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The Sustained Oscillation Modeling and Its
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GaN Devices
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Abstract—Gallium nitride (GaN) devices are widely used due to
their excellent performance when integrated into power electronics
applications. However, owing to their low parasitic parameters and
fast switching speed, they are more prone to instability than the
silicon devices. The sustained oscillation discussed in this article is
one of the instability problems, which may result in overshoot or
even more serious device breakdown; thus, it is pretty necessary
to suppress it effectively in practical applications. It is the first
time to adopt an RC snubber to suppress the sustained oscillation
in this article, which is very simple and cheap but effective. First,
the sustained oscillation modeling based on a double pulse circuit
is carried out. Then, the RC region is established quantitatively
according to the root locus analysis results, which makes up for the
defects of these qualitative methods before. Furthermore, it is first
found that the sustained oscillation can be fully suppressed due to
the existence of dipoles. Finally, the oscillation suppression effect
within the RC region is compared with that outside the region by the
simulation and experimental results, which are consistent with the
theoretical analysis. Additionally, the possible negative influence of
the added RC snubber is also discussed in this article, which shows
that it has a little impact on the switching speed and energy loss,
while the sustained oscillation is well suppressed.

Index Terms—eGaN high electron mobility transistor (HEMTs),
RC snubber, sustained oscillation.
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1. INTRODUCTION

NRECENT years, the wide bandgap devices, such as gallium
I nitride (GaN) transistors, are being widely used as promising
devices to achieve high-frequency, high-efficiency, and high-
power-density power conversion due to a better figure of merit
when compared with Si MOSFETS [1]-[6]. However, the merits of
low parasitic parameters and fast switching speed may also cause
instability problems for GaN-based power circuits, which may
result in overvoltage, excessive electromagnetic interference,
and even device breakdown [7], [9]. Specifically, the two main
reasons are as follows [7]-[14]. On the one hand, the high change
rate of the drain current produces a voltage across the common
source inductor, which can cause a high gate—source voltage.
On the other hand, the rapid change rate of the drain—source
voltage produces a current in the gate—drain capacitor, and this
current charges the gate—source capacitor, which can also cause
a high gate—source voltage. To a certain extent, these two aspects
act as a triggering mechanism leading to the onset of instability
problems.

In [7], the divergence oscillation of the cascode GaN device
under high-current turn-OFF condition has been studied. The
capacitance mismatch between the GaN device and Si MOSFET
may result in the oscillation. A simple solution is proposed by
adding an additional capacitor in parallel with the Si MOSFET.
In [13]-[15], the negative resistance theory and Barkhausen
criterion are adopted to investigate the instability of SiC-based
circuits, and some qualitative conclusions are given to suppress
the occurrence of instability problems. For example, a small
stray gate-loop inductance and high ON-resistance can reduce the
risk of this instability. In addition, the false triggering oscillation
(self-sustained oscillation) of the gate—source voltage in differ-
ent devices is also studied in [16]-[22]. These studies consider
various parasitic parameters and explore the effects of these
parameters on the false triggering oscillation. It is found that
reducing the gate inductance and common source inductance and
increasing the gate resistance can suppress the false triggering
oscillation to a certain extent. Besides the above problems, an-
other instability problem is observed in the enhancement-mode
GaN devices based half-bridge circuit [9]. The oscillation occurs
when the active switch Q> is OFF and the inactive switch Q1
conducts reversely, while the gate—source voltage vgeo of Q5 is
normal, which means that Q5 is normally turned OFF and vgg
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Fig. 1. Sustained oscillation of the half-bridge circuit. (a) GaN-based half-
bridge circuit. (b) Sustained oscillation waveform. (c) Enlarged sustained oscil-
lation waveform.

does not exceed the threshold voltage and cause false turn-ON,
as shown in Fig. 1. Therefore, vgso is approximately clamped
to 0 after Qs is turned OFF. In addition, it is noticeable that this
oscillation phenomenon only occurs in GaN devices and does
not occur in Si- or SiC-based circuits due to the unique reverse
conduction characteristics of GaN devices. In [9], the influence
of some parasitic parameters on this oscillation is explored and
some suggestions are given to suppress this oscillation, such
as reducing the common source inductance and increasing the
gate resistance. However, these methods are qualitative and the
suppression effects of them are quite limited. Accordingly, it
is pretty necessary to find a quantitative method to solve the
sustained oscillation problem to improve reliability in practical
applications.

The RC snubber has been widely used to suppress the switch-
ing oscillations [23]-[30]. In [23] and [24], an RC snubber is
adopted to suppress parasitic ringing in the circuit. However,
the values of the RC parameters are given directly without
explanation. Moreover, the theoretical analysis of their effect
mechanism on parasitic ringing is not addressed, and only
qualitative analysis is presented. In [25]-[29], some quantitative
design methods for RC parameters are studied. However, the
RC parameters are decided individually based on the designer’s
experience [25]-[27], which may not guarantee a sufficient level
of ringing suppression. In [25] and [26], a second-order design
method is proposed to roughly estimate the RC parameters,
and the RC parameters are finally fixed by the experimental
results. Obviously, this design method does not provide the
adequate guidance for the quantitative design of RC parameters.
An analytical technique for designing the RC snubber for the
half-bridge configuration and the flyback converter is proposed
in [28] and [29], respectively. Different from the article presented
in [25] and [26], they use the root locus method to realize
the quantitative design of the RC parameters of the third-order
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circuit, which achieved a better ringing suppression effect than
the second-order design method in [25] and [26]. However, these
quantitative methods for the RC design can only be applied to
second-order or third-order circuits. In [30], the RC snubber is
employed to suppress the false triggering oscillation of vgso by
adding it across the gate—source terminal of the switch. Although
the oscillation is not fully suppressed, the effect is satisfactory,
and the RC design method can provide some guidance for
high-order systems. However, since the sustained oscillation of
vasze only occurs in GaN devices, it is doubtful whether the RC
snubber can be used to suppress this oscillation satisfactorily or
not due to the different oscillation mechanism between them. In
addition, due to the different models of them, the design method
in [30] is not completely applicable.

In this article, the RC snubber is first attempted to suppress
the sustained oscillation by adding it across the drain—source
terminal of the switch in a double pulse circuit, and the RC
regions are determined quantitatively with full or well sup-
pression effects. In Section II, the high-frequency equivalent
model, including the RC snubber, is established by considering
all parasitic parameters, and then the voltage across the drain—
source terminal in the s-domain is derived. According to the
expression of the drain—source voltage, dipoles are found by
analyzing the root locus; thus, it has the opportunity to adopt
dipole elimination to achieve full suppression of the sustained
oscillation. This method is instructive for high-order circuits to
establish dipoles through circuit design to achieve oscillation
suppression, and it can also stimulate ideas for how to analyze
and improve the performance of high-order systems. And then,
the RC regions are quantitatively determined in Section III. In
Section 1V, the theoretical analysis results are fully verified by
simulations and experiments. In addition, the switching speed
and the energy loss with or without the RC snubber are also
compared in this section, which verify the advantages of the
proposed method. The conclusion derived from this article is
summarized in Section V.

II. DERIVATION AND SETTING OF AN
EQUIVALENT CIRCUIT MODEL

The double pulse circuit is taken as an example to study the
sustained instability problem, which includes all the parasitic
parameters of the circuit and device, as shown in Fig. 2(a). Q1
is the inactive device, Qs is the active device and also the device
under test. The current commutation occurs after Q- is turned
OFF. The load inductor current /7, flows through Q; from its
source to the drain, which may cause the gate—drain voltage vgq
to exceed the threshold voltage. Thus, the electrons are attracted
to the heterostructure interface of the aluminum gallium nitride
(AlGaN) and GaN so that the 2-D electron gas is reestablished,
and the GaN devices conduct reverse current [31], [32]. At this
time, O operates in the active region. During this process, the
sustained oscillation may occur due to the parasitic parameters
and reverse conduction characteristics of the GaN device.

In order to obtain the high-frequency equivalent circuit dia-
gram of Fig. 2(a), the following assumptions are made.
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(a) Schematic diagram of double pulse circuit with RC snubber circuit.

(b) Simplified equivalent circuit. (c¢) Final high-frequency equivalent circuit.
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Since the sustained oscillation occurs after Qs is turned
OFF, and the gate—source voltage vggo 0f Q9 is normal (vggeo
is approximately clamped to O after Q5 is turned OFF), as
shown in Fig. 1(c). Thus, the gate and source terminals of
Q- are approximately shorted and only its output capacitor
Coss2 18 considered.

The decoupling capacitor C can be regarded as a shorted
component due to its large capacitance, and its high-
frequency impedance is sufficiently smaller than the other
parameters.

TABLE I

DEFINITIONS OF THE SYMBOLS
Symbol | Description
Vin Input voltage
Lo Drain inductance, sum of Lp ex, Lb in and Lpz ex
L Inductance of load inductor
Lg Gate inductance of Q1, sum of Lg ex and L in
Ls Common source inductance of Q1, that is Ls i
L> Parasitic inductance of 0>, sum of Lp» in and Ls> in
C Capacitance of decoupling capacitor
Cis Drain-source capacitance of O,
Cls Gate-source capacitance of O,
Cea Gate-drain capacitance of O,
Coss2 Output capacitance of Q0
Canb Capacitance of snubber capacitor
Rioop Power loop resistance
Rc Gate resistance of ), that is R in
Rsnb Resistance of snubber resistor
gm Reverse transconductance
ip Drain current of Q)
iG Gate current of Qi
ip2 Output capacitance current of 0>
fsnb Current of snubber circuit
Vds Drain-source voltage of O,
Ves Gate-source voltage of O
Ved Gate-drain voltage of Qi
Ves2 Gate-source voltage of 0»
Vis2 Drain-source voltage of 0>
Vanb Snubber capacitor voltage

3) The load inductor L can be regarded as an open compo-
nent due to its large inductance, and its high-frequency
impedance is sufficiently larger than the other parameters.

4) The inductor current charges the output capacitor of Q
reversely after Qs is turned OFF, which will cause an
increase in vgq, and QO starts to conduct after vgq ex-
ceeds its threshold voltage. Accordingly, Q1 works in the
active region and will have the channel current when the
sustained oscillation of Q5 occurs [9].

Based on these assumptions above, the simplified equivalent

circuit is shown in Fig. 2(b). By integrating some components
together, the final high-frequency equivalent circuit diagram is
derived, as shown in Fig. 2(c), where Lp is the sum of the
inductances Lp ex, Lp in, and Lps cx, the sum of Lg o and
L¢ iy is represented by Lg, Lo is the sum of the inductances
Lps iy and Lgs iy, the parasitic gate resistance R i, and the
common source inductance Lg j, are represented by Rg and
Lyg, respectively. The definitions of the main symbols used in
this article are given in Table L.

From Fig. 2(c), the following equations are derived as:

dip . d(ic +ip)
=Lp—— A+ Lg——m——= .
0 D di + RloopzD + vgs + Lg di + Vds2
(D
AV g dv AV g dvgs
g = CgsTf + ng did = CissTf - ng d? )
dv dv . dv dv .
ip = Cqs d;is _ngﬁ_Zchzcosswds_cgddifs_zch
(3)

lch = ImUgd = gm(vgs - Uds) 4)
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di d(ig +ip)

G .
OZLGﬁ—FZG‘RG‘F'UgS—FLST (5)
Vas2 = L @ + v (6)
ds2 — L2 dt Closs2
. dvcoss
iD2 = Cosz— 2 (7)
dvsnb
'sn = Csn 3 8
isnb o (3)
Vds2 = isansnb ~+ Vsnb (9)
ip = ip2 + fsnb- (10)

The values of Ry, and Cgyp, are determined to suppress the
sustained oscillation of vgge; in the following, the s-domain
equation of vgse is deduced out. The initial moment is shown
in Fig. 1(c) after using the Laplace transform with the initial
conditions ip(0) = ip2(0) = Iy, ig(0) = isn,(0) = 0, ves(0) =
0, vas(0) =V, and v452(0) = 0, and the following equations are
obtained as:

0= (Lp + Ls)(sip(s) — Io) + Ricopin(s)

+ vas(8) + sLgig(s) 4 vasa($) (11
ic(s) = sCissVgs(s) — Cgal(svas(s) — Vo) (12)
ip(8) = Coss(svas(s) — Vo) — sCgavgs(s)
— gm(Vgs(s) — vas(s)) (13)
0= sLgic(s) + Raic(s) + ves(s) + sLgic(s)
+ Lg(sip(s) — In) (14)
in(s) = 5Coss2Vds2(5) + 5Coss2Loly  5Csubvds2(s)
1+ s2Cossa Lo $RsnbCsnb + 1
(15)

where ip(s), iG(s), Ves(s), vas(s), and vqsa(s) are defined as the

Laplace transforms of ip, i, Vgs, Vds, and vqs2, respectively.
From (11)-(15), the following expression of vgge is then

derived as

N(s)

M(s)

vas2(s) =

aos5 + a154 + a233 + CL382 “+ a48 + as

T bosT + b15O + bys® + bast + bysd + bss? + bgs + br
(16)

where coefficients b; (i =0, 1,2,3,4,5,6,7)and a; (j =0, 1,
2, 3,4, 5) can be derived through MATLAB, which is shown in

the Appendix. From (16), it is clear that this is a seventh-order
system.

III. ANALYSIS AND DESIGN METHODOLOGY FOR RC SNUBBER
TO SUPPRESS THE SUSTAINED OSCILLATION

In order to determine the RC values to suppress the sustained
oscillation of vq42 effectively, we need to study the characteristic
equation M(s) = 0 of vqs2(s). As can be seen from (16), M(s) is a
seventh-order polynomial. The sustained oscillation can be fully
suppressed if the solutions of the characteristic equation, M(s)
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TABLE II
KEY CIRCUIT PARAMETERS

Symbol Value Symbol Value
Lp 8.0 nH Cod 0.06 nF
Lg 5.2nH Coss2 0.19 nF
Lg 0.2 nH Rg 1.3Q
L, 0.4 nH Rloop 0.20Q
Cis 0.3 nF ZSm 108
Coss 0.5 nF

GS66508P Capacitance Characteristics GS66508P Reverse Conduction Characteristics
1,000 120
> Coss Coss Te25°C
> G

Capacitance (pF)

Fig. 3. (a) GS66508P capacitance characteristic diagram in the datasheet.
(b) Reverse conduction characteristic of GS66508P.

= 0, are all negative real numbers; then, vqse has no oscillation
terms. When the solution of M(s) = 0 is a negative real number,
the damping ratio is 1. However, it cannot guarantee that all
solutions of the characteristic equations above third order are
negative real numbers [28]-[30]. Based on this, all solutions of
the characteristic equation M(s) = 0 above need to be explored.
The values of some important parameters are given in Table II,
which are obtained according to the parameters of our experi-
mental prototype. Specifically, parasitic inductances that include
device package inductances and printed circuit board (PCB)
trace parasitic inductances are obtained through the LTspice
model of the device and ANSYS Q3D extraction software, re-
spectively. The transconductance and capacitances are obtained
from the device datasheet [33]. It needs to be mentioned here that
Rioop only contains dc resistance because the high-frequency ac
resistance is much smaller than the dc resistance 0.2 €2; thus, it
can beignored. After Q5 is turned OFF, since the central tendency
of the drain—source voltage of Q5 is Vi,, the capacitances of
Q; are obtained around Vgs = 0 and the capacitance of Qo
is approximately obtained at V;,. The transconductance g, is
obtained around the threshold voltage. The specific method of
obtaining capacitances and transconductance is shown in Fig. 3.

When the RC snubber is not added, that is, Ry, and Cgpp,
are equal to 0 so that N(s) and M(s) in (16) are fourth-order and
fifth-order polynomials, respectively. Fig. 4 shows the pole-zero
map of v4s2(s) without the RC snubber. It can be observed that
there are four zeros and five poles in Fig. 4(a). The five poles
are a real pole p; and two pairs of complex conjugate poles po,
p2" and ps, p3*. The real pole p; is negative and farther from
the imaginary axis than p, and p3; thus, it does not affect the
stability of the system. It can be seen from Fig. 4(b) that p3, p3*
are much closer to the imaginary axis than ps, po*; therefore, ps,



CHEN et al.: SUSTAINED OSCILLATION MODELING AND ITS QUANTITATIVE SUPPRESSION METHODOLOGY FOR GaN DEVICES

%109 Pole-Zero Map '

! TG ]
0.8 | P2 %ops
| I
~ 0.6F | |
= ‘ !
7} I
B 041 : |
=]
802 } |
% P 7 | Z3
'5 0 X | | o)
| I
E.02 | [
En | |
) ‘ |
g -0.4 ‘ |
E ‘ d
-0.61 | |
([ 1
-0.8f P2, < P3j
28]
-1 : :
22 -15 I 05 0 0.5 1 1.5 2 2.5
Real Axis (seconds™1) % 1010
(a)
%108 Pole-Zero Map
; ; 5 o ; ;
8 7 P2 x P3
6 L
Rl o e
5
3 2f
z
20
=
4t
g
-6
L ) P )
-8 Zé 5 x P3
35 -3 25 2 -15 -1 -05 0 05 1 1.5
Real Axis (seconds™ ) x 108
(b)

Fig.4. Pole-zero map of vqs2(s) without the RC snubber circuit. (a) Pole-zero
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ps” are the two dominant poles and they determine the stability
of the system to a great extent.

The complex poles ps3, ps* can be defined by their real and
imaginary parts as

D3, P3* = 0 L Juwq. (17)

Hence, similar to the second-order system, the damping ratio
¢ canbe derived as (18) [34]. In addition, since the dominant pole
ps is very close to the imaginary axis, the oscillation frequency
can be approximately calculated, as shown in (19)

(=mr=——=— (1s)
P3| /o2 +w?  wn
w,
fam 21 (19)
s

The damping ratio ¢ can reflect the damping characteristic of
vas2(?). The larger the damping ratio ¢, the easier the oscillation is
to be damped. Since p3, p3* are located in the right-half plane of
s, ps, ps™ have a positive real part, and ( is less than 0. Therefore,
the system is unstable, and the sustained oscillation of vqse will
occur. If (>0 when the RC snubber is added, the poles have a
negative real part and this sustained oscillation will disappear.

After the RC snubber is included, the characteristic equation
M(s) = 0 is a seventh-order equation. As mentioned earlier,
when all solutions of the characteristic equation are negative
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real numbers, the oscillation can be sufficiently suppressed.
Therefore, it needs to study the root locus of all solutions of
M(s) = 0. Considering Cgyp, as a variable and the equation M(s)
= 0 can be transformed into the following form:

CSn
M1:1+%Q:

0. (20)

The complete expression can be derived through MATLAB
and the coefficients Q and P are shown in the Appendix.

By changing the value of the capacitance Cgy,p, from zero to
infinity, we can get the root locus of the characteristic equation.
Fig. 5 shows the root locus of the characteristic equation M(s)
= 0 when the RC snubber circuit is adopted (Rg, = 1 ). It can
be seen that after the RC snubber circuit is included, the root
locus tends to the left-half plane of s. Therefore, the sustained
oscillation tends to be suppressed. It can be seen from Fig. 5(a)
that when Cgyy, changes from zero to infinity, the characteristic
equation M(s) = 0 has a real solution with a damping ratio of
1 and three pairs of complex conjugate solutions. In practical
applications, the effect on the system performance of the pole,
which is three to six times farther away from the imaginary axis
than the dominant pole, can often be ignored. In the process
of Cyyp changing from zero to infinity, p,1, pra, and p4* are
always nondominant poles; thus, we can ignore their effects on
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the system. In order to make this oscillation better suppressed,
we only need to make the damping ratio of the other two pairs of
complex conjugate solutions as large as possible. Fig. 5(b) is the
enlarged view of the two pairs of complex conjugate solutions.
As mentioned earlier, when all solutions of the characteristic
equation M(s) = O are negative real numbers, the oscillation
can be sufficiently suppressed. However, for this seventh-order
equation, it is impossible to guarantee that all solutions of
M(s) = 0 are real numbers according to Fig. 5(b).

When the snubber capacitance Cgy, changes from zero to
infinity, we can find that the poles p,.» and p,.o* will also become
the dominant poles and their damping ratios are small, which
may also affect the stability of the system. Atthe same time, it can
also be seen that during the changing of Cgy,, the position of the
poles p.o and p,o* changes very little. Therefore, it is valuable
to try to eliminate these poles using the zero-point equation.
To this end, the dipole elimination method based on the root
locus analysis to determine the Ry, and Cg,p value regions
quantitatively is adopted in the following for this seventh-order
system.

Similar to the method above, we can get the zero-point equa-
tion N(s) = 0 according to (16). Considering Csnb as a variable
and transforming the equation into the following form:

Csanl
Py

where the coefficients Q; and P are also shown in the Appendix.

By changing the value of the capacitance Cgy}, from zero to
infinity according to Cgp1,Q1/P1, we can get the root locus of N(s)
= 0. Fig. 6 shows the root locus diagram of N(s) = 0 when the
snubber resistance Ry, = 1 2. It can be seen that there are five
zero points, including three real zeros and a pair of complex
conjugate zeros. It is found that the position of the pair of
complex conjugate zeros z,2 and z,o* does not change according
to Fig. 6(b). The enlarged root locus diagram of M(s) = 0 and
N(s) =0is shownin Fig. 7. It can be seen that when Cg,,;, changes
from zero to infinity, the distances between the zero root loci of
Zr2, Zr2" and the pole root loci of p,o, po* are approximately
an order of magnitude smaller than their own modulus, which
forms two pairs of dipoles. Therefore, the influence of the root
loci of p,o and p,2* on the system performance is negligible.
Accordingly, we only need the root loci of p,.3 and p,.3* to have a
larger damping ratio so that the oscillation is better suppressed.
When the damping ratio is greater than 0.4, it will have well
oscillation suppression effect [35]. Therefore, we attempt to take
the damping ratio greater than 0.4 as the design standard, which
will be verified by the test results in Section IV. According to
Fig. 7, when Cq,1, > 3.35 nF, the damping ratio of p,-3 and p..3* is
greater than 0.4, and the oscillation can be well damped. When
Canpb > 18.9 nF, the damping ratio is the largest (( = 1), and the
sustained oscillation can be fully suppressed.

Similar to the analysis above, Fig. 8 shows the root locus
diagram of the characteristic equation M(s) = 0 and N(s) =
0 when the snubber resistance Ry, changes from 0.5 to 4 €.
It can be seen that p,1, p,4, and p,4* are always nondominant
poles, so we can ignore their effects. Fig. 8(b) shows the enlarged
root locus diagram of M(s) = 0 and N(s) = 0. It can be seen

N=1+ =0 1)
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that 7,2, 72" and pyo, pyo™ still form dipoles in the process of
Csnp changing from zero to infinity; thus, their impact on the
system performance can be neglected. Therefore, we only need
the root loci of p,3 and p,3* to have a large damping ratio to
make the oscillation well suppressed. For example, when the
snubber resistance Ry, = 3 €2, if Cgpp, > 0.77 nF, the damping
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ratio of p,.3 and p,3* is greater than 0.4, and the oscillation can
be well damped. When Cy,p, > 2.79 nF, the damping ratio is
the largest (( = 1), and the sustained oscillation can be fully
suppressed.

Fig. 9 shows the root locus diagram of the characteristic
equation M(s) = 0 and N(s) = 0 when the snubber resistance
Rqnp changes from 5 to 10 €. It can be seen that no matter
how Cg,, changes, there are always two pairs of complex
conjugate solutions p,s, pro™ and p.s3, py3*. Fig. 9(b) shows
the enlarged root locus diagram of M(s) = 0 and N(s) = 0.
According to Fig. 9(b), z,2, 22" and p,2, p,2* still form dipoles,
and their influence on the system performance can still be
ignored. However, the dominant poles p,s, p,3* always have
oscillation terms, so the oscillation cannot be fully suppressed.
When the snubber resistance Ry, = 5 €, if Cgn, > 0.45 nF,
the damping ratio of p,3 and p,s* is greater than 0.4, and the
oscillation can be well damped. When the snubber resistance
Rsnp = 10 €, the damping ratio of dominant poles p,-3 and p,3*
is always less than 0.4 in the process of Cgy,, changing from
zero to infinity. Therefore, their suppression effect on the sus-
tained oscillation is not well, and these design values should be
excluded.
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Fig. 10.  (a) Rsnb — Csnb region where the sustained oscillation is considered
to be fully or well suppressed. (b) Enlarged view when the range of Cgpyp, is 0
to 5 nE

According to the above analysis method, it can be concluded
that when the snubber resistance Rq,p, = 1 €2, 3 2, and 5 (), the
design regions of Cgyy, are Cyyp > 3.35nF (¢ > 0.4), Cgpp, > 18.9
nF (¢ = 1), Csnp, > 0.77 nF (¢ > 0.4), Cspp > 2.790F (( = 1),
and Cg,p, > 0.45 nF (¢ > 0.4), respectively. In addition, when the
snubber resistance Rg,p, changes, such as Ry, = 2 €2 and Ry,
=4 (), the design regions of Cyyyp, are Cgpp, > 1.28 nF (( > 0.4),
Cenb > 593 nF (( = 1), Cgpp, > 0.56 nF (( > 0.4), and Cgpp, >
1.54 nF (¢ = 1), respectively. Using the same method, the final
RC design region is obtained, as shown in Fig. 10(a). The RC
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Fig. 12.  Method for obtaining RC region.

values in the blue shaded region enable the sustained oscillation
to be fully suppressed and the RC values in the purple shaded
region enable the oscillation to be well suppressed. Fig. 11 shows
the contour plot of snubber resistance, snubber capacitance, and
damping ratio of dominant pole p,s. It can be seen when Ry,
is large, the damping ratio of dominant pole p,s is always less
than 0.4 in the process of Cgy}, changing from zero to infinity.

As described above, the method for obtaining the RC region
can be summarized, as shown in Fig. 12. It is noticeable that
the analysis of the equivalent equation is divided into two parts:
drawing the pole root locus and the zero root locus. Once the
dipole is formed between the zero and the pole, the effect
of the pole on the system performance can be ignored. This
method can stimulate an idea for how to analyze and improve
the performance of high-order systems.
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Fig. 14.
circuit.

Experimental configuration and prototype of a double pulse test

IV. SIMULATION AND EXPERIMENTAL VERIFICATION
A. Simulation Verification

The simulation 1is performed to verify the above analysis
through the Ltspice software. The simulation circuit is a double
pulse circuit and all the device parasitic parameters are taken into
account. Especially, the switching device is GS66508P using
the manufacturer’s LTspice model. The input voltage Vi, is
70 V and the inductor current /7, is 8§ A. In order to verify
the oscillation suppression effect of the designed RC region,
the oscillation suppression effect within the region is compared
with that outside the region. In the designed RC region, we select
point S (4.7 §2, 0.68 nF) in the well suppressed region and point
S1 (3 €2, 3.3 nF) in the fully suppressed region to compare their
oscillation suppression effect with these points locating outside
the designed region. The selected values outside the region are
shown in Fig. 10(b), which include points A (1 2, 0.68 nF), B
(10 2, 0.68 nF), and C (4.7 €2, 0.22 nF).

Fig. 13 shows the simulation result, which is a comparison
of the oscillation suppression effect (within the designed RC
region, outside the region, and no RC snubber). It can be seen
that the sustained oscillation within the designed region (point S
and point S1) can be well suppressed. However, for these points
outside the RC design region (including points A, B, and C), the
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within the RC design region and outside the RC design region.

suppression effects of the sustained oscillation are not as good
as those within the RC design region.

B. Experimental Verification

Fig. 14 shows the experimental prototype of the double pulse
test circuit. The input voltage of the experiment is 70 V and the
inductor current is 8 A, which is consistent with the simulation
conditions. Its specifications and circuit parameters are the same
as those given in Table II. Specifically, the switching device is
GS66508P, and the driver is the LM5114. The current shunt is
SSDN-10, which has a high bandwidth (2000 MHz) and the
accurate resistance (0. 1 ).
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Fig. 19.  Oscillation suppression effect for the proposed RC design method
(point S) under different input voltages (I;, = 8 A). (a) Vinp, =70 V. (b) Vi, =
90 V. (c) Vin, =110 V. (d) Vi, = 130 V.

In order to verify the accuracy of the proposed model, when
no RC is added, the sustained oscillation frequency predicted
by (19) is compared with the experimental results, as shown
in Fig. 15. It can be seen that when the input voltage changes,
the experimentally measured oscillation frequency is in good
agreement with the predicted oscillation frequency. Therefore,
the proposed model has good accuracy.



IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 7, JULY 2021

20ns/div 20ns/div

7936
Lo [
. (-
Ll [
Lo Lo/
L/ L/
1/ L/
l—
t=14ns t=16ns
20ns/div
@
Fig. 20.
7&'\\‘ =6.9uJ T
Vis2XIp
Vds2XIp
50ns/div
@
Fig. 21.  Energy loss without RC and with RC snubber circuit (I, = 8 A)
(point S1).

Fig. 16 shows the experimental results without and with the
RC snubber. When the RC snubber is adopted, the sustained
oscillation of v4s2 can be well suppressed. Fig. 17 shows the
experimental verification results within the designed RC region
and outside the region. It can be observed that the oscillation can
be suppressed satisfactorily within the region (point S and point
S1). However, whether Rgy}, is larger (point B), smaller (point
A) or Cgpp, is smaller (point C), the experimental results indicate
that they have longer oscillation time. The final experimental
results are consistent with the theoretical analysis and simula-
tion results. These results support our conclusion that the well
oscillation suppression effect can be obtained by an elaborately
designed RC snubber circuit.

Fig. 18 shows the sustained oscillation suppression effect
for the proposed RC design method under different inductor
currents. The RC parameter is selected in the fully suppressed
region (point S1). It can be seen that when the inductor current
changes from 4 to 10 A, the sustained oscillation of v4s2 can
still be fully suppressed, which indicates that the proposed RC
design method still has satisfied oscillation suppression effect
for different load currents.

When the input voltage is different, the point Sis still in the RC
design region. In order to further verify the effectiveness of our
design method, the sustained oscillation suppression effect for
the proposed RC design method under different input voltages
is shown in Fig. 19. It can be concluded that point S can still
suppress the sustained oscillation well and has a little effect
on the switching speed, which further validates the theoretical
analysis.

(b) ©

Switching speed without RC and with RC snubber circuit. (a) Without RC snubber. (b) With RC snubber (point S). (c) With RC snubber (point S1).

nem | o [ 7)

Esw=19.6p]

=

Esw=9.0uJ

2Xip

50ns/div 50ns/div
(b) (c)

. (a) Without RC snubber. (b) With RC snubber (point S). (c) With RC snubber

C. Discussion of Results

According to Fig. 17, although the point S1 enables the
oscillation to be fully suppressed, it greatly slows down the
switching speed, which increases the switching loss. When there
is no RC snubber, the rise time #,- of vqso is 14 ns, as illustrated
in Fig. 20(a). When the RC snubber (point S1) is added, the rise
time #, of vggo is 31 ns, as illustrated in Fig. 20(c). It can be
seen that the switching speed is greatly slowed down, but the
sustained oscillation can be fully suppressed, which improves
the reliability of the system. When the RC value is in the well
suppressed region (point S), the suppression effect is not as good
as that of point S1, but it still has a satisfactory oscillation sup-
pression effect than those outside the designed RC region. The
rise time 7, of v4s2 is 16 ns, as shown in Fig. 20(b). Obviously, it
has little effect on the switching speed but greatly suppresses the
sustained oscillation and improves the reliability of the system.
Therefore, point § may be a better choice. However, whether
the RC values are selected in the well suppressed region or the
fully suppressed region should be determined based on the actual
circuit requirements.

D. Loss Analysis Comparison

The effect of the RC snubber on energy loss is explored in
this section. Fig. 21 shows the test waveforms and the energy
losses under the condition that the inductor current is 8 A. The
switching energy losses are tested in the 500 ns time range that
includes complete turn-ON and turn-OFF processes. When the RC
snubber is not included, the switching energy loss is 6.9 pJ, as
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Fig. 22. (a) Comparison of switching energy losses within RC design region
(point S and point S1) and without RC snubber at different inductor currents.
(b) Enlarged view between point S and no snubber.

illustrated in Fig. 21(a). When the RC snubbers locate at point S
and point S1, the switching energy losses are 9.0 uJ and 19.6 pJ,
respectively, as illustrated in Fig. 21(b) and (c). The switching
energy losses at different inductor currents within the RC design
region (point S and point S1) and without RC snubber are given
in Table III, and the corresponding comparison of switching
energy losses is shown in Fig. 22. It can be seen from Table III
that the points A, B, and C outside the design region have similar
switching energy losses with the point S in the design region.
However, their oscillation suppression effect is not as good as
point S.

It can be concluded that the switching energy losses increase
due to the addition of the snubber. In addition, as the inductor
current increases, the switching energy losses increase too.
According to Fig. 21, the addition of RC snubber has a small
effect on the turn-ON speed of the device, which mainly slows
down the turn-OFF speed of the device and causes an increase

TABLE III
COMPARISON OF ENERGY LOSS AT DIFFERENT POINTS
Outside the design region With snubbers | With snubbers Increased loss between S and
- - - No snubbers
Point A Point B Point C ()] (S1) no snubbers
Current Switching Switching Switching Switching Switching Switching Increased Percentage
(A) energy loss (W) | energy loss (1) | energy loss (WJ) | energy loss (W) | energy loss (WJ) | energy loss (pJ) loss (pJ) (%)
4 6.3 5.8 57 6.1 16.0 4.4 1.7 38.6
6 8.0 7.2 7.3 7.7 18.4 6.7 1.0 14.9
8 9.6 8.6 8.5 9.0 19.6 6.9 2.1 304
10 11.6 10.8 10.7 113 22.5 10.8 0.5 4.6
in the turn-OFF loss. Although point S1 can fully suppress the
S oscillation, it increases the loss more than that of point S.
= 40 Due to the small cardinality, the relative percentage increase
2 30 of point S in the loss is large when compared with no RC
Q o, . .
—; snubber. However, it is noteworthy that the absolute increment
220 of point S in the loss is very small from Table III and Fig. 22;
A 10 thus, its effect on the efficiency is negligible. Accordingly, the
£ 7_=7—' advantages of the designed RC snubber for improving switching
«i; 0 2 6 3 I characteristics are much more significant than the disadvantages
wn

of the increased total loss. Commonly, the smaller the RC, the
faster the switching speed, and the smaller the switching overlap
losses in the transient process, which will reduce the impact on
the switching speed and switching energy losses. In addition, the
larger the damping ratio, the better the oscillation suppression
effect. It can be seen from Fig. 10 and Table III that there is no
direct relationship between the damping ratio and the switching
energy losses because a large RC may also have a small damping
ratio but will cause the large switching energy losses. Eventually,
reducing the RC values in the design region is beneficial to
reduce the switching energy losses while also meeting the well
oscillation suppression effect.

V. CONCLUSION

In this article, an RC method with dipole elimination based on
the root locus analysis is adopted to suppress the sustained oscil-
lation for GaN transistors, and the RC regions to achieve the well
and full suppression effect are quantitatively sketched by using
aroot locus analysis. It is shown that the oscillation suppression
effect within the RC design region is better than that outside
the RC design region. In addition, the sustained oscillation can
be fully suppressed with a little increase of switching loss or
it can be well suppressed with little influence on switching loss
when the RC parameters are properly chosen. The simulation and
experimental results are consistent with the theoretical analysis,
which effectively supports our analytical design. Conclusively,
the proposed method indicates a substantial improvement in the
switching characteristics and system performance.

The main contributions of this article lie in the following
two aspects. On the one hand, it is the first time to adopt the
RC snubber to suppress this sustained oscillation, which is very
simple and cheap but effective; thus, it has a high practical value.
On the second hand, dipole elimination is used for the first time
to achieve RC parameter design in the high-order systems; thus,
the oscillation can be suppressed well. This method is instructive
for high-order circuits to establish dipoles through circuit design
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to achieve oscillation suppression, and the thinking of finding
dipoles is also helpful to analyze and improve the performance
of high-order systems.

APPENDIX

The coefficients in (16) are shown as follows:

agp = ng2coss‘.2 CosnbLoL R, Vo +
ng2Coss2 CsnbLQLSRsnb VO + ng2 CossZ CsanOLQLGRloopRsnb
+ ng2C0s32 CsanOL2LSRloopRsnb -

Ciss Coss Coss2 CsnbLQLGRsnb VO - Ciss Coss CossQ CsnbLZLSRsnb VO
_Ciss Coss Coss2 CsanOLZLGRloopRsnb -
Ciss Coss COSS2 CsanOL2LSRloopRsnb

a = ngZCOSSQLZLGVO + ng2COSS2L2LSVO
- Ciss Coss Coss2L2LGV0 - Ciss Coss C0352L2LSVO +
ngZCOSSQIOLQLG’Rloop + ngZCOSSQIOLQLSRloop -
Cea’ CsnbloL pLGRsub - Cga’ CsnbloL pLsRsny, -
ngzcsanOLGLSRsnb - Ciss Coss COSSQIOLZLGRloop

Ciss CossQ CsanOLQLGRsnb
ng Coss2 CsanOLQLSRsnb
Ciss Coss CsanOLDLGRsnb
Ciss Coss CsanOLGLSRsnb

Ciss Coss COSSQIOLZLSRloop +
_Ciss Coss2 CsanOLQLSRsnb +
+  CissCossCosnnloLpLsReny,  +
+ ng2 Coss2 CsnbLQR GRsnb VO

+ ng2C0552 CsanOLQR GRloopRsnb -
Ciss Coss COSS2 CsnbLQRGRsnb VO + ng CossZ CsnbLZLGRsnb VOgm
+ ng Coss2 CsanOLQLGRloopRsnbgm
- Ciss Coss2 CsanOL2LG’R100pRsnbgm
+ ng Coss2 CsanOLZLSRloopRsnbgm -

CissCOSSQCsanOLQLSRloopRsnbgm -
CiSSCOSSCOSS2CSanOL2RGRlOOpRSnb

as = Cga’CossalaRcVo — Cga’loLpLs — Cga’loLcLs —
ngZIOLDLG + ngzcsnbLGRsnbVO + ngzcsnbLSRsnbVO
- Cisscoss2IOL2LG + ngCOSSQIOLQLS - CissCOSSQIOL2LS
+ CisscossIOLDLG + CisscossIOLDLS + CissCossIOLGLS

- Ciss Coss CossZLQRGVO _Coss CossZ CsnbLZRsnb VO
- CissCoss Csub L aRsnb Vo ~Ciss Coss Conb LsRsnb Vo
+ ngcoss2L2LGV0gm + ng2Coss2IOL2RGRloop
— Cad’CsnbloLpRGRs,  —  Coa’CeubloLsRGRa, — —

Ciss Coss CossZIOLZR GRloop - Ciss CossQ CsanOLQR GRsnb
_Coss CossQ CsanOLQRloopRsnb + Ciss Coss CsanOLDR GRsnb
+ Ciss Coss CsanOLSR GRsnb + ng C055210L2LGRloopgm
_CissCoss2IOL2LGRloopgm + ng C055210L2LSR100pgm
—Ciss Coss2IOL2LSRloopgm ng CsanOLDLGRsnbgm +
CissConbloLpLGRsnb 8 m - ng CsnbloLpLsRsnb8m +
Ciss CsanOLDLSRsnbgm ng CsanOLGLSRsnbgm +
Ciss CsanOLGLSRsnbgm + ng Coss2CsnbLaR g Ranp, Vogm
+ ng C0552 CsanOLZR GRloopRsnbgm -
Ciss Coss? CsanOLQR GRloopRsnbgm

as = ngzLGVO + ngzLSVO = CossCossalaVy  —
Ciss COSSLGVO _Ciss COSSLSVO - ngZIOLDRG - ng 2IOLSR G+
ngzcsan GRsnb VO _Ciss COSSQIOLQRG _Coss Coss2IOL2Rloop -
COS52 CsanOL2Rsnb + Ciss COSSIOLDR ¢+ Ciss CossIOLSRG +

Coss CsanOLDRsnb - ng CsanOLSRsnb + Coss CsanOLSRsnb
— CgaloLpLggm + CissloLpLggm — CgaloLpLsgm
+  CissloLpLsgpm, ngIOLGLng +  CissloLgLsgm
- Ciss Coss Csan GRsnb VO + ng COSSQLZR G V()gm +

ng CsnbLGRsnb VOgm +
Ciss C055210L2R GRloopgm

ng Coss2loL2R GRloopgm
COS52 CsanOL2RloopRsnbgm
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- gdCsanOLDRGRsnbgm + CissCsanOLDRGRsnbgm
—Cead CsanOLSR GRsnbgm + Ciss CsanOLSR GRsnbgm

ay = CossloLp — CossaloLa — ngIOLS + CossloLs +
ngZRGVO _CisscossRGVO - CossCsansnbVO + ngLGVOgm
- COSSZIOLQRloopgm - ngOLDRGgm + CissloLpRggm —
ngIOLSRGgm + CissIOLSRGgm + CsanOLDRsnbgm +
ng Csan GRsnb V(]gm

as =— CossVo + [OLng + ngRGVOgm

bO = Cisscoss CossZ CsnbL2LDLG - ng2C0582 CsnbL2LDLS
- gdzCOSSQCsnbLZLGLS - ng2C0382 CsnbLQLDLG +
Ciss COSSCOSSQCsnbL2LDLS + CissCOSSCOSSZC5nbL2LGLS

bl = Ciss Coss CossQ CsnbL2LDRG - ngzcoss2 CsnbLZLGRloop

- gdzCoss2 CsnbLQLSRG - ngzcoss2 CsnbLZLGRsnb
- gd2cos:52 CsnbLQLSRloop - ngzcoss2 CsnbLQLSRsnb
- gdzCOSSQ CsnbLDLG’Rsnb - ngzcoss2 CsnbLDLSRsnb

- gd2C0552 CsnbLGLSRsnb ng2C0s52 CsnbLQLDRG +
Ciss Coss Coss2 CsnbLQLGRloop + Ciss Coss C0552 CsnbL2LSR G
+ Ciss Coss CossZ CsnbL2LGRsnb + Ciss Coss Coss2 CsnbLZLSRloop
+ Ciss Coss Coss2 Csnb Lo LsRsny + Ciss Coss Coss2 Csnb L DL G Rsnb
+ CissCoss Coss2 CsnbLpLsRsnp + Ciss Coss Coss2 Csnb L gLsRsnb
- ng Coss2CsnbLoLpLagm +  CissCoss2CsnbLaLpLggm
—Cad C0552 CsnbLZLDLng + Ciss C0882 CsnbLQLDLng
—Led Coss2 CsnbLZLGLng + Ciss Coss2 CsnbLZLGLng

by = CissCoss Coss2LoLg - ng 2 Coss2LlaLs -
ngzcoss2LDLG - gdzCsnbLDLG - ngzcoss2LDLS -
Cea’Coss2LgLs  —  Cea’CsnpLpLs  —Cga’CanpLoLls  —

ng2C0552L2LG + Ciss CossQ CsnbL2L G+ Coss Coss2 CsnbLQLD
+ Ciss Coss COSSQL2LS - 2ng Coss2 CsnbLZLS +
Ciss C0552 CsnbLQLS + Coss CossZ CsnbLQLS +
Ciss Coss Coss2LDLG + Ciss Coss CsnbLDLG +
Ciss Coss CossQLDLS + Ciss Coss CossQLGLS + Ciss Coss CsnbLDLS
+ Ciss Coss CsnbLGLS - ngzcoss2 CsnbL2R GRloop -
ng2C0552 CsnbLQRGRsnb - ng2C0552 CsnbLDR GRsnb
- gd2 Coss2 CsnbLGRloopRsnb - ng2 CossQ CsnbLSR GRsnb
ng2 CossQ CsnbLSRloopRsnb + Ciss Coss Coss2 CsnbLZR GRloop +
Ciss Coss Coss2 CsnbLQR GRsnp + Ciss Coss CossQ CsnbLDR GRsnp
+ Ciss Coss Coss2 CsnbLGRloopRsnb +
Ciss Coss Coss2 CsnbLSR GRsnb + Ciss Coss Coss? CsnbLSRloopRsnb
- ed Coss2CsnbLaLpR G8&m T CissCoss2 CsnbL2LDRGgm -
ng Coss2 CsnbLQLGRloopgm + Ciss CossZ CsnbL2LGRloopgm
- ng Coss2 CsnbLQLSR G8m _ng CossZ CsnbLQLGRsnbgm +
CissCoss2CsnvloLsRagm +  CissCoss2CsnbLoLgRsnbgm  —
ng CossQ CsnbL2LSRloopgm + Ciss C0552 CsnbL2LSRloopgm -
ng CossZ CsnbL2LSRsnbgm + Ciss CossZ CsnbL2LSRsnbgm -
ng Coss2 CsnbLDLGRsnbgm + Ciss CossZ CsnbLDLGRsnbgm -
ng Coss2 CsnbLDLSRsnbgm + CissCoss2 CsnbLDLSRsnbgm -
ng Coss2CsnbLGLsRsnb&m + Ciss Coss2Conb LGLsRsnb8m

b3 = Ciss Coss Coss2L2RG - ngzcoss2LDRG -
ngzcsnbLDRG - gdzCOSSZLGRloop ngzcsnbLGRloop
- ngz CossZLSR G _ngz CsnbLSR G - ng2 CsnbLGRsnb -

ngZCOSSQLSR]OOp _ngzcsnbLSRloop ngzcsnbLSRsnb
- ng2C0s52L2RG + Ciss CossQ CsnbLQRG +
Coss Coss2 CsnbLQRloop + Coss CossZ CsnbLQRsnb
+ Ciss Coss COSSQLDRG + Ciss Coss CsnbLDRG +
Ciss Coss COSS2LGRloop + Ciss Coss CsnbLGRloop
+ Ciss Coss CossQLSRG + Ciss Coss CsnbLSRG +

Ciss Coss CsnbLGRsnb + Ciss Coss2 CsnbLGRsnb +
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Coss COSS2 CsnbLDRsnb +
Ciss Coss CsnbLSRloop - 2ng COSS2 CsnbLSRsnb +
Ciss Coss CsnbLSRsnb + Ciss Coss2 CsnbLSRsnb +
CossCoss2 Csnb LsRent, — ng Coss2LoLggm + CissCossaLoLagm
+ Coss2CsnbLoLpgm _ng Coss2LoLsgm + CissCossaloLsgm
— Lead COSSQLDL G8&m + Ciss Coss2LDL G8m — ng CsnbLDL G8m
+ CissCsnbLpL G8m _ng COSSQLDLng + Ciss CossZLDLng
- ng CossQLGLng _ng CsnbLDLng + Ciss CossZLGLng
+ Ciss CsnbLDLng _ng CsnbLGLng + Ciss CsnbLGLng -
ng2 Coss2 CsanGRloopRsnb + Ciss Coss CossQ Csan GRloopRsnb
— Lead Coss2 CsnbLQR GRloopgm + Ciss CossQ CsnbLQR GRloopgm
— Lead CossQ CsnbLZR GRsnbgm + Ciss CossZ CsnbLQRGRsnbgm -
ng CossZ CsnbLDR GRsnbgm + Ciss COS52 CsnbLDR GRsnbgm -
ng CossQ CsnbLGRloopRsnbgm + Ciss Coss2 CsnbLGRloopRsnbgm
- ng Coss2CsnbLsR GRsnb &m + CissCoss2Csnb LR GRsnbgm —
ng CossQ CsnbLSRloopRsnbgm + Ciss CossQ CsnbLSRloopRsnbgm
b4 = Coss COS52L2 - ngzLS - ng2LG + Coss2 CsnbL2
+ Ciss CossLG + Ciss CossQLG + Coss Coss2LD +
Ciss CsnbLG + Coss CsnbLD - 2ng Coss2LS + Ciss CossLS
+ Ciss Coss2LS - chd CsnbLS + Ciss CsnbLS +
Coss CossZLS + Coss CsnbLS - ngZCOSSQR GRloop
ng2 Csan GRloop - gd2 Csan GRsnb + Ciss Coss COSSQRGRloop
+ Ciss Coss Csan GRloop + Ciss Coss Csan GRsnb +
Ciss Coss2 CsanGRsnb + Coss Coss2 CsanloopRsnb -
ng Coss2LoR ggm ~+ CissCoss2LaR g8 m + Coss2 CsnbL2Rloopgm
+ Coss2CsnbLaRsnb 8 m ng Coss2LpRGgm +
Ciss CossZLDR G8m _ng CsnbLDR G8m *+ Ciss CsnbLDR G8m
- ngcoss2LGRloopgm + CissCOSSZLGRloopgm
- ng CsnbLGRloopgm + CissCsnbLGRloopgm -
ng Coss2LsR G8m + CissCoss2LsR G8m — Lgd CsubLsR G8m
—Led ConbLaRsub&m + Ciss CsnbLsR g m + Ciss Csub L gRsnb &m

Ciss Coss CossZLSRloop +

+ Coss2CsnbLpRsnb&m - ng Coss2LSRloopgm
+ Ciss COSSQLSRloopgm —Cgd CsnbLSRloopgm +
Ciss CsnbLSRloopgm - ng CsnbLSRsnbgm +
CissCsnbLSRsnbgm - ngC0352 CsanGRloopRsnbgm +
CissCoss2Csnb R GRloopRsnbgm

b5 = CissCOSSRG - ngzRG + CissCOSSQRG +

Ciss CsanG + Coss COSSQRloop + Coss Csanloop +
Coss Csansnb + CossZ Csansnb + Coss2L28m - ngLGgm
+ CissLGgm + COSS2Lng + CsnbLng - gdLng +
CissLsgm ng Coss2R GRloopgm +  CigsCoss2R GRloopgm
- ng ConbR GRloopgm + CissCsnbR GRloopgm
- ng Csan GRSnbgm + Ciss CsanGRsnbgm +
C0552 CsanloopRsnbgm

bg = Coss + Coss2 + Conp, — ngRGgm + CisR c8m +
Coss2Rloopgm + Csanloopgm + Csansnbgm

by = 8m-

The coefficients in (20) are shown as follows:

0 = (Ciss CossCoss2LaLpLg - ng2C0552L2LDLS
- ngZCOSSQLZLGLS - ngZCOSSZLQLDLG +
CissCosscoss2L2LDLS + Cisscoss COSSQLQLGLS)S7
+ (CisscossCOSSQLQLDRG - gdZCOSSQLQLGRloop
- ng2C0s52L2LSRG - ngzcoss2L2LGRsnb -
ngZCOSSZLQLSRloop - ng2C0552L2L5R5nb -
ng2COSS2LDLGRsnb - gd2COSS2LDLSRSnb -
ngZCOSS2LGLSRSnb - ngzcoss2L2LDRG +

Ciss Coss Coss2L2LG'Rloop + Ciss Coss C0552L2LSRG +
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Ciss Coss COSSZLZLGRsnb + Ciss Coss COSS2L2LSRloop
+ Ciss Coss COSSQLQLSRsnb + Ciss Coss COSSQLDL GRsnb
+ Ciss Coss CossQLDLSRsnb + Ciss Coss Coss2LGLSRsnb
—Cgd Coss2LaLpLagm + CissCoss2aLoLpLgm -
ng Coss2LoLpLsgm + CissCoss2LoLpLsgm -
ng COSSQLQLGLng + Ciss Coss2L2LGLng)S6 +
(Ciss CossQLZLG - ngzLDLS - ngzLGLS - ngzLDLG
+ Coss Coss2L2LD - 2ng Coss2L2LS + Ciss CossQL2LS
+ CossCoss2loLls + CissCossLpLg +  CissCossLpLs +
Ciss CossLGLS - ng2C0s52L2R GRloop - ng2C0532L2R GRsnb

ngZCOSSQLDR GRsnb - ngZCOSSQLGRlOOpRSnb
- ngZCOSSZLSRGRSnb - ng2COSSQLSRloopRsnb +
Ciss Coss CossZLZR GRloop + Ciss Coss CossQLQR GRsnb +
Ciss Coss COSSQLDR GRsnb + Ciss Coss CossQLG’RloopRsnb
+ Ciss Coss CossQLSR GRsnb + Ciss Coss CossQLSRloopRsnb

- gdCOSSQLQLDRGgm + CissCOSS2L2LDRGgm -
ng COSSQLZLGRloopgm + Ciss CossQLQLGRloopgm
- ng Coss2LaLsR G8m - ng CossQLZLGRsnbgm +
CissCOSSQLQLSRGgm + Ciss Coss2L2LGRsnbgm -
ng CossQLQLSRloopgm + Ciss CossQLQLSRloopgm -
ng Coss2LoLsRg1,8m + CissCoss2LoLsRa1,8m -
ng Coss2LDLGRsnbgm + Ciss Coss2LDLGRsnbgm -
ng Coss2LDLSRsnbgm + Ciss CossZLDLSRsnbgm -
ngCOSSZLGLSRsnbgm + Ciss Coss2LGLSRsnbgm)s5 +

(Cisscoss2L2RG - ngzLGRloop - ngzLSRG - ngzLGRsnb -
ngzLSRloop - gdzLSRsnb - ngzLDRG + CossC0552L2Rloop
+ CossCOSSQLQRsnb + CissCOSSLDRG + CissCossLGRloop
+ CissCossLSRG + CisscossLGRsnb + CissCoss2LGRsnb +
CossCoss2LDRsnb + CisscossLSRloop 2ngCOSSQLSRsnb
+ CisscossLSRsnb + Cisscoss2LSRsnb + Cosscoss2LSRsnb
+  CossoLaoLpgm ngLDL G8&m + CissLpLggm

ngLDL,S'gm + CissLpLsgm — gdLGLng + CissLgLsgm

- ngZCOSSQR GRloopRsnb + Ciss Coss COSSQR GRloopRsnb
- ng COSS2L2R GRloopgm + Ciss COSS2L2R GRloopgm
- ng Coss2L2RGRsnbgm + CissCos32L2RGRsnbgm -
ng Coss2LpR GRsub & m + CissCoss2LDRGR b8 m -
ng CossQLGRloopRsnbgm + Cigs COSSQLGRloopRsnbgm
- ng COSSQLSRGRsnbgm + Ciss COSSQLSRGRsnbgm -

ngCOSSQLSRloopRsnbgm + CissCOSSZLSRloopRsnbgm)s4
+ (C0552L2 + CissLG + CossLD - 2ngLS + CissLS +
CossLS - ngzRGRloop - ngzRGRsnb + CissCossRGRloop +
CissCossRGRsnb + CissCOSSQRGRsnb + CossCOSSZRloopRsnb
+ COSSZL2R100pgm + COSSQLQRsnbgm - ngLDRGgm
+ CissLDRGgm _ngLGRloopgm + CissLGRloopgm
ngLSRGgm - gdLGRsnbgm + CissLSRGgm + CissLGRsnbgm
+ Coss2LDRsnbgm - ngLSRloopgm + CissLSRloopgm -
ngLSRsnbgm + CissLsRgnbgm — ngCOSSQRGRloopRsnbgm +
CissCossQRG‘RloopRsnbgm)s3 + (Lpgm + CissRa + CossRloop
+ CossRsnb + COSSQRsnb - ngRGRloopgm + CissRGRloopgm
- ngRGRsnbgm + CissRGRsnbgm + COSS2R100pRSnbgm)S2 +
(Rloopgm + Rsnbgm + 1)S

P = (CissCoss Coss2LaL - ng2COSS2L2LS -
ng2COSS2LDLG - gdzCOSSQLDLS - ng2C0s52LGLS -
ngZCOSSQLQLG + CissCossCoss2L2LS + CissCossCOSSQLDLG
+ CissCossCoss2LDLS + CissCossCoss.QLG'LS)S5 +
(Cisscosscoss2L2RG - ngzcoss2LDRG _ngzcoss2LGRloop
- ng2COSS2LSRG - ng2COSS2LSR100p _ng2C0552L2RG
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+ Ciss Coss COSSQLDR G + Ciss Coss COSSQLGRloop
+ Ciss Coss COSS2LSRG + Ciss Coss Coss2LSRloop -
ng Coss2L2LGgm + Ciss Coss2L2LGgm - ng Coss2L2Lng
+ CissCoss2LoLsgm — gdCOSSQLDLGgm + CissCoss2LpLcgm
- gdCOSSZLDLng + CissCoss2LpLsgm — gdCOSSQLGLng
+ Ciss CossQLGLng)S4 + (Coss C0552L2 - ng2LS -
ngzLG + Ciss COSSLG + Ciss COSSZLG + Coss COSSQLD
- 2ng Coss2LS + Ciss CossLS + Ciss Coss2LS +
Coss Coss2LS - ng2coss2R GRloop + Ciss Coss Coss2R G’Rloop
—Cgd Coss2LaR g m + CissCoss2LoRGgm — ng Coss2LDRGgm
+ Ciss COSSQLDR G8m ng COSSQLGRloopgm +
Ciss CossQLGRloopgm _ng Coss2LsR G8m + CissCoss2LsR G8m
—Lgd Coss2LSRloOpgm + Ciss Coss2LSRloopgm)s3 + (Ciss CossRG
- ngzRG + Ciss COSSQRG + Coss Coss2Rloop + Coss2L2gm -
ngLGgm + CissLagm + Coss2Lpgm — gdLng + CissLsgm
- ng COSSZR GRloopgm + Ciss COSSQR G‘Rloopgm)s2 + (Coss +
COSS2 - ngRGgm + CissRGgm + COSSQRloopgm)s + &m-

The coefficients in (21) are shown as follows:

01 = (ngzcoss2L2LGRsnb Vo +
ngZCOSSQLQLSRsnb VO _Ciss Coss CossQLQLGRsnb VO -
Ciss Coss CossQLQLSRsnb VO + ng2COSSZIOL2LGR100pRsnb
+ ngZCOSS2IOL2LSRloopRsnb _CissCossCOSSQIOLQLGRIOOpRsnb
- Ciss Coss COSS2I()L2LSRIOOpRsnb)S5 + (ng Coss21()L2LSRsnb
- gdzIOLDLSRsnb - ngZIOLGLSRsnb _Cisscoss210L2LGRsnb
- ngleLDLGRsnb - Ciss Coss2IOL2LSRsnb +
Ciss CossIOLDLGRsnb + Ciss CossIOLDLSRsnb +
Ciss CossIOLGLSRsnb + ngZCOSSQLQR GRsnb VO -
Ciss Coss COSS2L2R GRsnb VO + ng C0552L2LGRsnb VOgm +
ngZCOSSQIOLQR GRloopRsnb _Ciss Coss CossQIOLQR GRloopRsnb
+ ng Coss2IOL2LGR100pRsnbgm -
CissCoss2IOL2LGR100pRsnbgm + ngCossQIOLQLSRloopRsnbgm
—Ciss COSS2IOL2LSRloopRsnbgm)S4 + (ngzLGRsnb Vo +

Coa’LsRsnbVo  —Cga’I)LpRGRs,  —  Cga’loLsRGRsn,
- Coss Coss2L2Rsnb VO - Ciss CossLGRsnb VO -
Ciss CossLSRsnb VO - Ciss Coss2[0L2RGRsnb -
Coss COSS2IOL2R100pRsnb + Ciss CossIOLDR GRsnb

+ CissCossloLsR gRny, - ngIOLDL GRsubg&m +
CissIOLDLGRSnbgm - ngIOLDLSRsnbgm + CissIOLDLSRsnbgm
- ngIOLGLSRsnbgm + CiSSIOLGLSRsnbgm +
ng Coss2L2R GRsnb VOgm + ng COSSQIOLZR GRloopRsnbgm
- CissC035210L2RGRloopRsnbgm)s3 + (CossIOLDRsnb
- Coss2IOL2Rsnb _ngIOLSRsnb + CossIOLSRsnb +
ngzR GRsnb VO - Ciss CossR GRsnb VO + ngLGRsnb VOgm
- C055210L2R100pRsnbgm - ngIOLDR GRsnbgm
+ CissIOLDRGRsnbgm - ngIOLSRGRsnbgm +
CissIOLSRGRsnbgm)s2 + (IOLDRsnbgm CossRsnbVo  +

ngRGRsnb Vogm)s

Py = (ng2C0552L2LGVO + ngzcoss2L2LSVO
- Ciss Coss COSSQLZLGVO - Ciss Coss Coss2L2LSVO +
ng2COSSZIOL2LGRloop + ngzcoss210L2LSRloop -

Ciss Coss Coss2]OL2LGRloop _Ciss Coss Coss2IOL2LSRloop)S4
+ (Cga’CossalaRcVo — Cea’loLpLs — Cga’*loLgLs —
ngZIOLDLG - Ciss Coss2IOL2LG + ng CossQIOLQLS -
Ciss COSSQIOLQLS + Ciss CossIOLDLG + Ciss CossIOLDLS
+ CissCossloLaLs - CissCossCoss2LaR Vo +
ng Coss2L2LGVOgm + ngZCOSSZIOLZRGRloop
CisscossCOSSQIOLQRGRloop + ng Coss2IOL2LGR100pgm
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Ciss COSSQIOLQLGRloopgm + ng COSSZIOLZLSRloopgm

Ciss CossQIOLQLSRIOOpgm)s3 + (ngzLGVO + ngzLSVO -
CossCOSSQLQ VO - CissCossLGVO _CissCossLSVO - ngZIOLDRG’
- ngZIOLSRG - Ciss C053210L2RG Cosscoss2IOL2Rloop
+ CissCossloLpRg  +  CissCossloLsRg — ngIOLDLGgm
+ CissIOLDLGgm ngIOLDLng + CissIOLDLng -
ngIOLGLng + CiSSIOLGLng + ngCOSS2L2RGVOgm +
ng Coss2[0L2RGRloopgm _CissCoss2]0L2RGRloOpgm)s2 +
(CossloLp — CossaloLa — CgaloLs + CossloLs + Cga*RcVo
— CisCossRaVy  + ngLGvogm - C053210L2R100pgm -
CoaloLpRGgm + CissloLpRcgm CgaloLsRcgm -+
CiSSIOLSRGgm)s - Coss VO + IOLng + ngRGVOgm-
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