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Abstract—Gallium nitride high electron mobility transistors are
widely used due to their advantages of fast switching speed and
low ON-resistance. However, these characteristics also render the
circuits highly susceptible to instability. Undamped oscillations are
one of the instability problems, which can result in excessive power
loss or even more serious device breakdown. Current research
primarily focuses on the mechanism analysis and modeling of
single undamped oscillation, without considering the coupling and
switching between different undamped oscillations. The systematic
theoretical study of multimode undamped oscillation mechanisms
is lacking. In this article, the occurrence mechanism and switching
law of multimode undamped oscillation are analyzed, which is
the first time to reveal the basic mechanism between multiple
undamped oscillations in the same process, and the influence of
undamped oscillations in one process on the subsequent stage. First,
the generation and persistence mechanism of different oscillations
are analyzed. Then, the high-frequency equivalent models are
developed to accurately analyze the influence of various parasitic
parameters and external conditions on oscillation generation and
the switching process between multimode oscillation. Finally, the
accuracy of the proposed method is verified by simulation and
experiment. The theory and models are established to analyze
the generation and switching mechanism of undamped oscillations
comprehensively. It can provide systematic guidance for the un-
damped oscillation study.

Index Terms—Gallium nitride (GaN), high-electron-mobility
transistors (HEMTs), undamped oscillation.

NOMENCLATURE
Parameter Description
Vbus DC input voltage.
I, Load current.

Received 1 July 2025; revised 10 September 2025; accepted 23 October 2025.
Date of publication 3 November 2025; date of current version 19 January 2026.
This work was supported by the National Natural Science Foundation of China
under Grant 52307224 and Grant U2368206. Recommended for publication by
Associate Editor S. Tian. (Corresponding authors: Qiang Hu; Kexin Yang.)

Jian Chen and Wensheng Song are with the School of Integrated Circuit
Science and Engineering, Southwest Jiaotong University, Chengdu 611756,
China (e-mail: chenjian@swjtu.edu.cn; songwsh@swijtu.edu.cn).

Qiang Hu, Kexin Yang, Pengcheng Xu, Hao Yue, and Ziyang Wang are with
the School of Electrical Engineering, Southwest Jiaotong University, Chengdu
611756, China (e-mail: hq2019111758 @my.swjtu.edu.cn; ykxin@my.swjtu.
edu.cn; pchxull18@my.swjtu.edu.cn; yuehao6866 @my.swjtu.edu.cn; 202221
0727 @my.swjtu.edu.cn).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TPEL.2025.3627670.

Digital Object Identifier 10.1109/TPEL.2025.3627670

, Graduate Student Member, IEEE, Kexin Yang
, Graduate Student Member, IEEE, Hao Yue

, Member, IEEE,
, Ziyang Wang “,
, Senior Member, IEEE

Chus Capacitance of decoupling capacitor.

Livop Power loop inductance of the single pulse cir-
cuit.

Rioop Power loop resistance of the single pulse cir-
cuit.

Lioad Inductance of load inductor.

Lp1-in&Lps-in  Internal drain inductances of Q1 &Qs.

LGl'in&LGQ'in
Ls1in&Lgs2in

Internal gate inductances of Q1&Q5.
Internal common source inductances

01&0s.

of

Lp1&Lps Drain inductance of Q1&Q-.

La1&Las Gate inductance of Q1 &Qs.

Lg1&Lgo Common source inductance of Q1 &Q5.
Cas1&Cys2 Drain—source capacitance of Q1 &Q5.
Cea1&Cyq2 Gate—drain capacitance of Q1 &Q5.
Cos1&Cyeo Gate—source capacitance of Q1 &Q5.
Rg1&Ra2 Gate resistance of Q1&Q5.

Vo Driving voltage from driver IC.

I. INTRODUCTION

IGH efficiency, high power density, and high reliabil-
H ity are the key objectives in the development of power
electronics. However, silicon (Si)-based devices have reached
their performance thresholds due to material limitations [1],
[2], [3]. In this context, wide bandgap (WBG) semiconductors,
including gallium nitride (GaN) and silicon carbide (SiC), have
gained significant attention and experience rapid advancements
in recent years. In particular, GaN high electron mobility tran-
sistors (HEMTs) exhibit exceptional characteristics, including
the high electric breakdown field, high electron mobility, and
low ON-resistance [4], [5], [6], [7]. These characteristics of GaN
devices provide a solid foundation to realize high frequency and
high power density in emerging fields such as 5G technology,
electric vehicles, and artificial intelligence [8], [9], [10], [11].

However, high switching speed makes circuits more suscep-
tible to the influence of high-frequency parasitic parameters,
while low ON-resistance reduces system damping. The negative
factors will lead to serious instability problems in the circuit
system, and the undamped oscillations are one of the instability
problems [12], [13], [14], [15], [16], [17], [18], [19], [20].
Undamped oscillations can lead to instantaneous shoot-through
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in the bridge-leg, excessive power loss, or even more serious
device breakdown [21], [22], [23], [24]. Therefore, it is very
necessary to analyze and suppress undamped oscillations in
order to enhance the reliability of devices and circuit operation.

A lot of research works have been conducted on undamped
oscillations, including false triggering oscillations (FTO) of the
gate—source voltage and self-sustained oscillations (SSO) of the
drain—source voltage. In studies [13] and [14], the generation
mechanism of FTO is analyzed and the negative impedance
model is developed, while the effect of various parasitic param-
eters on this phenomenon is studied. However, the common-
source inductance (CSI) is neglected to simplify the model,
which significantly affects gate—source voltage oscillation and
cannot be overlooked. In studies [25] and [26], FTO is inves-
tigated and a passive suppression method with the addition of
ferrite beads in power loop is introduced to suppress oscillation.
However, the drive resistance is not considered, which has a
significant effect on the FTO and may affect the accuracy of
the model. In study [27], a loop conductance adaptive method
is proposed to suppress switching oscillations in GaN-based
circuits. This method explains the suppression mechanism from
the perspective of oscillator theory. In study [15], based on
the Barkhausen criterion, it is concluded that the ratio between
the CSI and the gate—drain capacitance is a critical factor in
effectively preventing FTO. However, the influence of the drive
resistance is ignored for easier computation. Furthermore, in
study [28], it is analyzed that FTO can also occur when the reso-
nant frequency f, of the parasitic inductance and the gate—source
capacitance in the drive circuit is close to the resonant frequency
fa of the parasitic inductance and the drain—source capacitance
in the power circuit. Although the Barkhausen criterion is a good
way to explore undamped oscillations, it reflects less information
about stability [29]. In study [30], FTO of SiC metal-oxide-
semiconductor field-effect transistors (MOSFETS) is explored by
the closed-loop transfer function, and itis identified that FTO can
be triggered under two different testing conditions. In study [12],
FTO occurring during the turn-OFF transients of cascode GaN
HEMTs is investigated, and the influence of parasitic parameters
on system stability is evaluated quantitatively. In study [20], the
FTO mechanism of parallel GaN devices is revealed, and the
effects of parasitic parameters on the FTO of parallel devices
are analyzed and suppression methods are proposed. Based on
the above analysis, it can be seen that FTO is prevalent in WBG
devices. The existing studies mainly focus on the generation
mechanism, parameter effects and suppression methods of a
single FTO.

In addition to FTO, WBG devices may also generate other
modes of undamped oscillations due to external conditions or
inherent device characteristics. In study [17], the generation
mechanism of SSO of the drain—source voltage is explored and
the influence of parasitic parameters on system stability is ana-
lyzed. In study [31], a state-space model is used to analyze SSO.
The state-space model is compared with the transfer function
and their equivalence is demonstrated. In addition, undamped
oscillations of p-GaN HEMT and Cascode GaN HEMT are
investigated in different conditions, and the influence of circuit
parameters on these oscillations are analyzed, the methods such
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Fig. 1.
neously.

Scene where multiple modes of undamped oscillations occur simulta-

as reducing the CSI remain effective in suppressing undamped
oscillations [32], [33], [34], [35].

The above analysis shows that the current studies mainly focus
on single undamped oscillations, such as FTO for gate—source
voltage and SSO for drain—source voltage. In practical engi-
neering, the authors find that multiple undamped oscillations,
such as FTO and SSO, occur at the same time, which is more
complicated and harmful than a single oscillation, as shown
in Fig. 1. The occurrence of multiple undamped oscillation
results in more severe oscillations compared with the single
oscillation, including larger voltage and current overshoots, and
instantaneous shoot-through in the bridge-leg. However, the oc-
currence mechanism and switching law of multimode undamped
oscillations are not clear at present.

In response to the above question, the switching mechanism
and influence analysis of multimode undamped oscillation for
GaN HEMTs are analyzed and proposed in this article. The main
contributions of this work are as follows.

1) Itis the first time to analyze the switching mechanism of
two undamped oscillations at the same time and reveal
the switching laws of different undamped oscillations at
different time.

2) The multimode undamped oscillations are modeled, and
the effects of external conditions and parasitic parameters
on the generation and switching of different undamped
oscillations are investigated.

The rest of this article is organized as follows. In Section II,
the generation conditions and mechanisms of SSO and FTO
are analyzed, and multimode undamped oscillation models are
developed. Based on the established models, Section III inves-
tigates the influence of parasitic parameters on the generation
and switching of different undamped oscillations. To validate
the theoretical analysis, Section IV presents simulation and
experimental results. Finally, Section V concludes this article.

II. CIRCUIT MODELING AND STABILITY CRITERIA

The GaN-based half-bridge circuit is used to investigate the
system instability, as shown in Fig. 2, with key parameters
summarized in Nomenclature. Both O, and Q- are GaN HEMTs,
where the top device Q; operates as a passive device, and the
bottom device Q- operates as an active device, driven by a
double-pulse signal. When the driving signal steps from high
to low, Qs is turned off and the load current Iy, will freewheel
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Fig. 2. Half-bridge circuit based on GaN HEMTs.

through Q; . During the turn-OFF transient, the circuit may occur
unexpected undamped oscillations due to the extremely high
dv/dt and di/dt.

A. Generation Mechanism of Undamped Oscillations

The reverse conduction characteristics of GaN HEMTs are
significantly different from those of Si or SiC MOSFETS. In SiC
MOSFETS, the load current freewheels through the intrinsic body
diode. In contrast, GaN HEMTs lack the body diode but can
conduct reverse current due to their unique structure [4]. When
gate—drain voltage or gate—source voltage gradually exceeds the
threshold voltage, electrons are attracted to the AIGaN/GaN
heterojunction interface, re-establishing the two-dimensional
electron gas, and thereby enabling the GaN device to conduct
current [7], [17], [36]. The channel current is controlled by the
gate—source voltage when the drain—source voltage is positive,
but it is controlled by the gate—drain voltage when the drain—
source voltage is negative [37].

When Q> is turned OFF, the current charges the output capac-
itance of Q reversely, causing the source—drain voltage of O
to increase. Meanwhile, the gate—source voltage of QO remains
at a low level since there is no driving signal. The gate—drain
voltage of O; can be expressed as follows:

Vgdl = Ugs1 + Vsd1 = Vsd1 (1)

where Vvgq1, Vgs1, and vgqy are the gate—drain voltage, gate—
source voltage, and source—drain voltage of Q1, respectively.

The reverse conduction characteristics of Q1 are shown in
Fig. 3, gate—drain voltage and source—drain voltage of O, satisfy
the following:

Vgd1>Ved,th
(2)

Vsdl > Vgd1 — Ved,th

where V4 1, refers to the threshold voltage for reverse conduc-
tion of the device.

Therefore, Q1 remains in the saturation region and the channel
current is controlled by vgq1, which can be expressed as follows:

lchl = Gm1 * Vgdl 3
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Fig. 3. Reverse conduction characteristics of GaN HEMTs.
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Fig. 4. Block diagram of the feedback system of SSO.
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Fig. 5. Typical waveforms of SSO.

where g1 represents the reverse transconductance of the GaN
HEMTs, and i.,,; represents the reverse channel current of Q1.

When the device works in the saturation region, a feedback
system is established within the circuit. The forward path of this
system is determined by the devices’ transconductance, while
the feedback loop is formed by the surrounding circuit elements.
The self-sustained oscillation is caused by the inherent instabil-
ity of the circuit system, and can be considered to occur in the
absence of an external excitation source. A transient disturbance
coupled to the gate drive signal is typically regarded as the input,
which momentarily forces the device into the saturation region.
Such disturbances may originate from factors like the reverse
conduction characteristics of GaN, as well as dv/dt and di/dt
effects. The corresponding feedback block diagram is shown
in Fig. 4. If the feedback network becomes positive due to
the reverse conduction characteristics and parasitic parameters,
the disturbance will be continuously amplified by the positive
feedback loop [17]. Q2 will occur SSO of drain—source voltage
while its gate—source voltage is normal. The typical waveforms
are shown in Fig. 5.

In addition to SSO, other undamped oscillations may also
occur during its turn-OFF period. At this time, O works in the
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Fig. 6. Typical waveforms of FTO.

forward cutoff region. The gate—source voltage of Q- can be
expressed as follows:
digo dig

Vgs2 = —(Lag2 + Ls2) - - Lgs - it

where vg40, ig2, and iq are gate—source voltage, gate current, and
drain current of Qs.

As shown in Fig. 2, the high dv/dt applied to the Miller
capacitance generates a displacement current flowing into the
gate node, which may result in an increase of vgeo. Simulta-
neously, the dig/dt on the CSI generates a negative voltage,
potentially further increasing vgg2. Once vgqo exceeds the Vg ¢h,
the channel of Q- is forcefully turned ON, which is called false
turn-ON. At this point, Q» commutates from the cutoff region to
the saturation region, because

—igy - Rga  (4)

Ug52>Vgs,th )
Vds2 > Vgs2 — Vgs,th

False turn-ON causes Q5 to work in the saturation region,
during which the channel current is controlled by vy2, indicating
that a feedback system is established. In this case, if the feedback
network exhibits positive feedback due to parasitic parameters,
Q9 will occur FTO of gate—source voltage. The typical wave-
forms are shown in Fig. 6.

Thus, although oscillation mechanisms of FTO and SSO are
different, the necessary conditions for oscillation occurrence can
be summarized into two key factors.

1) ConditionI: The devices as oscillation source need to work
in the saturation region to generate channel current, which
leads to the establishment of the feedback network.

2) Condition II: The feedback network becomes positive
feedback due to the influence of device characteristics and
parasitic parameters.

B. Relationship Between Different Undamped Oscillations

The preceding analysis highlights the generation mechanism
of single undamped oscillation, however, there is also relation-
ship between different undamped oscillations.

Condition I is necessary regardless of whether the FTO occurs
in Q1 or Qs. As previously discussed, the occurrence of false
turn-ON is closely related to slew rates of voltage and current.
Therefore, the magnitude of the bus voltage and load current,
as well as the switching time, significantly influence the oc-
currence of FTO. For example, if Q; occurs FTO during the
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Fig. 7. Influence of undamped oscillations in the previous period on sub-
sequent stage. (a) Waveforms of gate—source voltage in Q1. (b) Waveforms of
drain—source voltage in Q2. (c) Waveforms of drain current in Q2. (d) Waveforms
of gate—source voltage in Q5.

turn-ON period of Qo, it will significantly increase the voltage
and current slew rates in the subsequent switching transient. As
shown in Fig. 7(a)-(d), the blue waveforms represent normal
gate—source voltage of Q1, drain current of Q2, drain—source
voltage of Q-, and gate—source voltage of Qs, respectively. In
this case, the circuit does not satisfy Condition I, and therefore
no sustained oscillation occurs in voltage or current. The red
waveforms represent gate—source voltage of Q1, drain current
of O, drain—source voltage of O, and gate—source voltage of
Q> when the FTO occurs in Q1, respectively. It can be seen
that the FTO of O, will affect the oscillation of Qs at this time,
making the drain—source voltage and drain current of Q5 have a
higher change rate, and that will affect the undamped oscillation
on the subsequent stage, as shown in Fig. 7(b) and (c). Due to
the higher di/dt and dv/dt, false turn-ON may occur, which will
make the device enter the saturation region and satisfy Condition
I, thus leading to the subsequent FTO, as shown in Fig. 7(d).
In summary, the undamped oscillation in the previous stage
influences dv/dt and di/dt, which directly affects the occurrence
of oscillation in the following.

In addition, since both FTO and SSO may occur dur-
ing the turn-OFF period of (s, interactions between
and Qs can arise, resulting in the following three possible
situations.

1) Situation I: Qs occurs SSO of drain—source voltage,
because Q; works in the saturation region to establish
feedback path and feedback system becomes positive, as
shown in Fig. 8(a).

2) Situation II: Q2 occurs FTO of gate—source voltage, be-
cause false turn-ON of Q- causes the channel to reopen and
transforms the feedback network into positive feedback,
as shown in Fig. 8(c).

3) Situation III: Q5 may occur both FTO and SSO. As men-
tioned earlier, when Qs is turned OFF, the load current
is freewheeling through Q;, which may result in SSO
of the drain—source voltage of Oy, while Q- is still in



4786

P Turn-OFF period of O,

\4

C Situation] [ _Situation [l | _Situation II

_sso T _JFTO

. A

VgsZ

Vds2 V2

(a) (b

Fig. 8. Different situations of undamped oscillations. (a) Situation I. (b)
Situation III. (¢) Situation II.

Fig. 9. Block diagram of the feedback system of FTO.

the turn-OFF state. At the same time, the FTO of the
gate—source voltage may also occur during turn-OFF period
of Q. Since the device is turned ON and OFF continuously
during the occurrence of FTO, the SSO phenomenon may
be masked by the FTO. In terms of the feedback path, when
Q- occurs SSO, most of the energy is exchanged between
the loop parasitic inductance and the output capacitance of
Qs. However, if Q2 occurs FTO, the energy transfer path
becomes unbalanced, thereby destabilizing the feedback
loop of SSO, as shown in Fig. 9. Therefore, when both Q1
and Qs satisfy the conditions for establishing the positive
feedback system, the FTO of Q> tends to dominate the
oscillation process. It is worth noting that, since the device
is turned ON and OFF continuously, the SSO feedback
system can momentarily re-establish during the OFF-state.
Therefore, the oscillation amplitude of the drain—source
voltage v4s2 at this time will be slightly larger than the
amplitude when only a single FTO occurs, as shown in
Fig. 8(b).
To further validate the underlying oscillation mechanism, the
high-frequency equivalent models are developed in the follow-
ing analysis.

C. Equivalent Circuit Setting and Stability Criterion

In this section, based on the analysis above, high-frequency
equivalent models are established to analyze all oscillation
mechanisms during the turn-OFF period of Q5. To simplify the
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Fig. 10. Equivalent model of SSO. (a) Initial model of SSO. (b) Simplified
model of SSO. (c¢) Further simplified model of SSO. (d) Final simplified model
of SSO.

equivalent circuit as shown in Fig. 2, the following assumptions
are made [18].

1) The bus capacitor Cy,,5 is considered as short-circuited be-
cause its high-frequency impedance is sufficiently smaller
than the other parameters. The load inductance Lioaq is
considered as open-circuited, because its high-frequency
impedance is sufficiently larger than the other parameters.

2) Since undamped oscillations occur during the turn-off
period of Q-, the Vg remains at a low level.

3) The existence of channel is a necessary condition for
undamped oscillation to occur and is represented by a
voltage-controlled current source.

When Q5 occurs SSO, high-frequency equivalent model is
shown in Fig. 10(a). Q7 is equivalently represented as a current
source controlled by the gate—drain voltage. At this time, Q- can
be equivalently represented by its output capacitance Copggo.

To simplify the equivalent circuit, the star connection of Z; 1,
Z19, and Z 3 is transformed into a triangle connection using the
following equation, as shown in Fig. 10(b) and (c)

— Z11Z12+Z12Z13+ 211213
Zl4 — Z1o
Zhs = Z11212+Z1221i13+211213 (6)
Zi6 = Z11Z12+Z12212113+Z11213

where Z11 = Rgi+sLg1, Z12 = sLsi, Z13 = Rigop+s(Lioop
+Lg2)+1/(sCoss2). After further simplification, Fig. 10(d) can
be obtained. Z;7, Z13, and Z19 are obtained using the following
equations:

Zhr = Z14//(1/(5Cgar))
Zhg = Z15//(1/(5Cgs1)) - (7
Zhg = Z16//(1/(sCas1))

During the oscillation transient, the circuit can be regarded as a
single-input single-output (SISO) feedback system, and SSO has
been studied as a SISO system [17]. Fig. 4 illustrates the block
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diagram of the feedback system, where A is the forward transfer
function, F is the feedback transfer function, and d represents
the disturbance.

From (3), the relationship between vyq; and ic,; has been
derived, and A; can be calculated using the following equation:

dcn1(s)
a Vgai(s)
The channel current is fed back to vgq; through the circuit,
and F'; can be determined using the following equation:
Vgd1(s) Zh7Z19
ien1(s)  Zir+ Zis+ Zig

Based on Fig. 4, the closed-loop transfer function of SSO can
be expressed as follows:

_ Al
1— Ay(s)Fi(s)

= Ggm1- (8)

Fy = 9)

Tl(s)

B gmi1s(ass® + azs® + azs? + arst + ap)
T bssD 4 byst + b3s3 4 bys2 + byst + by

wherea; (i=0,1,2,3,4)and b; (j=0, 1,2, 3,4, 5) represent the
coefficients of each term in the numerator and denominator of
the closed-loop transfer function, respectively. The derivation
shows that the closed-loop transfer function for analyzing the
SSO is a fifth-order system.

When Q5 occurs FTO, both Q1 and Q> work in the saturation
region. Gate disturbances in both devices can theoretically affect
the stability of the circuit. At this stage, the circuit behaves as a
multi-input feedback system, as illustrated by the feedback block
diagram in Fig. 9. The formation of the channel in Q- interrupts
the energy transfer path of SSO, thereby impairing its feedback
mechanism. As a result, when both Q; and Q5 are subjected
to disturbances, the circuit occurs FTO dominated by Q. This
phenomenon will be further demonstrated through modeling and
experimental analysis.

The equivalent model of the FTO is shown in Fig. 11(a), in
which Q; is represented by an equivalent impedance Zs3, the star
connection of Zs1, Z2s, and Zys is transformed into a triangle
connection of Zyy, Zos, and Zsg, as shown in Fig. 11(b) and
(c), respectively. Subsequently, Zs7, Zog, Zog are obtained by
further simplification, as shown in Fig. 11(d). Similarly, transfer
function of the FTO can be derived as follows:

(10)

=l (1)
Vgs2(8)
Vgs2(5) Lo Zag
F,=-8 = 12
? ten2(S)  Zor + Zag + Zag (12)
As(s
Ty(s) 2(s)

T 1— Ay(s)Fa(s)

. gmg(a7s7—|—a656 + a5s5—|—a4s4 + a353—|—a252+a181—|—a0)
- b787 + b656+b5$5+b454+b383+b282+b1$1+b0
(13)

where a; (i =0,1,2,3,4,5,6,7)and b; (=0, 1,2,3,4,5,6,
7) represent the coefficients of each term in the numerator and
denominator of the closed-loop transfer function, respectively.

4787

Cg.:z
' o2
V |:|Z
Zn L, + 29
Cgsz vgsl
(b) (d)
Fig. 11.  Equivalent model of FTO. (a) Initial model of FTO. (b) Simplified

model of FTO. (c¢) Further simplified model of FTO. (d) Final simplified model
of FTO.

TABLE I
SPECIFICATIONS AND KEY CIRCUIT PARAMETER

Parameter Value Parameter Value

Zm1 108 Rioop 021 Q
8m2 558 Cosst 483 pF
Lioop 7.4 nH Coso 161 pF
Lg 4.47 nH Cigs1 274 pF
La> 6.5 nH Cise 240 pF
Ls; 0.7 nH Crost 60 pF

Ls» 0.6 nH Chrs 1.72 pF

According to the Routh—Hurwitz stability criterion, the sys-
tem is considered unstable if any pole of the transfer function
lies in the right half of the s-plane. By incorporating circuit and
device parameters into the derived transfer function, all poles
can be calculated to assess the system’s stability.

The parasitic inductances and high-frequency resistances are
extracted using Ansys Q3D. After Qs is turned OFF, since the
central tendency of the drain—source voltage of Qs is Vius,
the capacitances of Q; are obtained around v4s = 0 and the
capacitance of (o, is approximately obtained at Vj,s. The
transconductance g,,, is approximated by the slope of the transfer
characteristics near the threshold voltage. Key parameters are
summarized in Table L.

According to (10), the T4 (s) of the SSO represents a fifth-order
system comprising two pairs of conjugate poles and one real
pole. The conjugate poles p2, p2*, and the real pole ps are located
far from the imaginary axis, and thus have minimal impact on the
system stability. Since p; and p1 * lie close to the imaginary axis
and do not form dipoles with nearby zeros typically (a pole-zero
pair is generally regarded as a dipole if their separation is at
least one order of magnitude smaller than their own modulus
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[20], [38]), p1 and p;x* are identified as the dominant poles of
the SSO feedback system. Fig. 12(a) illustrates the trajectories
of poles and zeros at Vi,,s = 100 V, with Lg; varying from
0.2 to 1.4nH. The poles and zeros are marked in blue and red,
respectively. When Lg; increases, the dominant poles gradually
shift toward the right half of the s-plane, resulting in system
instability, while the remaining poles stay in the left half-plane.
Fig. 12(b) illustrates the trajectories of poles and zeros as Rg1
increases from 2 to 142, while other parasitic parameters re-
main constant. The results show that increasing R shifts the
dominant poles toward the left half-plane, thereby enhancing
system stability. Meanwhile, the other poles move further away
from the imaginary axis.

According to (13), the T»(s) of the FTO is a seventh-order
system. Among its poles, the conjugate poles p3 and p3* form
dipoles with nearby zeros and therefore have negligible influence
on system stability. The real pole p2, located near the imaginary
axis, exerts limited influence on the system due to its minimal
variation. The conjugate poles p; and p;* have the greatest
impact on the system and are thus identified as the dominant
poles. Fig. 13(a) validates the effect of Lg, on system stability.
It is evident that increasing Lgo causes the system to become
unstable. Fig. 13(b) demonstrates the influence of Rg» on system
stability under the same conditions. The results indicate that
increasing Rgo can enhance system stability.

When both Q; and Q5 are capable of establishing feedback
systems, the feedback system of FTO will dominate over that
of SSO. However, since Q; remains in the saturation region,
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the gate parameters of Q; can still have an influence on the
feedback system of FTO. As shown in Fig. 14(a), the common
source inductance Lg; affects the stability of FTO feedback
system. Increasing Lg; causes the dominant pole to shift slightly
toward the left half-plane, due to changes in impedance along
the feedback path. This behavior is consistent with the effect of
varying Li,op. As shown in Fig. 14(b), the gate resistance Rgq
affects the stability of FTO feedback system. As R increases,
conjugate pole pair p3 and p3*, which form dipoles, gradually
shift toward the left half-plane and eventually transform into
two real poles. In contrast, the dominant poles p; and pp*
remain nearly unchanged. Fig. 14(c) illustrates the impact of
the gate inductance Lgi on system stability. As Ly increases,
the conjugate poles ps and p3* shift toward the right, yet they
remain in the left half-plane. The dominant poles p; and p;*
remain essentially unchanged. Fig. 14(d) shows the effect of
Q;1’s transconductance on the stability of the FTO feedback
system. Increasing the g.,; causes a slight rightward shift of
the poles, but the impact is minimal. These observations further
confirm that the occurrence of FTO disrupts the feedback system
of SSO and causes FTO to become the dominant oscillation.

III. IMPACT OF CIRCUIT AND DEVICE PARAMETERS ON
OSCILLATION

Different modes of undamped oscillations fundamentally
originate from the formation of distinct feedback systems, each
involving specific core oscillatory devices and associated para-
sitic parameters. To clarify the switching mechanism of multi-
mode undamped oscillations, this section investigates the influ-
ence of parasitic parameters on the switching process between
these modes. The damping ratio ¢ is employed as an indicator
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to evaluate the system stability, and it is defined as follows:

ag g
A — 14
¢ 1l Vo? +w? (19

where o and w is the real and imaginary parts of the dominant
poles p1 and py *, respectively. When ¢ > 0, the system is stable,
and the oscillation exhibits a decaying trend. When ¢ = 0, the
system has zero damping, resulting in sustained oscillations
with constant amplitude. When ¢ < 0, the system exhibits
negative damping, leading to divergent oscillations. However,
due to the limitations of the circuit and device characteristics,
divergent oscillations will eventually transition into sustained
oscillations with constant amplitude. Based on the analysis
of different oscillation mechanisms in Section II, this section
further investigates the influence of various parasitic parameters
on multimode oscillations.

Fig. 15 shows contour plots of the damping ratio ¢ as a
function of various parameters. Fig. 15(a)—(c) illustrate the
variation of damping ratio when Qs occurs SSO, with exper-
imental conditions of Vy,us = 100 V and I1, = 25 A. Fig. 15(a)
shows the variation of damping ratio between Rg; and Lg;. The
system becomes increasingly unstable as Lg; increases and Rg1
decreases. Fig. 15(b) illustrates that ¢ initially decreases and
then increases with the increase of Lg;. Fig. 15(c) shows that
(¢ decreases and then increases as Lioop increases. From this,
it can be concluded that Lg; is negatively correlated with (,
meaning that larger Lg; results in smaller (. Ry is positively
correlated with ¢, meaning that larger Rg; leads to larger (.
Both excessively large or small values of Lg; and Lioep tend
to enhance system stability, with the specific effects depending
on Vyys. Fig. 15(d)—(f) show the contour plots of the system’s

damping ratio when Qs occurs FTO. Fig. 15(d) illustrates the
variation of damping ratio between Lgo and Rgo. Increasing Lgo
and decreasing Rgo make the system more unstable. Fig. 15(e)
shows that ¢ initially decreases and then increases with the
increase of Lo, however, the effect is minimal, particularly near
the critical value, where variations in Lo have negligible impact
on (. Fig. 15(f) demonstrates that increasing Li,op can enhance
the system stability.

Fig. 16(a) illustrates the variation of damping ratio for two
undamped oscillations as the drain—source voltage changes.
(1 represents the damping ratio for SSO, and (o represents
the damping ratio for FTO. The analysis indicates that as the
drain—source voltage increases, the damping ratio of the SSO
feedback system begins to decrease. When the voltage reaches
approximately 40 V, (; becomes negative, indicating that the
SSO feedback system becomes unstable, and Q2 occurs SSO.
As the drain—source voltage further increases to 80 V, (5 also
drops to zero, which will occur FTO. Fig. 16(b) and (c) illustrate
the oscillation regions of the top and bottom devices under
different gate resistances and common source inductances. It
can be observed that the green region corresponds to ¢; < 0,
where SSO occurs, while the red region corresponds to (o < 0,
where FTO occurs. When both (7 and (- are negative, the FTO
of Q5 tends to dominate the oscillation process.

IV. SIMULATION AND EXPERIMENTAL VERIFICATION

A. Simulation Verification

In this section, the proposed model is validated using LTspice
simulations. A half-bridge circuit is constructed based on the
LTspice model provided by Infineon. Furthermore, the
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GS66508T model is modified to enable observation of the
devices’ channel current.

Fig. 17 shows simulation waveforms of Vveqi, Vgs2, Ichis
ich2, Vds2, and igo under different Rgy, respectively. When
Ra1 = 11 Q, circuit is stable and occurs damped oscillation.
However, when R increases to 4 €2, Q- occurs SSO initially. It
should be noted that due to the diverging tendency of SSO during
the initial period, vgeo also diverges and eventually exceeds
Vin, as shown in Fig. 17(b). At this time, the oscillation mode
transitions from SSO to FTO. Fig. 17(c) and (d) illustrate the
channel currents of the top and bottom devices, confirming the
switching process between two undamped oscillations. These
results verify the conclusion in Section II-B that the FTO of Q2
tends to dominate the oscillation process.
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0.7 nH, Rg2 = 6 Q. (a) vgs2. (b) ich2. (¢) vas2. (d) iq2.

Fig. 18 verifies that undamped oscillations in the previous
process influence dv/dt and di/dt in the subsequent switching
transient. When R is 11 €2, Q5 does not occur FTO, resulting in
converging waveforms. When R¢ increases to 4 {2, as analyzed
earlier, since Q; occurs FTO during the turn-ON period of
Qo, which will cause higher di/dt and dv/dt in the subsequent
switching transient, thus occurring FTO, as shown in Fig. 18(a)
and (b). As shown in Fig. 18(c) and (d), when the system remains
stable, dv/dt and di/dt are approximately 12 V/ns and 1.5 A/ns,
respectively. Under the oscillatory state, dv/dt and di/dt reach
peak values of 39.7 V/ns and 6.3 A/ns, respectively.

B. Experimental Verification

As shown in Fig. 19, it is the experimental platform of a GaN-
based half-bridge circuit with an inductance load. The switching
devices are 650 V e-mode GaN HEMT (GS66508T) produced
by Infineon, and the driver chip is SI8271AB. A coaxial shunt
resistor (SSDN-10) is used to measure the current, which has
a high bandwidth (2000 MHz), a resistance of 0.1 €2, and a
parasitic inductance of 2 nH. Table II lists the other experiment
parameters of this prototype.
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Fig. 19.  Experimental platform. (a) Half-bridge circuit. (b) Top view of the
experimental platform.

TABLE II
EXPERIMENT PARAMETERS
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Fig. 21. Measured waveforms under different load current (Vi = 100 V).
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Vius DC input voltage 100 V
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1) Bus Voltage: To verify the accuracy of the proposed model

Fig. 23.

Comparison of measured waveforms under different Rg1. (a) Gate—

and the switching mechanism of multimode undamped oscilla-
tion, experiments are conducted under different bus voltages.
Fig. 20 shows the voltage and current waveforms of Q5. When
the voltage is 40 V, Q2 occurs SSO. As the voltage increases to
80V, the oscillation mode commutates from SSO to FTO. The
experimental results show good agreement with the predictions
shown in Fig. 16.

2) Load Current: The magnitude of the load current directly
affects the Condition I, therefore, the occurrence of FTO is
affected by load current. Fig. 21 illustrates undamped oscilla-
tions at different current levels. When I, is 25 A, FTO occurs
due to high di/dt, which satisfies Condition I. In contrast, the
establishment of Condition I for SSO is independent of external
parameters. Therefore, as long as Condition II of the SSO feed-
back system is satisfied, SSO will occur. As shown in Fig. 21(a),
when the load current decreases to 2 A, SSO still occurs.

3) Gate Resistance: When Rgo increases, the gate imped-
ance of Qo becomes larger, resulting in the FTO feedback system
becoming negative. As a result, FTO is suppressed and Qo
remains in the turn-OFF state. Under this condition, the SSO
feedback system is established. If the SSO feedback system

source voltage. (b) Drian—source voltage.

exhibits positive feedback, Q2 will occur SSO, as shown in
Fig. 22(a) and (c). Moreover, as previously analyzed, the SSO
phenomenon is masked by the FTO, and the gate parameters
of Q1 have minimal impact on the system’s dominant poles, as
illustrated in Fig. 14(b). Therefore, as shown in Fig. 22(a) and
(b), FTO occurs regardless of the variation in Rg1.

Fig. 23 further compares the effects of different Rg; values
on the FTO. As shown in Fig. 23(a), the amplitude and resonant
frequency of vgeo are barely affected under different Rgq. As
illustrated in Fig. 23(b), different Rg; only slightly influences
the oscillation amplitude of v4ss.

4) Common Source Inductance (CSI): The effect of CSI on
the circuit system stability is relatively complex. If the CSI and
the oscillation source are associated within the same devices, it
will have a significant impact. On the other hand, if the CSI and
the oscillation source are associated with different devices, the
CSI can be considered as part of the loop inductance. As shown
in Fig. 24(a), the parasitic parameters in the circuit satisfy all
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amplitude of vgeo becomes larger, eventually occurring false L 20ns/div
(© (d)

turn-ON, thereby satisfying Condition I of FTO. Meanwhile,
the FTO feedback system becomes positive feedback. Conse-
quently, the oscillation mode commutates from SSO to FTO,
as illustrated in Fig. 24(b). When the circuit only satisfies the
conditions for FTO but not for SSO, increasing Lgs causes the
circuit to commutate from damped oscillation to FTO, as shown
in Fig. 24(c) and (d). When the circuit system only satisfies the
conditions for SSO but not for FTO, increasing Lg; causes the
circuit to commutate from damped oscillation to SSO, as shown
in Fig. 24(e) and (f).

5) Loop Inductance: Increasing the loop inductance can sup-
press SSO, as shown in Fig. 25(a) and (b), the circuit transitions
from SSO to damped oscillations, while the voltage overshoot
rises to 450 V. Similarly, increasing the loop inductance can also
suppress FTO. As illustrated in Fig. 25(c) and (d), the circuit
transitions from FTO to damped oscillations, and the drain—
source voltage overshoot reaches 480 V. Although increasing the
loop inductance can suppress undamped oscillations, excessive
loop inductance results in larger voltage overshoot, which may
cause device failure. Therefore, in practical layout design, the
loop inductance should still be minimized as much as possible.

6) Influence of Current and Voltage Slew Rate on Subsequent
Stages: Since the circuit also works in the saturation region
during switching transients, the undamped oscillation from the
previous stage will influence the voltage and current slew rates
in the subsequent switching transient. As shown in Fig. 26(a),
the circuit begins to commutate from FTO to SSO. Fig. 26(b)

Fig. 26.  Switching process of multi-mode undamped oscillations. (a) Switch-
ing from FTO during the turn-ON period of Q5 to SSO during its turn-OFF period.
(b) Waveform details corresponding to (a). (c) Switching from FTO during the
turn-ON period of Q2 to FTO during its turn-OFF period. (d) Waveform details
corresponding to (c).

illustrates that the maximum di/dt and dv/dt can reach 5.7 A/ns
and 40 V/ns, respectively, while average current and voltage
slew rate are about 2 A/ns and 16 V/ns. Fig. 26(c) shows the
circuit commutates from FTO to FTO, and Fig. 26(d) illustrates
that the maximum di/dt and dv/dt can reach 9.6 A/ns and
79 V/ns respectively, while average current and voltage slew
rate are about 5.3 A/ns and 31 V/ns. Therefore, the experiment
results prove that FTO during the turn-ON period of QO intensifies
Condition I of FTO during turn-OFF period, because Condition
I of FTO is sensitive to both di/dt and dv/dt.

C. Guidelines to Suppress FTO and SSO Simultaneously

Based on the above analysis, FTO and SSO can be suppressed
from different perspectives. First, false turn-ON is a necessary
condition for establishing the FTO feedback system. Therefore,
a clamping circuit can be added across gate—source node to
prevent the gate—source voltage from exceeding the threshold
voltage, thereby suppressing FTO. As shown in Fig. 21, when
Q- does not occur false turn-ON, FTO is effectively suppressed.
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Second, the establishment of the SSO feedback system is solely
influenced by the reverse conduction characteristics. Therefore,
a diode can be connected in parallel between drain and source
node of the passive device to suppress SSO [17]. In addition, as
illustrated in Fig. 24, reducing the common source inductance
and optimizing the gate resistance, as well as incorporating an
RC snubber circuit can prevent the SSO feedback system from
becoming positive feedback [1], [18].

V. CONCLUSION

This article proposes a comprehensive investigation on the
multimode undamped oscillations. First, the necessary condi-
tions for oscillations occurrence are identified. Then, the basic
switching law between FTO and SSO within the same process,
and the influence of FTO in the previous stage on the subsequent
switching transient are revealed. These phenomena make the
analysis of multiple undamped oscillations different from that of
single oscillations. Subsequently, the high-frequency equivalent
models are employed to evaluate the influence of various para-
sitic parameters on the generation and switching of undamped
oscillations. The results indicate that when the conditions for
both FTO and SSO are simultaneously satisfied, the oscillation
is dominated by FTO. Finally, both simulation and experimen-
tal results validate the proposed generation mechanisms and
switching laws. Based on the analyses in this article, the targeted
solutions are proposed to suppress all undamped oscillations.
For instance, a clamping circuit can be employed to clamp the
gate—source voltage of Q- below its threshold voltage, thereby
inhibiting the establishment of the FTO feedback system. In
addition, optimizing parasitic inductance and gate resistance,
or incorporating an RC snubber circuit, can prevent the SSO
feedback loop from becoming unstable effectively. It provides
the systematical guidance for further research on multimode
undamped oscillations.
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