
[4]-[7]. The false triggering oscillation mainly occurs when the
active switch Q2 is OFF and the inactive switch Q1 conducts
reversely, as shown in Fig. 1. It is noteworthy that the false
triggering oscillation may cause overshoot, shoot-through, and
even device damage, which seriously deteriorate its operational
reliability. Furthermore, it may lead to serious electromagnetic
interference (EMI) problem, and reduce conversion efficiency
greatly since the false triggering oscillation frequency may reach
tens to hundreds megahertz.

Commonly, there are two main reasons for false triggering
pulse and even false triggering oscillation as follows [4], [6]—
[10]. On the one hand, the negative voltage formed by the
high di/dt at the common source inductance will lead to high
gate—source voltage. On the other hand, high dv/dt induced
displacement current flows through the Miller capacitor into the
gate driving circuit, which will also result in Miller turn-ON if
the gate—source voltage rises to its threshold voltage, and thus,
false triggering pulse and even false triggering oscillation occur.

See http://www.1ieee.org/publications_standards/publications/rights/index.html tor more intormation.
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In [11] and [12], the Barkhausen criterion is adopted to
analyze the oscillation occurrence condition, and explore the
influence of some parameters on the false triggering oscillation,
such as gate inductance, drain inductance, gate—drain capaci-
tance, and common source inductance, etc. In [13] and [14],
the principle of false triggering oscillation is analyzed, and
some useful suggestions are given according to the analyzing
results. For example, a small stray gate-loop inductance, a higher
ON-resistance, and gate—source capacitance can reduce the risk
of false triggering oscillation. In [15] and [16], the occurrence
of false triggering oscillation can be avoided by a good printed
circuit board (PCB) layout or by increasing the turn-ON gate
resistance. However, it is very difficult to reduce these stray
parameters due to device package limitations and PCB layout
limitations in practice. Moreover, these suggestions mentioned
above are qualitative, and how to determine these parameters
to suppress the false triggering oscillation is not involved. An
active gate driver and a clamped inductively loaded circuit are
proposed to suppress false triggering oscillationin [17] and [18],
respectively. Although these two methods mentioned above do
have some useful effects, the circuit becomes quite complicated,
and it is not conducive to circuit simplification.

RC snubber circuits are widely used to suppress the drain—
source voltage ringing. However, the RC parameters are
commonly fixed based on the designer’s experience [19]-[22].
Moreover, a sufficient level of ringing suppression cannot be
guaranteed in the experimental design approach mentioned
above. In [19] and [20], the second-order design is used to
roughly estimate the RC snubber parameters, and then the
parameters are experimentally determined. In fact, these ap-
proaches mentioned above do not have sufficient guidance for
the design of the RC parameters quantitatively. In [23] and
[24], an analytical technique for designing RC snubber circuits
for the half-bridge configuration and the flyback converter has
already been developed. In that technique, the characteristic
equations of the high-frequency equivalent circuits are analyzed
by using the root locus method, after which the RC snubber
constants that eliminate the ringing caused by resonances be-
tween the parasitic inductance of the circuit and the parasitic
capacitances of both the switching devices are derived. However,
the mechanism of false triggering oscillation is quite different
from that of the drain—source voltage ringing. Furthermore,
this analytical method can only be applied to second-order or
third-order circuits, it is quite difficult to simplify the system into
a second-order or third-order circuit for false triggering oscilla-
tion suppression. Therefore, it is unclear whether the analytical
technique used to design RC snubber circuits in [23] and [24]
can be applied to deal with the false triggering oscillation.

According to the analysis mentioned above, there are mainly
three problems as follows. First, the existing methods for false
triggering oscillation suppression, such as active gate driver, are
too complicated and their performance is not perfect. Second, al-
though the RC snubber circuits are simple and have been widely
used to suppress the ringing of the drain—source voltage, it is
suspicious that the RC snubber circuits can be used to suppress
the false triggering oscillation. Third, the existing RC design
methods can only be used in second-order or third-order circuits,
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Fig. 2. Circuit diagram of a double pulse circuit with the RC snubber circuit.
QI is the inactive device and Q2 is the active device.

itis very difficult to decide the RC parameters quantitatively for
high-order systems.

In this paper, the RC snubber circuit is adopted to suppress
the false triggering oscillation for GaN devices, which is simpler
and more effective than other schemes. In addition, how to
decide the RC parameters quantitatively is present in detail,
which can provide guidance for oscillation suppression design
for high-order systems. This paper is organized as follows. In
Section II, the analysis model of the false triggering oscillation
based on the double pulse circuit is established at first. Then, the
extraction of parasitic parameters and the analysis and design
method of the RC parameter are presented in Section III. In
Section VI, simulation and experimental platforms are built to
validate theoretical analysis, respectively. In addition, a compar-
ison of the proposed RC design method with the traditional RC
design method is also shown in this section. Some conclusions
driven from this study are described in Section V.

II. CIRCUIT MODELING SETTINGS AND DERIVATION
A. Assumptions and Equivalent Circuit Settings

A double pulse circuit, shown in Fig. 2, is taken as an example
to obtain the analytical model for false triggering oscillation,
and the RC snubber circuit is also included. This model can also
be applied to other half-bridge circuits, such as the synchronous
buck converter. As mentioned earlier, false triggering oscillation
is caused by high dv/dt and di/dt, which occurs mainly when ac-
tive GaN transistor Q2 is turned OFF and inactive GaN transistor
Ql is freewheeling. The definitions of the symbols used in Fig. 2
are shown below.

Vin DC input power.

C Capacitance of decoupling capacitor.

Lp1 Drain parasitic inductance of Q1.

Rioop  Power loop resistance of the double pulse circuit.
Lpo Drain parasitic inductance of Q2.

Cas2  Drain—source parasitic capacitance of Q2.

Cqa2  Gate—drain parasitic capacitance of Q2.

Ces2  Gate—source parasitic capacitance of Q2.

Lgo Common source parasitic inductance of Q2.

L Inductance of load inductor.
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Fig.3.  Simplified circuit diagram of a double pulse circuit with the RC snubber

circuit.

Rcint  Gate parasitic resistance of Q2.

Rco Gate external resistance of Q2.

Lo Gate parasitic inductance of Q2.

Vaa Gate drive power of Q2.

Csnp  Capacitance of snubber capacitor.

Ry,  Resistance of snubber resistor.

In order to simplify the equivalent circuit diagram shown in
Fig. 2, the following assumptions are made.

1) Due to the large capacitance of the decoupling capacitor C,
its high-frequency impedance is sufficiently smaller than
the impedance of other parasitic parameters; therefore, it
can be regarded as a short circuit.

2) Due to the large inductance of the load inductor L, its
high-frequency impedance is sufficiently higher than the
impedance of other parasitic parameters; therefore, it can
be regarded as an open circuit.

3) Since the false triggering oscillation occurs after Q2 is
turned OFF, the gate drive voltage of Q2 is at a low level
of zero.

4) When Q2 exhibits false triggering oscillation, Q2 gener-
ates channel current. The existence of channel current is
a necessary condition for false triggering oscillation [14].

According to the abovementioned assumptions, a simplified

equivalent circuit diagram for analyzing false triggering oscil-
lation is shown in Fig. 3. In addition, the definitions of symbols
in Fig. 3 are shown below.

iD Drain current of Q1.

Ved2 Gate—drain voltage of Q2.
vas2  Drain—source voltage of Q2.
Ves2  Gate—source voltage of Q2.
icho  Channel current of Q2.

igz  Gate input current of Q2.
liss2  Gate current of Q2.

isn,  Current of snubber circuit.

B. Deriving Characteristic Equations Based on Equivalent
Circuit

According to KCL and KVL, the following equations can be

obtained from Fig. 3:
di d(tiss2 + 1

0=y . dlis2 +ip)

S 00 ) 1
i i + vas2 + RioopiD (D
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. dvgsa dvgas | .
= Cysa—— — Cyqo—2= + iy 2
iD das2 g2, + icn2 ()
Vgd2 = Ugs2 — Uds2 (3)
lch2 = GmUgs2 (€]
d(tiss2 + 1 .
LSZ% + Vgs2 + RGintZi852
1 / ondt + onn R (5)
= lsn lsnb{lsn
C(smb b b b
1G2 = Tsnb T liss2 (6)
di 1
LG2 o2 + iGQRGZ + = /isnbdt + isansnb =0 (7)
dt Canb
. dvgsa dvgaz
iss2 — C S —= C, - 8
Liss2 827 1y + Cgaz dt (3

where Lp is the sum of Lp; and Lps.

Rqnp and Cyyp are designed to suppress false triggering os-
cillations of vgsz. Therefore, we perform the Laplace transform
on the abovementioned equations and finally get the s-domain
equation for vgeo. The initial condition of the abovementioned
variable is ip(0) = /o, iG2(0) = isnp(0) = iis52(0) = 0, vge2(0) =
Vo, vas2(0) = 0. The following equations can be obtained from
(1) to (8):

0= (Lp + Ls2)(sip(s) — Io) + sLsatiss2(s)

) 9
+v4s2(8) + Rioopin(s)

iD (5) = SOOSSQUdSQ (5) - ngQ (SUgSQ(S) - ‘/O) + gmvgs2(5)
(10)

5Ls2iss2(5) + Lga (sip(s) — In) + vgs2(s) + tiss2(5) Raint

- ﬁisnb(s) + Z.snb(S)fgsnb (11)
Raa (isnb (5) + tigs2 (3)) + sLa2 (isnb(s) + Tigs2 (5)) (12)
+ﬁisnb(5) + isnb(s)Rsnb =0
tiss2(8) = Ciss2 (svgs2(s) — Vi) — $Cga2vasa(s) (13)

where C0552 = ng2 + Cds2 and Ciss2 = Cng + ngQ- iD(S),
iiss2(8), Isnb(8), Vgs2(s), and vgso(s) are defined as the Laplace
transform of ip, ijss2, isnb, Ves2, and vggo, respectively.

The gate—source voltage vg42(s) can be expressed as
N(s)
D(s)

Ugs2(8) =

. a085 +a154 +a253 +a382 “+ a48 + as
- b086 + b155 —+ b284 —+ b3$3 —+ b482 + b55 —+ b6
(14)
where b; 1=0,1,2,3,4,5,6)and q; j =0, 1, 2, 3,4, 5) are
coefficients listed in the Appendix. It should be noted that this
is a sixth-order system.

III. ANALYSIS AND DESIGN OF RC SNUBBER CIRCUITS FOR
FALSE TRIGGERING OSCILLATION SUPPRESSION

In order to suppress false triggering oscillation of vgg», the best
case is that vgeo has no oscillation terms. When the solutions
of the characteristic equation D(s) = 0 are all real numbers,
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TABLE I
SPECIFICATIONS AND KEY CIRCUIT PARAMETER

Symbol Value
Lp 5.95nH
L 5.2nH
Lsy 3nH
Cissz 1.15nF
Cosa2 0.75 nF
ngz 0.07 nF
Raa 05Q
Raint 0.6 Q
Rioop 0.1Q
gm 278

then v,o has no oscillation terms. However, when D(s) = 0 is
a third-order or lower order polynomial, all solutions of D(s)
= 0 may be a real number. Since the order of the equation is
the same as the number of roots, the third-order polynomial
D(s) = 0 will appear in three solutions. These three solutions
are either real numbers or a combination of a real number and
two conjugate complex solutions. In the third-order polynomial,
when the breakaway point 7 is satisfied such that D(y) = 0 and
dD(7)/ds = 0, the designed Rg,1, and Cg,p, can make D(s) have
no oscillation terms [23], [24]. However, this method cannot
be applied to the fourth-order or higher order polynomials.
Since in the fourth-order polynomial, the number of root loci
of D(s) is also four, a breakaway point exists when two of
four root loci cross the real axis. However, the other two root
loci do not always cross the real axis [25]. Accordingly, we
cannot make all solutions real numbers by solving equations
D() = 0 and dD(y)/ds = 0 simultaneously for the fourth-order
polynomial.

Since the characteristic equation D(s) = 0 in this paper is a
sixth-order polynomial, it is not possible to make all solutions
of D(s) = 0 be real numbers. Therefore, the aforementioned
method of utilizing the breakaway point is not applicable here.
This paper uses the root locus method to confirm the Ry}, and
Csnp value regions for the sixth-order equation. From (14), the

characteristic equation can be obtained as
D (s)=0. (15)

Considering the snubber capacitance Cg,p, as the variable
parameter, we rearrange (15) as follows:

D (s) = P + Csnp@Q = 0. (16)
Transforming (16) into the following form:
CSI]
Di(s) =1+ PbQ =0 (17)

where P and Q are listed in the Appendix.

Changing the value of the capacitance Cs,, from zero to
infinity according to Cs,,Q/P, we can get the root loci of the
characteristic equation D(s) = 0.

Table I lists the circuit parameters obtained from the experi-
mental prototype. Parasitic inductances are extracted by ANSYS
Q3D software according to the PCB layout. Fig. 4 shows the
PCB layout and ANSYS Q3D extraction of Q2 drive circuit.
Since the parasitic parameter extraction method of the driver
loop is basically consistent with the power loop, we use the
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(b)

Fig. 4 Example of Q3D extraction. (a) PCB layout of the Q2 drive circuit.
(b) ANSYS Q3D extraction of Q2 drive circuit.

TABLE II
DRIVER LOOP PARASITIC INDUCTANCE EXTRACTION USING Q3D

Parasitic value Parasitic value
Parameter Parameter
Lisacel 0.68 nH Ligaces 3.55nH
Ltracez 0.97 nH ng 3nH

driver loop of Q2 as an example to explore the extraction of
parasitic parameters. The green line in Fig. 4 represents the
entire driver loop. The parasitic inductance shown in Fig. 4 can
be extracted through the ANSYS Q3D, which mainly includes
Livacel» Ltrace2, and Liyaces. The gate inductance Ly of Q2 is
the sum of the inductances Li;ace1, Lirace2, aNd Lipace3, Which is
5.2 nH. In addition, Lg> is the common source inductance that
is 3 nH. The final results are listed in Table II.

The transconductance and capacitances are obtained from the
device’s datasheet. The selection of the parasitic capacitance
value is related to the drain—source voltage Vqs2, and the value
of the transconductance is obtained near the threshold voltage
Vin of the device.

As mentioned above, the best suppression of oscillation is
achieved when all solutions of the characteristic equation D(s)
= 0 are all real numbers. The damping ratio of all solutions is 1
when all solutions are real numbers. In the sixth-order equation,
there is no guarantee that the damping ratio of all solutions is
1, but all damping ratios should be as large as possible to get
the better oscillation suppression effect. To this end, we propose
to make all the roots of the characteristic equation satisfy the
relatively large damping when changing the range of RC. It will
have better damping effect when the damping ratio is greater
than 0.4 [26].
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Fig. 5. (a) Pole-zero map of the vgs2(s). (b) Enlarged pole-zero map.

When no RC snubber circuit is added, the pole-zero map of
Vgs2 1s plotted in Fig. 5(a). There are four poles, two negative
real poles p3, p4 and two positive complex conjugate poles p1,
p2. Fig. 5(b) is the enlarged view and it shows that p; and p» are
in the right-half plane of s. It can be seen that when there is no
RC snubber circuit, the false triggering oscillation will occur.

The complex pole pl can be defined by its real and imaginary
parts as

(18)

Since the complex pole p1 is in the right-half plane of s, similar
to the second-order system, the damping ratio is defined as [27]

p1 =0+ jwq.

—0

—0

=R
The ¢ from (19) is less than 0, the pole has a positive real
part, and the false triggering oscillation will occur. When ¢ > 0,
the pole has a negative real part and that will not occur the false
triggering oscillation.
When adding the RC snubber circuit, changing the value of
the capacitance Cyy}, from zero to infinity according to Cg1, O/P,

19)
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Fig. 6. (a) Root locus diagram of D(s) = 0 for parameter Cspp (Rsnp = 1 §2).
(b) Enlarged root locus diagram.

we can get the root loci of the characteristic equation D(s) = 0.
Fig. 6 shows the root locus diagram when Ry, = 1 €. After the
RC snubber circuitis included, D(s) = 0 is a sixth-order equation
with six solutions. These six solutions are biased toward the
left-half plane of s as Cg,p, increases. It can be seen that after
adding the RC snubber circuit, the false triggering oscillation
tends to be suppressed.

In order to obtain the better oscillation suppression effect, it
is required that all solutions of D(s) = 0 have a large damping
ratio (. As mentioned earlier, when ( > 0.4, there will be better
oscillation suppression. Fig. 7 shows the root locus diagram for
parameter Cy,p, When Rgyp is equal to 3 €2, This sixth-order
equation has two negative real solutions with a damping ratio of
1 and two pairs of complex conjugate solutions. With the change
of Csnp, D(s) = 0 always has two negative real solutions with a
damping ratio of 1. Therefore, in order to make the damping ratio
of all solutions of D(s) = 0 greater than 0.4, only the damping
ratios of the other two pairs of complex conjugate solutions are
greater than 0.4. Making the straight line with ( = 0.4, we can see
that these two lines intersect with the other four root loci. Taking
the red line and the yellow line root loci above the horizontal
axis as an example, when the damping ratio of the red line root
locus is ¢ > 0.4, the value range of Cgyy, is (0.17 nF, 0.7 nF).
When the damping ratio of the yellow line root locus is ¢ > 0.4,
the value range of Cyyy, is Cspp, > 0.55 nF. In order to make the
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(b) Enlarged root locus diagram.

damping ratio of all solutions greater than 0.4, the intersection
of the two Cgp, value ranges is (0.55 nF, 0.7 nF). The root locus
below the horizontal axis has the same Cs,;, value as above the
horizontal axis. Therefore, when the snubber resistance Ry, is
equal to 3 €2 and the value range of Cyyp, is (0.55 nF, 0.7 nF), the
damping ratio of all solutions of D(s) = 0 can be made greater
than 0.4.

Fig. 8 shows the root locus diagram for parameter Cy,;, when
Rgnp 1s equal to 4.5 €. As with Ry, equals 3 €, there are also
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two pairs of complex conjugate solutions when Ry, is equal
to 4.5 Q. Similarly, draw the straight line of ( = 0.4, there are
intersection points between these two lines and two pairs of
complex conjugate solutions. Taking the two root loci above the
horizontal axis as an example, when the damping ratio of the
yellow line root locus is ¢ > 0.4, the value range of Cyyy, is Cgpp,
> 0.045 nF. When the damping ratio of the other root locus is ¢ >
0.4, the range of Cgyp, is (0.46 nF, 0.64 nF). In order to make the
damping ratio of all solutions greater than 0.4, the intersection
of the two Cgy,p, value ranges is (0.46 nF, 0.64 nF).

Fig. 9 shows the root locus of D(s) = 0 when the snubber
resistance Rgyp, changes from 0.5 to 4 ). It can be seen that
when Ry, is small, no matter how the value of Cgy;, changes,
D(s) = 0 always has the root with a damping ratio less than 0.4.
Therefore, these RC values can be excluded. Fig. 10 shows the
root locus of D(s) = 0 when the snubber resistance Ry}, changes
from 4.5 to 6 (2. It can be seen from Fig. 10(b) that when Ry, is
large, no matter how the value of Cg,, changes, D(s) = 0 always
has the root with a damping ratio less than 0.4. These RC values
can also be excluded.

As previously analyzed, in order to make the damping ratio of
all solutions greater than 0.4, when the snubber resistance Rgp1,
is equal to 3 and 4.5 (2, the value ranges of Cgy}, are (0.55 nF,
0.7 nF) and (0.46 nF, 0.64 nF), respectively. In addition, when
the snubber resistance Ry}, is equal to 3.5 and 4 €2, the value
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Fig. 11  Rsnp—Csnp region when Rgpp, is equal to 3, 3.5, 4, and 4.5 Q,
respectively.

ranges of Cyyp are (0.49 nF, 0.96 nF) and (0.46 nF, 0.87 nF),
respectively. Fig. 11 shows the RC design region when Ry,
is equal to 3, 3.5, 4, and 4.5 2, respectively. Using the same
method, we can also get the corresponding snubber capacitance
Cqnp region when the snubber resistance Ry, is of other different
values.

Finally, the designed region of Cg,, and Rgyp, is shown in
Fig. 12. The region enclosed by the blue line is the range of
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RC values, which can better suppress oscillation because the
damping ratio of all solutions of D(s) = 0, are greater than
0.4. Through the abovementioned analysis, the flowchart of the
proposed RC design method is shown in Fig. 13.

IV. SIMULATION AND EXPERIMENTAL VERIFICATION
A. Simulation Verification

The double pulse circuit with the RC snubber circuit is built
with LTSpice software. The specifications and the key circuit
parameters are listed in Table 1. The input voltage Vi, is 15V,
the inductor current I, is 7 A, and the drive voltage Vo is
5 V. Especially the switching device is EPC2015 using the
manufacturer’s device model [28]. Fig. 14 shows the voltage
waveform of vgeo without the RC snubber and with the RC
snubber. It can be seen that the RC snubber circuit has a good
suppression effect on the oscillation.

In order to further verify the suppression effect of the RC
design region on the false triggering oscillation, the RC snubber
constants outside the design region are examined. According
to Fig. 12, the range of the snubber resistance Ry}, within the
designregionis (2.9 €2,4.68 2). Due to the limitations of resistor
selection in practice, we choose point S (3 €2, 0.68 nF) within
the design region and compared its oscillation suppression effect
with that outside the RC design region. The RC values selected
outside the RC design region are shown in Fig. 15, which mainly
include point A (0.4 €2, 0.68 nF), point B (8.2 £2, 0.68 nF), point C
(3 2, 0.22 nF), and point D (3 2, 1.8 nF). Point A and point B
are compared with point S when the snubber resistance Ry, is
small or large. Point C and point D are compared with point S
when snubber capacitance Cg,y, is small or large.

Fig. 16 shows a comparison of the oscillation suppression
effect within the RC design region and outside the RC design
region. As can be seen from Fig. 16(a), when Ry, is small
(point A), Vg2 has a larger amplitude and a longer oscillation
time. When Ry}, is large (point B), vgs2 has a larger overshoot,
which will be more likely to cause false triggering conduction.
According to Fig. 16(b), when Cgyp, is small or large, the point S
has a better oscillation suppression effect than the points C and
D. Thus, these results show that the analytically designed RC
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Fig. 13.  Flowchart of the proposed RC design method.

snubber is more effective at suppressing oscillation when the
RC parameters are within the region than outside of it.

B. Experimental Verification

An experimental prototype is built, as shown in Fig. 17. Its
specifications and circuit parameters are the same as that listed
in Table I. Similarly, the switching device is the EPC2015,
the driver is the LM5114. In order to measure the switching
current accurately, a coaxial current shunt (named SSDN-10)
manufactured by T&M Research Products Inc. is adopted. The
SSDN-10 has a high bandwidth (2000 MHz), small parasitic
inductance (2 nH), and an accurate resistance (0.1 2); thus,
it can be used to measure currents with very fast dynamic
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characteristics. Specific operation characteristic and schematic
of the SSDN-10 are elaborated in [29] and [30].

Fig. 18 shows the experimental waveforms of ves and ip
without the RC snubber and with the RC snubber. It can be
seen that vgeo will generate false triggering oscillation when
there is no RC snubber circuit, which may affect operating
reliability of the device. When the RC snubber is added, the false
triggering oscillation can be significantly suppressed. Similar to
the simulation, when Ry, = 0.4 Q) and Cyp,, = 0.68 nF (point A),
Rsnp = 8.2 Q and Cypyp = 0.68 nF (point B), Ry, = 3 €2 and
Csnb = 0.22 nF (point C), and Ry, = 3 € and Cyyyp, = 1.8 nF
(point D), respectively, their suppression effect on oscillation is
compared with that of Ry, = 3 2 and Cyy,p, = 0.68 nF (point S).
Experimental results of the oscillation suppression effect within
the RC design region and outside the RC design region are shown
in Fig. 19. It can be seen that the RC value (point S) within the
design region has a smaller oscillation amplitude and oscillation
time than outside the design region. This result supports our
conclusion that the better oscillation suppression effect can be
obtained by an analytically designed RC snubber circuit.

As mentioned in this paper, RC snubber circuits are widely
used to suppress the ringing of the drain—source voltage of the
power loop. In this paper, we apply it to the driver loop to
suppress the false triggering oscillation. Since the false trig-
gering oscillation in this paper is a sixth-order system, the
traditional RC design methods that mainly include second-order
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Fig. 16.  Comparison of oscillation suppression effect within the RC design
region and outside the RC design region. (a) Snubber resistance Rgsnp is 0.4, 3,
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e e

Inductor

Fig. 17.  Prototype of the double pulse test circuit.

design [19], [20] and third-order design [23], [24] are not
applicable here. However, in order to verify the suppression
effect of the traditional method and the proposed method on
the false triggering oscillation, the proposed RC design method
is compared with the two traditional RC design methods. The
second-order design here is equivalent to not considering the
influence of the power loop and does not distinguish between
the gate inductance Lgo and the common source inductance
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Fig. 18.  Experimental results without RC snubber and with the RC snubber.
(a) Without RC snubber. (b) With RC snubber.
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Fig. 19. Experimental results of oscillation suppression effect within the RC
design region and outside the RC design region. (a) Snubber resistance Rgpp, is
0.4, 3, and 8.2 €, respectively, when Cgpp, is 0.68 nF. (b) Snubber capacitance
Csnb 15 0.22, 0.68, and 1.8 nF, respectively, when Ry, is 3 €.

Lgo. The third-order design here also does not take into account
the influence of the power loop but distinguishes between Lo
and Lg>. However, the generation of false triggering oscillation
is inseparable from the power loop, moreover, the magnitude
of Lp and Lo is comparative. Accordingly, obtaining the RC
value of the snubber by the second-order or third-order design
may lead to the oscillation suppression effect not good enough.
In the second-order design, the RC snubber is designed using
the following equations:

1 /L
Rsnb<s) = i C_p (20)
p
1
o) = S ey

where ( is the damping ratio, L, is the parasitic inductance of
the test circuit, which is the sum of Lg2 and Lgo, C;, is the
parasitic capacitance of the GaN device, and f; is the oscillation
frequency.

From (20) and (21), the RC values obtained by the second-
order design are Ry, = 1.5 2 and Cgyp, = 1.8 nF, which are out-
side our designed region. Similarly, in the third-order design, the
values of RC are obtained by using the breakaway point to obtain
a simultaneous equation. The obtained values are Ry, = 1 €2
and Cgp1, = 10 nF, which are also outside our designed region.
The simulation and experimental results are shown in Fig. 20, it
can be seen that the traditional RC design method has a certain
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suppression effect on the false triggering oscillation. Compared
with the traditional RC design method, the RC design method
proposed in this paper has a smaller oscillation amplitude and
oscillation time, which has better oscillation suppression effect.

Fig. 21 shows the suppression effect of the proposed RC
design method on the false triggering oscillation under different
inductor currents. It can be seen that when the inductor current
changes from 4 to 10 A, the proposed RC design method can
suppress the false triggering oscillation well.

V. CONCLUSION

In this paper, a design method for an RC snubber circuit is
proposed to suppress false triggering oscillation in a half-bridge
circuit. In the traditional analysis design, the RC design method
can only be applied to systems with no more than three orders.
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This paper proposes that the root locus method achieves optimal
oscillation suppression in the sixth-order system. It can provide
guidance for oscillation suppression design in high-order sys-
tems. The proposed method is verified by simulation and exper-
iment. Moreover, the proposed RC design method is compared
with the traditional RC design method, which proves that the
proposed RC design region has better oscillation suppression
effect. Accordingly, the proposed method indicates a substantial
improvement of the switching characteristics of the controlled
device at turn-OFF. In addition, the proposed oscillation suppres-
sion method is simpler, easier to implement, and more effective
than the active gate driver.

APPENDIX
The coefficients in (14) are as follows:
ao = C245Cenb Lp L2 Lsa Vo — Ciss2CossaCsnb Lp La2 L2 Vo
a1 = C245Cenb Lp L2 Raint Vo — CgazCann L Laz Lsa I
+ C245CsnbLp Ls2 Ra2Vo + Cgaz” Conb Lo Lo Renb Vo
+ Cga2*Csnb La2 L2 Raint Vo
+ CdeQCsnbLG2LS2R100pVO
+ CZ42Csun Lp Lsa Ren Vo + Cgo Con L2 Lsa Rent, Vo
— Ciss2C0s52Csnb Lo L2 Raint Vo
— Ciss2Coss2Csnb Lp Ls2 Ra2 Vo
— Ciss2C0s52Csnb Lp L2 Rsnb Vo
— Ciss2C0ss2Csnb La2 Ls2 RGint Vo
— Ciss2C00s52Csnb Lga Lga Rigop Vo
— Ciss2Coss2Csnb Lp Lis2 Rt Vo
— Ciss2C0ss2Csnb Laa Lsa Rant Vo
ay = C24pLpLaaVo + Chap Lo LsaVo + Cgaz®LaaLsa Vo
— Ciss2C0ss2Lp La2Vo — Ciss2Coss2 Lo Lis2 Vo
— Ciss2Coss2LaaLs2Vo
+ Cya2CsnbLaaLsa Vo — Ciss2Csnb LaaLsa Vo
— Cga2Csnb Lp La2 Raing o
— Cga2Csnb Lp Lsa Ra2ly — CgazCsub Lo Loz Rsnn Lo
— Cga2CsnbLaaLsaRaingdlo — Cga2Csnb Lp Lsa Renb Lo
— Ceq2Csnb LgaLga Renb 1o
— Coss2Csnb LaaLsa Riooplo
+ Cga2?Csub Lp Raa Rains Vo
+ Cga2?Csnb L2 Raint Rioop Vo
+ C245CsnbLp R Renb Vo
+ Cgdz’ Csnb Lp Rgint Rsnb Vo
+ Cgd2’®CsnbLs2 Ra2 Raint Vo
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+ C245CsmbLsa Raa Rioop Vo + C245Csnb R Raint Rioop Vo

+ Cga2” Csnb Laa Rioop Rsnb Vo + ngQCsanGQRloopRsnbVO

+ Cga2’ Csnb Ls2 Rz Renb Vo + nggcsanGintRloopRsnb%

+ C245CsnbLs2 Raint Rent Vo — Ciss2C0s52Csnb Ra2 Raint Rioop Vo

+ Cga2?CsnbLs2 Rivop Rsnb Vo — Ciss2C0ss2 Csnb Rz Rioop Rsnb Vo

— Ciss2C0s52Csnb Lp Ra2 Raing Vo — Ciss2C0s52Csnb R@int Rioop Fsnb Vo

— Ciss2C0s52Csnb La2 Raint Rioop Vo ag = CgazLs2Vo — CissaLa2Vo

— Ciss2Coss2Csnb Lp Raa Reny Vo — Ciss2Ls2Vo — CgaaLp Raaly

— Ciss2C0s52Csnb LD RGing Rsnb Vo — Cga2Lp Rainglo — CgaaLsaRa2lo

— Ciss2C0s52Csnb Lsa Ra2 Raint Vo — CgazLs2 Raintlo — Csnb Lsa Raa2lo

— Ciss2Co0s2Csnb Ls2 Ra2 Rioop Vo — Coss2Lsa Riooplo — Csnb Lsa Rsnn lo

— Ciss2C0s52Csnb L2 Rioop Rsnb Vo + ngdQRGQRloopVO

= Ciss2Coss2Csnn Ls2 B2 Rsnb Vo + CLigRacint RioopVo — Ciss2Csnb Ra2 Raint Vo

— Ciss2C0s52Csnb Ls2 RGint Rsnb Vo — Cius2Coss2 Ra Rioop Vo

~ Ciss2Coss2Csnb Ls2 Fioop snb Vo — Ciss2Coss2 Raint Rioop Vo — Ciss2a Csnb Ra2 Rsnb Vo
a3 = CgasLpRa2Vo — CeazLp Ls2To — Ciss2Csnb RGint Rsnb Vo

— Cgaz2LcaLsaly a5 = —Lgaly — CissaRa2Vo — Ciss2 Rgint Vo

— CsnvLGaLsalo — CgazLp Laalo bo = CiaaCann Lo L2 Lsz — CissaCoss2CsnbLp LaaLsa

+ CZioLpRaintVo + CoyoLa2 RioopVo b1 = C249Csnb Lo Laa Raing + CiaaConn Lo Ls2 Raa

+ C23Ls2RaaVo + ChygLsa Raint Vo + ngQCsnbLDLG2Rsnb + Cga2®Csnb Laz Lsa Raing

+ C2isLsaRioopVo + Cy2Cenb Lz Lsa Rioop + CiazCanb L Lsa Ren,

— Ciss2Coss2Lp Ra2 Vo — Cliss2Coss2 Lp Raint Vo + CraoConb L2 Lz Ron

— Ciss2Csnb L2 RaintVo — Ciss2Coss2Cann Lip Laz Raine

— Ciss2Coss2La2 Rioop Vo — Ciss2Coss2 Lsa Ra2 Vo — Ciss2Coss2Cann Lo Ls2 R

— Ciss2C0ss2 Lso Raint Vo — Ciss2C0s52Csnb L L2 Renb

+ Cga2Csnb Ls2 R2Vo — Cliss2Csnb Ls2 Ra2 Vo — Ciss2Coss2Conb Loz Lsa Rt

— Cios2Cuann Lan Rent Vo — Ciss2C0ss2Csnb L2 Lz Rioop

— Ciss2C0ss2Lg2 Rioop Vo + Cga2Csnb Ls2 R Vo ~ Ciss2Coss2Canb Lp Lz s

— Cias2C0snb Lsa Rent, Vo — Ciss2C0s52Csnb L2 Lsa Renb

— Cga2Csnb L Ra2 Raint Lo — CgazCamp Lo Laalsagm

— Cga2Canb Lp Ra2Rann o by = ngdzLDLGZ + ngzLDLSQ + ngdQLGQLS2

— C3a2Csnb Lo Raing Renb Lo — Ciss2C0ss2 Lp L

— Cga2CsnbLsa Raa Raint Lo — Coss2Csnb Lp Lga — Ciss2Cossa Lip Lo

— Cga2CsnpLsa Rz Rsun Lo — Ciss2C0ss2LaaLiso

— Cga2Csnb Lsa Rint Renb Io + 2Cga2CsnnLaaLsa — Ciss2Csnb LaaLs2

— Coss2Csnb Lsa Raz Rivoplo — Coss2Csnb L2 Ls2

— Coss2C0snb Lsa Rigop Rsnb Lo + ngzcsnbLDRGQRGint + ngzcsnbLGQRGintRloop
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+ C245CsnbLp R Ranb + C2qyConb Lp RGint Rsnb

+C dgcsnbLS2RG2RGmt +C dQCsnbLSQRGQRloop
+C dgc'mbLG2Rloop anb + C, dgcsnbLS2RG2Rbnb
+C dQCsnbLSQRGmtRsnb + quQCsnbLS2RloopR:anb

— Ciss2Coss2Csnb Lp Ra2 Raint
— Ciss2C0ss2Csnb L2 Raint Rioop
— Ciss2C0s52Csnb Lp Ra2 Rsnb
— Ciss2C0s52Csnb LD Raint Rsnb
— Ciss2Coss2Csnb Lsa Ra2 Raint
— Ciss2C0s52Csub Lsa Rz Rioop
— Ciss2C6552Csnb L2 Rioop Rsnb
— Ciss2C0s52Csnb Ls2 B2 Rsnb
— Ciss2C0ss2Csnb Ls2 RGint Rsnb
— Ciss2C0s52Csnb Lig2 Rioop Rsnb
— Cga2Csnb Lp Laa2 RaintGm
— Cga2Csnb Lp Lsa Raagm
— Cga2Csnb Lp L2 Rsnb gm
— Cga2CsnbLaaLsa Raintgm
— Cga2CsnbLaaLs2 Rioopgm
— Cga2Csub Lp Ls2 Rsnbgm
— Cga2Csnp L2 Lsa Renb gm
bs = C2y5LpRaz + Cogy L Ring
+ C? ed2LG2Rioop + C? edoLs2Rao
+ C? ed2Ls2 RaGint + ngQLSZRloop
— Ciss2Coss2Lp R
— Ciss2C0ss2Lp Raint — Ciss2Csnb L2 RGint
— Coss2Csnb Lp Ra2
— Ciss2Coss2 Laa Rioop — Ciss2Cossa Lisa Raa
— Ciss2Coss2Ls2 Raint
+ 2C5a2Csn1 Lsa Ra2 — Coss2Conb L2 Rioop
— Ciss2Csnp Ls2 Ra2
— Ciss2Csnb L2 Rsnb — Coss2Csnb L Rsnp
— Coss2Csnb Ls2 R
— Ciss2Coss2 Lsa Rioop + 2Cga2Csub Lisa Ry,
— Ciss2Csnb Ls2 Rsnp
— Coss2Csnb Lga2 Rant, — CgazLp Laagm

— Cga2LlpLsagm

— Cgaz2La2aLs2gm
— CsnbLa2Lgagm + ngzcsanG2RGintRloop
+ C dzcsanGQRloopRsnb
+ C d2csanG1ntRloopRsnb
— Ciss2C0s52Csnb B2 Raint Rioop
— Ciss2C00s52Csnb Rz Rioop Rsnb
— Cliss2Coss2Csnb Raint Rioop Lsnb
— Cea2Csnb Lp Rga Raint 9m
— Cg2CanLa2Raing Ricopgm
— Cga2Csnb Lp Rao Rsnb gm
— Cga2Csub Lp Raint Rsnbgm
— Cga2Csnb Lsa Raa Raintgm
— Cga2Csnb Ls2 Rg2 Rioopgm
— Cga2Casnb LaaRioop Rsnb gm
— Cga2Csnb Lsa Raa Rsnb gm
— Cga2Csnb Ls2 Rgint Rsnb gm
— Cga2Csnb Ls2 Rigop Rsnbgm
by = 2Cga2Lss — CossoLp — CsnpLaa — CissaLaa
— CissaLisa — CossaLga + C2 w2 G2 Rioop
+ C? wd2 lGint Rioop — Ciss2Csnb RG2 RGint

- iss2OOSSQRG2R100p_ iss2OOSSQRGintRloop
- CVoss2Cvsnb-RGQFiloop

- Ciss2csanG2Rsnb - CissZCsanGintRsnb

- C(oss2C’snb]%loop]%snb

— Cga2Lp Rg2gm — Cga2 Lp RGintgm
— Cga2LaaRioopgm — Cga2LsaRagogm
— Cga2Ls2 Raintgm — CsubLs2 Ra2gm
sd2 Ls2 RioopYm

— CanbLs2 Rsubgm — Cga2Csnb Ra2 Raint Rioopgm
— Cga2Csnb Ra2Rioop Rsnbgm
— Cga2Csnb Raint Rloop FHsubgm

bs = — Lsagm — Ciss2Ra2 — Ciss2RGint — Csnn Ra2
— Coss2Rioop — CsnbRsub — Cgaz Ra2Ricopgm
— Cga2 Raint Rioopgm

bg = — 1.

The coefficients in (16) and (17) are as follows:

P = (CZi3LpLas + CiaaLpLsy + Cgaz®LaaLso

- C’iSSZCfoss2LDLG2 - C'iss2cvoss2LDLSZ
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— Ciss2Coss2LaaLsa)s* + (Chap Lo Raa

+ CiioLpRaint + ChagLaaRioop

+ ClisLsaRaa + C2ypLsa Raing

+ C213Ls2 Rioop — Ciss2CossaLp Rz

— Ciss2Coss2Lp Raint

— Ciss2C0ss2 La2 Rioop — Ciss2Coss2 Ls2 Raz
— Ciss2C0ss2Ls2 Raint Ciss2 Coss2 Lsa Rioop
— Cga2LpLaagm — CgazLp Lsagm

— CgaaLaaLsogm)s®

+ (2Cga2Lg2 — Coss2aLip — Cissa Lz

— CissaLsz — CossaLsz + Ciaa Rz Rioop
+ C2ioRGint Rioop — Ciss2Coss2 Rz Rioop
— Cliss2Coss2 Raint Ricop — CgazLp Ra29m
— Cga2 Lp RGintgm — CgazLa2 Rioopgm
— Cgaalsa Raagm — CgazLs2 Raintgm
— Cga2Lg2 Rioopgm)s” + (—Ls2gm

— Ciss2Ra2 — Ciss2Raint — Coss2 Rloop

- ngRG2Rloopgm - ng2RGintRloopgm)S -1

Q = (C245LpLaaLss — CisaCoss2LpLaaLss) s°

g
+ (C23LpLa2Raint + CogeLpLsaRao

+ C2ioLp Lo Rany

+ C2i9La2Lsa Raint + CogoLa2Lsa Ricop

+ C245LpLsaRanp

+ Og2d2LG2LS2Rsnb — Ciss2C0ss2 L Laa Raint

— Ciss2Coss2Lp Lsa R

— Ciss2Coss2Lp L2 Rsnb, — Ciss2Coss2 La2 Ls2 Raint
— Ciss2Coss2 LaaLga Rioop

— Ciss2Coss2Lp Lsa Rsnp, — Ciss2Coss2 Laa Lsa Rsnp
— Cga2LpLgaLsagm)s®

+ (2Cga2LcaLs2 — Coss2Lp Lo — CissaLaaLis2

— Coss2LgaLs2

+ CZisLpRaaRaint + Chaa Laa Raint Ricop

+ C2LpRaaRanp

+ C2 15 Lo Raint Renb + Ciga Lo Rao Raine

+ CZiaLs2 RaaRioop

+ CZiaLaaRicop Renb + Cogo Lsa Rz Renn
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2
CgasLs2 Raint Rsnb
2
ng2L82 RloopRsnb - CissQ Coss? LD RG2RGint

- Ciss2coss2LG2RGintRloop

- CiSS2COSS2LDRG2RSHb - CissZCOSSQLDRGintRsnb
- CissQCoss2LS2RG2RGint

- Cviss2Cvoss2LS2-RG2-Rloop - Cviss2CVOSS2LG2-Rloop-Rsnb
- Ciss2coss2L52RG2Rsnb - Ciss2Coss2LS2RGintRsnb
- C(iss2c(oss2LSQ]%loopRsnb - ng2LDLG2RGinthn

+

sd2Lp Lsa Rgagm
wd2 LD Laa Renbgm — Cga2 La2Lsa Raintgm
sd2 La2 Ls2 RioopYm

9a2L0 Lso Ronb g — Cgaz L2 Lso Renbgm)s*

(2Cga2Ls2 R

- COSSQLDRG2 - Cviss2LGZ}zGint - COSS2LG2R100P
— Ciss2Ls2Raa
- CissQLGZRsnb - COSSQLDRsnb - COSSQLSQRGQ

+

2ng2 LS2 Rsnb CiSS2 LSQ Rsnb

- CVossQ-LS2—Rsnb - LGQLSQ.gm + Cg2d2RG2RGintRloop

_|_

2 2
ngQRG2 RloopRsnb + ng2 RGint Rloop Rsnb

- Ciss2COSSQRG2RGintR100p
- CissQCoss2RG2RloopRsnb
- CissZCoss2RGintRloopRsnb

+

wd2Lp Ra2 Raintgm — Cga2 La2 Raint Rloopgm
sd2 Lp Ra2 Renb Ym

2d2 LD Raint Rsnbgm — Cgaz2 Ls2 Ra2 RGintgm
sd2 Ls2 Ra2 Rioopdm

gd2 L2 Rioop Rsnbgm — Cgaz Ls2 Ra2 Rsnbgm
sd2Ls2 Raint Rsubgm

3
gd2LSZ RloopRsnbgm)S

(—La2 — Ciss2RaaRaint

- CVossQ‘RGQ‘Rloop
- Ciss2RG2Rsnb - Ciss2RGintRsnb

_|_

Coss2 Rioop Rsnb
LssRGagm — Ls2Rsnbgm
sd2 a2 Raing RioopYm

2d2RG2 Rioop Renbgm — Ceaz2 Raint Rioop Rsnbgm ) S°

(_RGQ - Rsnb) S.
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