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Abstract—Wide bandgap semiconductor devices allow higher
switching frequency and switching speed for their superior char-
acteristics. However, the ultra-fast switching speed causes severe
high dv/dt noise in power conversion systems. High dv/dt induced
common mode noise deteriorates the operation of gate drivers and
control circuits by capacitive coupling. Since some new-developed
gate driver integrated circuits (ICs) have improved the common
mode transient immunity capability, control circuits become the
limit in achieving higher switching speed. This paper investigates
the impact of the high dv/dt noise on the control systems of GaN in-
verters. An improved propagation model is derived based on a full
bridge inverter, and the main paths are analyzed. According to the
proposed propagation model, different high dv/dt noise reduction
methods, such as the sensing methods, common mode chokes, and
isolation barrier capacitance, are compared quantitatively. Sensing
methods with high impedance show better performance and small
isolation barrier capacitance of the power supply of gate driver ICs
are significant for high dv/dt noise reduction. Simulation results are
presented based on the Q3D extraction results of the investigated
inverter system and a 500-W GaN-based full bridge inverter is built
for experimental verification.

Index Terms—Bridge circuits, driver circuits, gallium nitride
(GaN), high dv/dt, inverters, noise.

I. INTRODUCTION

IDE bandgap (WBG) semiconductor devices, such as
W silicon carbide FETs and gallium nitride (GaN) high
electron mobility transistors (HEMTs), have been widely con-
cerned since 2004 [1]-[4]. Compared with the conventional sil-
icon devices, GaN HEMTs allow a higher switching frequency
and switching speed. Higher switching frequency shrinks the
volume of passive components in power converters, while higher
switching speed reduces the switching loss and is beneficial to
the efficiency and thermal design. Both of these lead to further
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improvements of the power density of the converter systems
[51-[91.

However, high switching speed implies high voltage and cur-
rent slew rate and short commutation time. Thus, high dv/dr is
generated across the drain and source of GaN HEMTs. An anal-
ysis of dv/dt transient GaN devices is presented by [10]. Accord-
ing to the results, dv/dt could be as high as 200 V/ns. This will
lead to large displacement current, which is in the form of com-
mon mode (CM) transient current, through the isolation barrier
capacitance of transformers and isolated power supplies [11]. As
mentioned in [11], high voltage noise and spikes are introduced
to the control circuits of the converter systems when CM current
flows through the parasitic inductance and resistance, and will
disrupt vital control signals. High voltage spikes and CM cur-
rent deteriorate the control systems and cause the malfunction of
gate drivers, voltage and current sensors, and microcontrollers.

A lot of research has been published on the detrimental ef-
fect of the high dv/dt in the WBG power conversion systems.
Gate resistors are designed in [12] with larger resistance to limit
the switching speed of GaN HEMTs in EV charger applications
and the efficiency is compromised to achieve better electromag-
netic interference (EMI) performance. A self-sustained oscilla-
tion phenomenon on the gate-source and drain-source voltage
is reported in [13]. Although not caused directly by high dv/dt
actions, it is related to the small parameters of the devices, which
is a concomitant of high speed switching. An active dv/dt con-
trol method is proposed in [14]. The voltage slew rate is regu-
lated by controlling the miller plateau time and the reliability
of gate drivers is improved. However, these methods are against
the idea of making advantage of the superiority of WBG de-
vices due to the deliberate limitation of switching speed. There-
fore, fast switching speed with high dv/dt is still preferred in
high switching frequency applications. In [15]-[17], the driving
problems in half bridge topologies caused by high dv/dt noise
were studied and improved through the optimized designs of
gate drivers. Digital isolated drivers (also called CMOS isolated
drivers) have attracted more and more concern for the advantages
in high frequency and fast speed driving [18]. They provide bet-
ter CM transient immunity (CMTI) performance with the dv/dt
endurance capability of as high as 200 kV/us. A comparison
of some of the most commonly used driving methods, such as
bootstrap drivers, optocouplers, magnetic couplers, and digital
isolated drivers, is presented by [19]. It is proved that digital iso-
lated drivers show the best performance with the smallest isola-
tion capacitance, fastest driving speed, and lowest propagation
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delay, which have already met the demand of the gate driving for
GaN HEMTs. Thus, the impact of high dv/dt noise on control
systems, such as controllers and sensing circuits, becomes the
main limitation. However, few literatures present the modeling
and analysis of the system propagation paths, especially those
related to the control circuits.

One of the most vital problems is the modeling of CM noise
current propagation paths. The modeling of half bridge phase
legs is presented in [20] and [21]. It is proved that power supply
paths of the gate drivers are the main CM current paths over
signal paths. Although a CM propagation model of a half bridge
inverter system is presented in [22], few research focuses on the
CM modeling of full bridge inverters and the control circuits.
Other literatures demonstrate the CM current paths of full bridge
inverters [23], but mostly focus on the power stage and EMI
characteristics while the control stage is not included.

Some approaches have been proposed in literatures to deal
with the high dv/dt noise. By changing the power supply ar-
chitectures of gate drivers [24] or intendedly magnifying the
isolated capacitance [25], the CM current through signal paths
is reduced because more CM current will find its way through
power supply paths. But the high dv/dt noise may still affect
the control circuitry through the isolation barriers of the power
supplies. Noise reduction methods with the utilization of optical
fiber for both signal and power transmission of gate drivers are
given in [22] and [26]. CM chokes are adopted in signal paths
for noise reduction in [17], and [27] investigates the influence
when CM chokes are placed in different positions of the gate
driving circuits. In addition, the isolation barrier capacitance is
optimized and designed as small as possible in [11] and [28] to
weaken the impact of high dv/dt noise. Moreover, it is explained
in [15] that a better position of the current sensor benefits the
CMTI performance. Still, most studies only present qualitative
results without CM propagation model of a complete inverter
system. A preliminary study on the high dv/dt noise reduction
in the inverter system is presented in [29], but more work is still
needed.

This paper investigates the high dv/dt problem based on a GaN
full bridge inverter from the system level. An improved CM noise
propagation model is proposed for better understanding of the
impact of high dv/dt noise on the inverter systems. Moreover,
quantitative noise reduction results with different schemes are
presented. The CM current propagation model of the discussed
inverter is derived and analyzed in Section II. In Section III, sev-
eral dv/dt noise reduction methods are demonstrated according
to the proposed model. Section IV shows the Q3D extraction
of the printed circuit board (PCB) parasitic parameters and the
simulation results of dv/dt noise reduction, while a design of a
500-W prototype and the experimental waveforms are shown in
Section V. Finally, a brief conclusion is drawn in Section VI.

II. HIGH dv/dt NOISE CURRENT PROPAGATION MODEL
A. Full Bridge Inverter Topology and System Configuration

Fig. 1 shows the topology of the discussed full bridge inverter,
which consists of two phase legs. S, Sip are the top and
bottom switches of the first phase leg, and Sor, Sop are those of
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Fig. 1. Topology of GaN-based full bridge inverter.
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Fig. 2. Configuration of the inverter system. It consists of a power board, a
control board, and an isolated power supply unit.

the second phase leg, respectively. L y is the output filter inductor.
Cout 18 the output filter capacitor. Midpoint I and Midpoint I are
the voltage pulsation nodes of the two phase legs. The system
configuration is shown in Fig. 2. The inverter system consists
of the power stage, gate drivers, controller, sensing circuit, and
isolated power supplies. The PWM signals are generated by the
MCU and transmitted to the gate drivers. The output voltage and
inductor current are sampled for closed-loop control, which are
sampled by the A/D converter and then to the MCU. A multi-
output isolated power supply unit is employed in the inverter
system. As shown in Fig. 2, four output channels provide the
power supply of the gate driver of S, the gate driver of Sor,
the gate drivers of S;p and S (515 and Ssp share a common
source), and the control and sensing circuit, respectively.

B. High dv/dt Noise Source

With short voltage commutation time, high dv/dt is observed
during turn-ON and turn-OFF transients at the midpoints of the in-
verter phase legs. Fig. 3 shows the typical turn-ON and turn-OFF
waveforms. The value of dv/dt, which equals to the voltage slew
rate, can be obtained through the measurement of the drain to
source voltage of the bottom switches S; g and So 5. However,
the voltage slew rate is not constant due to the non-linear para-
sitic capacitance of the devices. To evaluate the switching speed
of the devices, high dv/dt discussed in this paper is defined as the
absolute value of the highest voltage slew rate during turn ON
and turn OFF. The two midpoints of the phase legs are actually
voltage pulsation point due to the alternate turn ON of the top
and bottom switches and considered as high dv/dt noise sources.
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Fig. 3. Simplified turn-ON and turn-OFF waveforms and the high dv/dt events.
(a) Turn-ON waveforms. (b) Turn-OFF waveforms.
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Fig. 4. Schematic diagram of a phase leg with the corresponding gate driver
IC and power supplies.

C. Gate Drivers of the GaN HEMTs

According to the reported research, digital isolated drivers are
selected as gate drivers of the GaN HEMTSs as shown in Fig. 4.
A single input/complementary output driver integrated circuit
(IC) is utilized for the driving of two devices in the phase leg,
e.g., Si8274 digital isolators from Silicon Labs Corporation [30].
The input signal of the driver IC is the PWM signal generated
by MCU, while the complementary output signals are connected
to the two switches in the same phase leg after radio frequency
isolation. The output signals are supplied individually.

When the high dv/dt actions occur at the midpoints of phase
legs, CM noise current is generated through the isolation bar-
riers. As can be seen in Fig. 4, CM noise current will conduct
through both the signal and power paths of a gate driver and
backward to the control stage. The signal paths are formed by
the capacitive isolation barrier of the driver IC, which are de-
picted as C1o_g 7 and Cyo_g_p in Fig. 4. Similarly, power paths
are formed by the parasitic isolation capacitance of the power
supplies of the driver IC, which are C1o_p 7 and Cio_p_p, and
represent the power paths of the top and the bottom switch gate
driving supplies, respectively. The values of the capacitance for
power supply modules are usually provided in datasheets by

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 34, NO. 12, DECEMBER 2019

Isolation
Barrier

Cior

Ltra ceS Rtra ceS Rtra cel Ltra cel

Driver IC

& Rtra ce2 Ltracez
=

Ltra ce6 Rtra ce6 V, +
nois
Rtra ce3 Ltra ce3

Lirace7 Riacer Ruaces Liraces

Fig. 5. Corresponding CM propagation model of the phase leg in Fig. 4. The
midpoint voltage is considered as a voltage noise source, and the isolation barrier
capacitance and PCB stray parameters are included.

Signal
Conditioning

Isolated Power
Supply Unit
/ Fr——— /7
Input Filter Gate Driver I/ Gate Driver I;/
. 'Sensor,
Capacitors I T I T
Output Filter
— ] Phase-leg I Phase-leg IT
-— T
L
Power / ]; i
Input
Power
Heatsink Output
Fig. 6. Simplified 3-D structure and circuit implementation of the inverter

system.

the manufacturers, or are measured as the parasitic capacitance
between the windings if a transformer is employed.

Thus, a CM propagation model of a phase leg is obtained as
shown in Fig. 5. V,ise 1s the voltage noise source, which is iden-
tical with the drain to source voltage Vg5 of the bottom switch.
Rirace1—Rirace7 and Lirace1—Liracer are the parasitic resistance
and inductance of PCB traces, which can be obtained with Q3D
extraction and will be further discussed in Section I'V.

D. Improved CM Propagation Model of Full Bridge Inverter
System

Fig. 6 shows the circuit implementation and the connection of
each parts of the discussed full bridge inverter system. An im-
proved CM propagation model is obtained by combining Figs. 1,
5, and 6, and is presented in Fig. 7. Differing from the models
proposed in the aforementioned literatures, not only the signal
and power paths are separated, but also the controller, sensing
circuits, heatsink, and other parasitic parameters are included in
this model. Vipise1 and Vioise2 are the equivalent voltage noise
sources of Phase legland II. C1o_s 71 and Cio_g g1 are theiso-
lation barrier capacitance of the signal paths of Phase leg I, and
C1o_p_ 11, Cro_p_p are those of the power paths, which corre-
spond to the capacitance in the CM propagation model of Fig. 5.
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Similarly, Cio_s 72 and Cio_s_po are the isolation barrier ca-
pacitance of the signal paths, while Cio_p 72 and Cio_p_p are
the isolation barrier capacitance of the power paths in Phase leg
II. C1o_ctr1 is the power supply isolation capacitance of the con-
trol circuitry. The four capacitors shown in the dashed frame
of Fig. 5 are corresponding to the four output channels of the
power supply unit in Fig. 2. Cg ctr1, Ca mid1, Ca_miaz, and
C¢ pc- are the parasitic capacitance between the heatsink and
the control ground, midpoint I, midpoint II, and negative dc bus,
respectively. The heatsink is assumed to be connected to the
protective earth in the proposed model.

It should be noted in Fig. 7 that the power ground and the
control ground are distinguished. The power ground is the re-
turn of the output port, which is also the midpoint of Phase leg
IT as shown in Fig. 1. The control ground is the reference for
the signals on the control board, including the PWM signals
and sensing signals. The power ground and control ground are
either isolated or connected directly or indirectly depending on
the connection of sensing circuits. Z, and Z are the equivalent
impedance of the voltage and current sensing circuits, as shown
in Fig. 7. The equivalent impedance varies with different voltage
and current sensing methods, which will be discussed in detail in
the next section. If the control ground and power ground are di-
rectly connected with PCB traces, for example, a low impedance
path will be formed and worsen the CMTI performance of the
system.

It is reported in [19] that the isolation capacitance of digi-
tal isolated drivers is usually less than 1 pF and a typical value
of 0.1 pF is given. The isolation capacitance of the power sup-
ply is usually ranged from several to several tens of picofarads,
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Improved CM propagation model of the inverter system. Both the power circuits and control circuits are included, along with the sensing circuits.
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Fig. 8. Simplified CM propagation model.

which means power supply paths are the main high dv/dt noise
propagation paths in the proposed model. Therefore, the current
flows through the signal paths are negligible and the model can
be simplified as shown in Fig. 8. Note that the CM propagation
models in Figs. 7 and 8 focus on the influence of high dv/dt noise
on the control and sensing circuits of the system although they
are somewhat similar to the CM noise model in EMI measure-
ment. However, it is not an EMI-related issue. One of the main
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differences is that the high dv/dt propagation models proposed
in this paper deal with the impact on the system itself instead of
the external equipment.

III. HIGH dv/dt NOISE REDUCTION AND ANALYSIS

As we can see from the model, high dv/dt noise leads to
high voltage spikes and CM transient current across the con-
trol circuits. This will corrupt the key signals on the control
board, such as the PWM signals, or exceed the CM endurance
capacity of the ICs and cause malfunctions. Therefore, noise
reduction methods are necessary for the improvement of the
reliability.

A. Derivation of the CM Current

In order to understand the reduction mechanism of high dv/dt
noise, the expression of the CM current that flows through the
control circuit and the sensing circuit can be derived based on the
model shown in Fig. 8. For the simplification of the derivation,
some assumptions are made as follows.

1) All the isolation capacitance is the same

Cio_p.11 =Cio_pr B = Cio_r 12 = Ci10_ctn1 = Clo0-
ey
2) The parasitic capacitance between all the nodes and the
heatsink is the same

Ca mid1 = Cg_mia2 = Cag pc- = Ca_ctr1 = Ca. (2)

3) The parasitic resistance and inductance of PCB traces can
be ignored when they are in series with the isolation ca-
pacitance. According to [31], the equivalent frequency of
the noise is calculated as follows, which is usually tens of
megahertz for high dv/dt noise

0.35

Jea = min(t,,ty)

3
where 1, and ¢y are the rise and fall time of the voltage noise
sources.

For instance, when the equivalent frequency is 20 MHz, the
impedance of a 100 pF Cio is

Zc = 79.58 Q. 4)

- 27TfeqCIO

The estimated resistance of PCB trace is Rpara = 50 m{2 and
the inductance is Ljar, = 100 nH. The impedance is

Znt, =\ Ra + (2 foaLpra) = 12570, (5)

From (4) and (5), the high frequency impedance of the isola-
tion capacitance is over six times higher than that of the parasitic
resistance and inductance of the PCB traces. Moreover, Cio can
be reduced to several picofarads with optimized power supply
design in practical applications. That means Z¢ will be much
greater than Zgy,.
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The CM current flows through the control circuit is derived
in s domain as

e -
letrl\S) =
3(1+82) (Zuo Il Zeo) + 35
X (Vnoisel(S) + 2Vhoise2 (5)) . (6)

Similarly, the CM current flows through the sensing circuit is
derived as

: B 1
isense(S) = 3 (Zus || Zes) + m
X (Vioise1 () + 2Vioise2(s)) - (7
The detailed derivation process of (6) and (7) is presented in
the Appendix.

Itisimplied in (6) and (7) that i.t,] and isense Can be attenuated
with reduced Cip and enlarged Z,s and Z. C1o is reduced when
the optimized designs of the transformer in the power supply or
isolated power modules with smaller isolation capacitance are
adopted. Z, and Z are the impedance of the voltage and current
sensing circuits in the inverter system, which are determined
by the connection between these two grounds and vary with
different voltage and current sensing methods.

B. Different Power Supply Designs

For the optimization of the isolation capacitance, two differ-
ent power supply designs are presented and compared as shown
in Fig. 9, where Fig. 9(a) shows a power supply unit with dc/dc
isolated power modules and Fig. 9(b) shows a multi-output fly-
back converter. The isolation capacitance of the adopted dc/dc
power module is 120 pF, which is available in the datasheet
[32]. The isolation capacitance between windings of the flyback
transformer is measured as 3.84 pF and can be further reduced
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with optimized winding structures. Small Cio leads to higher
impedance of the CM propagation paths. Therefore, CM cur-
rent is reduced.

It should be noted that one of the key considerations of power
supply design is the reduction of Co for either method. Flyback
transformers provide low-cost solutions and the isolation capac-
itance can be further optimized with specific core and winding
designs as discussed in [11]. Moreover, commercial dc/dc iso-
lated power modules with small Cio are also available from
some manufacturers [33], [34].

C. CM Chokes

Inserting CM chokes in the power supply paths is another
effective way of noise reduction, which is shown in Fig. 10.
Similar as the reduction of Cio, the high frequency impedance
can be increased with CM chokes and the CM noise current that
flows through these paths is attenuated. Instead of (6) and (7),
ictr] and isense can be reorganized as

. _ 1
fetr () = 3(1+5Cq (sdg+sLom) ) (Zusl|Ze) +4(shg+sLom )
. (‘/noisel(s) + 2‘/110i382 (S)) (8)
. _ 1
’Lsense(s) - 3(ZVSHZCS)+W 9)

: (Vnoisel(s) + 2Vnoise2(s))

where Ly is the inductance of the CM chokes. As we can see
from (8) and (9), larger Loy contributes to smaller i.¢; and
isense- Fig. 11 shows the bottom view of the control board with
CM chokes in each power supply path of the gate driving ICs.
The simplified CM propagation model with CM chokes is shown
inFig. 12. It should be noted in (8) and (9) that an increased value
of CM current may be observable due to the resonance of the
parasitic parameters. Further discussion is included in Part IV
of this paper.

D. Voltage and Current Sensing

As mentioned before, the CMTI characteristic of the in-
verter systems varies with different voltage and current sensing
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(a) Voltage divider sensing. (b) Differential voltage sensing. (c) Isolated voltage
sensing.

methods. Both non-isolated and isolated sensing methods are
considered.

Three different kinds of voltage sensing circuits are shown
in Fig. 13. The simple voltage divider and differential voltage
sensing are non-isolated and an isolated amplifier is employed
for the third method. When the voltage divider sensing method
is adopted, the output voltage is modulated to a suitable volt-
age range and then sampled by the A/D converter. The CM
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propagation model of the voltage sensing circuit is shown in
Fig. 13(a) and the equivalent impedance is

ZVS(S) = Rvs + SLVS' (10)

However, the power ground and the control ground are con-
nected directly, as shown in Fig. 13(a). That means R,s and Ly
are the parasitic resistance and inductance of the PCB traces
along with the connectors between the power board and the
control board from the power ground node to the control ground
node, which are considerably small. Thus, a large amount of CM
current will flow to the control ground without any attenuation
and cause malfunctions of the controllers.

Fig. 13(b) shows an example of differential voltage sensing.
With differential voltage sensing, the power ground and control
ground are separated. The control ground is supposed to be the
neutral point of the resistor network and the resistance R is Rs,
R, in series with the parasitic resistance of the PCB traces and
the connectors. Ry and R, are usually as large as several tens to
several hundreds of kiloohms depending on the specific designs.
Thus, Ry is considerably increased and the CMTI performance
is remarkably improved.

With an isolated amplifier as shown in Fig. 13(c), the input and
output signals of the voltage sensing circuit are isolated. Similar
as a digital isolated gate driving IC, the isolated amplifier is
modeled as to a capacitor C5 10 in the CM propagation model,
and the impedance of the voltage sensing circuit is

1

ZVG = Rvs Lvs —_—.
) (S) +e + SCVSfIO

(1n

Fig. 14(a)—(d) shows four different current sensing methods.
The low side and high side non-isolated shunt current sensing
methods are shown in Fig. 14(a) and (b), respectively. For low
side shunt current sensing, the power ground and the control
ground are connected directly just as the voltage divider sensing
in Fig. 13(a). When high side shunt current sensing method is
used, a differential amplifier is required and it provides a better
CMTI characteristic with an internal resistance R;,;, which is
as large as several hundred kiloohms up to several megaohms.
It should be noted that, for high side shunt current sensing, the
value of output filter capacitance C,; is relatively large for the
high dv/dt noise that can be considered as a short circuit. In addi-
tion, the isolated current sensing is implemented by adopting an
isolated amplifier as shown in Fig. 14(c). Moreover, Fig. 14(d)
shows an example of the current sensing method with a hall sen-
sor (also called LEM), which is also commonly used in power
conversion systems. The CM propagation model of the hall sen-
sor IC is equivalent to an isolation capacitor C¢s 10, Which in-
dicates the isolation barrier capacitance between the input and
output sides of the hall sensor. The impedance of the non-isolated
and isolated current sensing circuit is given in (12) and (13), re-
spectively. It is available from the datasheets or experimental
measurement and the isolation capacitance C\ys 10 and Ces 10
are usually as small as several picofarads. Thus, the impedance
of the sensing circuits is higher when isolated sensing methods
are adopted and the CMTI performance is improved

chfnonfiso(s) = Rcs + SLcs- (12)
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Fig. 14.  Inductor current sensing schemes and corresponding models. (a) Low
side shunt resistor. (b) High side shunt resistor. (c) Isolated amplifier. (d) Hall
sensor IC.

As we can see from (6) to (9), large Z,5 and Z s contribute
to the reduction of ., and isense. Thus, sensing methods with
high CM impedance are preferred for both voltage and current
sensing circuits

1

Zes i = Res + 5Les +
cs_so(s) cs T Sl SCCSJO

13)

E. Design Guidelines

According to the above-mentioned noise reduction ap-
proaches and (6)—(9), smaller isolation capacitance, CM chokes,
and higher impedance of the sensing circuits benefit to limiting
the impact of the high dv/dt noise to the control and sensing
circuits. Thus, CMTI performance of the inverter system is im-
proved.
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Fig. 15. PCB traces of the signal loop on the control board and the high dv/dt

noise. (a) Parasitic parameters in the model of the PCB trace. (b) Schematic
diagram of a positive dv/dt event and the transient voltage aroused across the
PCB trace.

A PCB trace of the signal loop on the control board is taken
as an example, which is extracted as a model of the parasitic
resistance in series with the inductance and shown in Fig. 15,
to evaluate the effect of the noise reduction methods. When the
CM current i1, generated by high dv/dt events, flows through
the PCB trace, corresponding transient voltage v, is aroused
across it, as shown in Fig. 15. The overshoot and undershoot of
transient voltage should be in safe areas to avoid the disruption
of the key signals. The peak and trough values of v.,; should
satisfy

Vpeak < VL

(14)
Vvtrough < ‘/cc - VH

where V7, and Vj are the low and high level threshold voltage
of the control signals, and V. is the power supply voltage of the
control system.

For the simplified analysis, a quasi-step signal is chosen as a
positive high dv/dt event as shown in Fig. 15, and the expression
in time domain is as follows:

= 72 fte(t) (1 -

Unoise (t) -
where V. is the dc-link voltage, ¢, is the voltage rise time, and
€(?) is the unit step function.
When transformed into s domain, (15) is expressed as

tyr)e(t — tyr)) (15)

Va 1 1
Vhoise (5) = ?rc <8_2 - 8_26 tvrs) . (16)
Thus, the transient noise voltage v¢, s
%trl (5) -
2(Rpara+3Lpara) 1
3(1+scc(5 h— +sLCM))(zvs|\ch)+4(s - +chM) (17

The peak and trough values of v, can be calculated from
the time domain expression with inverse Laplace transformation
of (17).

Note that (17) may be relatively complicated and high ordered
for analytic solutions sometimes. Nevertheless, mathematical
tools, such as MATLAB or simulation could be employed to
obtain the desired values. This method is also available for the
sensing circuits.
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Fig. 16. Example of Q3D extraction. (a) PCB layout of phase-leg I and
corresponding trace parameters. (b) 3-D model of the PCB.

It should also be noted that the noise reduction methods dis-
cussed in this paper are universal for commonly used power
conversion systems, since they mainly deal with the noise in
power supply loops and signal loops. The methodology is easy
to be utilized in other topologies. The current rating of the sys-
tems has little effect on noise reduction methods. The reason is
that the current signals are converted into corresponding voltage
signals with certain ratios and are compatible with the voltage
level of the control systems. However, special considerations
should be taken into account with different voltage ratings, be-
cause the insulation design of the CM chokes and isolated power
supply unit is correlated with the voltage rating of the system. In
high voltage applications, adequate insulation capability is re-
quired for the windings of CM chokes, windings of the isolated
transformers, and dc/dc isolated power modules. Also, isolated
amplifiers and hall sensors with high insulation voltage rating
should be employed.

IV. Q3D EXTRACTION AND SIMULATION

A simulation model is built in Saber according to the model
shown in Fig. 7 for the verification of the aforementioned anal-
ysis. All of the parameters of PCB traces used in the simulation
are obtained from Q3D extraction. Fig. 16 shows an example of
the parameter extraction for a phase leg, where Ri;ace1—Riraced
and Liyace1—Ltracesa are corresponding to the model in Fig. 5.
Other parameters, such as the connectors, wires, and the capac-
itance between the nodes and the heatsink are provided by the
experimental measurement. The CM propagation model with all
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Fig. 17. Q3D extraction results of the proposed model.

TABLE I
DIFFERENT CASES OF THE NOISE REDUCTION APPROACHES IN SIMULATION

Isolation Impedance of
CM Choke Capacitance P! L
Sensing Circuits
(Cro)

Case 1 w/o CM choke Large Low
Case 2 w/o CM choke Large High
Case 3 w/o CM choke Small Low
Case 4 w/o CM choke Small High
Case 5 w/ CM choke Large Low
Case 6 w/ CM choke Large High
Case 7 w/ CM choke Small Low
Case 8 w/ CM choke Small High

of the parameters is shown in Fig. 17, where only the voltage
divider sensing method is adopted and Z.s = co without cur-
rent sensing methods. It is noticed that the values of Cg 41,
C6 mid2» Ca pe—, and Cg ¢ty highly depend on the PCB lay-
out and the structure of the inverter prototype and can hardly be
the same. For example, C pc- is much greater than the others
in this design. Nevertheless, CM current that flows through these
paths is relatively small when Cq 1i41, Ca midz, and Ca ctnl
are small enough according to Figs. 31-33. Thus, there is little
impact on the proposed modeling and analysis method.

The aforementioned three approaches are simulated and eight
cases are considered from the perspective of CM chokes, isola-
tion capacitance, and the sensing methods, which are specified
in Table I. Voltage divider sensing and differential voltage sens-
ing with R,s = 100 k2 are chosen for the sensing methods as
low and high impedance sensing methods, respectively. The in-
put voltage is 400 V dc and the output voltage is 220 V ac. The
dvl/dt slew rate of pulsation midpoint voltage of the phase legs
is assumed to be 24 V/ns.

Fig. 18(a)—(d) show the simulation waveforms of Casel, 2, 6,
and 8. vioise1 and vioise2 are the voltage noise sources, which
are also the midpoint voltages of the two phase legs. vVgepse 1S
the noise voltage of the sensing circuit and is measured as the
voltage between nodes A and B in Fig. 13 to evaluate the impact
of high dv/dt noise to the sensing circuits. ict;1, ipower1, and igig1
are the CM current flows through the control circuit, the power
supply path of S;T, and the signal path of the gate driving IC of
phase leg I, respectively. It is obvious that both the peak voltage
and current are reduced significantly after the adoption of three
methods.

The peak values of key noise voltage and current are measured
in the simulation as shown in Fig. 19. Fig. 19(a) and (b) shows
the peak values of the noise voltage of sensing circuit and control
circuit (Vgense and veg,1, respectively) in different cases, where
Vetr] 18 measured as the voltage between nodes C and D as shown
in Fig. 17 to illustrate the impact of high dv/dt noise to the
signals in the control circuits. With differential voltage sensing,
the noise voltage is greatly reduced in Cases 2, 4, 6, and 8§,
comparing with Cases 1, 3, 5, and 7. CM chokes contribute to a
further reduction of voltage noise, while the diminished isolation
capacitance shows less effect.

Fig. 19(c) shows the comparison of the peak values of the CM
current it and igense in different cases. It is still obvious that
differential voltage sensing could reduce the current that flows
from the power ground into the control ground. By comparing
Case 2, 4, 6, and 8, we can find that CM chokes attenuate i,
effectively when Cig is large, but show less influence if Cyp is
small. As for igense, both CM chokes and Co show little effect
with differential voltage sensing because the current is already
small enough.
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Fig. 18.  Simulation waveforms of high dv/dt voltage and current noises in four

different cases. (a) Case 1. (b) Case 2. (c) Case 6. (d) Case 8.

The measured peak values of CM current through the power
supply paths are shown in Fig. 19(d), where ipower 71, tpower_T2;
and ipower_p are the CM current of power supplies of Si7, Sar
and the bottom switches. It can be observed that the sensing
methods have little effect on the CM current of power supplies
of the gate drivers. Also, decreased Crp benefits the reduction
of CM current greatly, while CM chokes show more effect when
Cio is large. Moreover, as we can see from the figures, the peak
values of ipower_71 are a little higher than those of ipower 772,
which is related to the difference of parasitic trace parameters
due to the PCB layout.
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Fig. 19(e) shows the peak values of CM current in signal
paths. Owing to the small isolation barrier capacitance of dig-
ital drivers, i1 and iggo are at least two orders of magnitude
smaller than the CM current of the power supply paths. Thus,
it is reasonable that the CM current in signal paths is negligi-
ble. The highest di/dt of iy and ipower_71 during the switching
transient are shown in Fig. 19(f). It is noted that the highest di/dt
is also reduced with all these noise reduction methods.

According to the simulation results in Fig. 19, high voltage
and current noise caused by high dv/dt actions have serious ef-
fects on the controllers and voltage sensing circuits without ade-
quate reduction, and sensing circuits are sensitive to the noise. It
should be noted that there will not be such a high voltage noise
in the practical circuit as shown in Fig. 19(a), because a system
failure will occur far before the peak voltage reaches these val-
ues. The simulation results show that CM chokes, small C;o, and
the sensing circuits with higher CMTI performance contribute
to high dv/dt noise reduction and provide a higher reliability of
the inverter system.

Fig. 20 shows the curves of the peak values of i and
tpower_1T Versus the values of CM choke inductance and iso-
lation capacitance, which is drawn according to the simulation
results with different inductance of CM chokes and isolation ca-
pacitance under the differential voltage sensing circumstances.
From Fig. 20(a), the isolation capacitor plays a more significant
role in the reduction of i.,;. When the isolation capacitance is
greater than 10 pF, larger CM inductance leads to smaller CM
current peak value. But when isolation capacitance is small, the
CM chokes have less observable effect.
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TABLE II
KEY PARAMETERS OF THE PROTOTYPE

Parameters Value
Input voltage Vpc 400 V
Output voltage V., 220V AC
Output frequency f, 50 Hz
Nominal power P, 500 W
Switching frequency f; 160 kHz
Output filter inductance Ly 110 uH
Output filter capacitance C,,, 1.8 uF
Highest dv/dt 24 V/ns
CM choke inductance Ly 13.8 uH

Fig. 18(a) also shows that the resonance of the parasitic ele-
ments leads to an increased peak CM current when the resonant
frequency of loop inductance (which approximates to Lcy) and
Cio is close to the equivalent frequency of switching actions
Jeq» which is determined by (3). So, Lonm and Cro should be
coordinated in design to ensure a margin between the resonant
frequency and f.. An empirical solution is to keep the resonant
frequency at least 1.5 times higher than f.,. On the other hand,
it can be seen from Fig. 20(b) that both adding the CM chokes
and reducing the isolation capacitance will effectively reduce
the CM current in the power supply paths.

V. EXPERIMENTAL VERIFICATION

A 500-W GaN-based full bridge inverter prototype is built for
experimental verification. The key parameters are presented in
Table II. The DSC TMSF320F28335 is selected as the controller
and unipolar frequency doubling modulation is adopted for the
PWM generation. The top view of the power board and the con-
trol board are shown in Fig. 21 while the photo of the prototype
is shown in Fig. 22.

Fig. 23 shows the zoomed waveforms of the drain-source
voltage of two bottom switches namely vy,iq1 and vy,;q2 and
the inductor current i1,. They are measured in Case 8 to mini-
mize the adverse effect of high dv/dt noise. The highest dv/dt
is obtained by calculating the highest voltage slew rate. The
waveforms without any noise reduction methods are shown in
Fig. 24. Distortions are observed on the waveforms of output
voltage and inductor current even when the input voltage is
much lower than the rated input voltage. The input voltage is
only 40 V and the output voltage is about 20 V ac. Due to the
impact of the high dv/dt noise, PWM signals are corrupted and
oscillates are observed on the PWM and gate driving signals, as
shown in Fig. 24(b), which, therefore, leads to the distortion of
the phase-leg midpoint voltage and the inductor current.

When the input voltage is higher, the high dv/dt noise exceeds
the MCU’s endurance range, causing the MCU failure and the
inverter cannot operate steadily, which is shown in Fig. 25.

In order to reduce the high dv/dt noise, differential voltage
sensing method and multi-output flyback converter with small
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Fig. 21. PCB of the full bridge inverter. (Top view). (a) Control board.
(b) Power board.
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Fig. 22.  Photo of the prototype.
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Fig. 23. Experimental waveforms and zooms of turn-ON and turn-OFF

switching actions. The highest dv/dt is measured as 24 V/ns during the turn
ON of Sy .

isolation capacitance are adopted, while CM chokes are added
in the power supply paths of the control circuits and gate drivers.
After adopting the aforementioned noise reduction methods,
which corresponds to Case 8, the inverter can work steadily
at rated input voltage. Figs. 26 and 27 show the waveforms of
output voltage and inductor current when 1/4 load steps to half
load and the nominal load conditions. Fig. 28 shows the wave-
forms of the gate driving signals and the inductor current. The
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Fig. 24. Experimental waveforms without any noise reduction methods.
(a) Distortions are observed on the output voltage and inductor current wave-
forms. The input voltage is only 40 V and the output voltage is 20 V ac. (b)
PWM signals are corrupted and oscillates are observed on vgs and vqs because
of the high dv/dt noise and cause the distortions in inductor current.
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Fig. 25.  MCU malfunction when the input voltage is higher.

inverter operates well without distortion on the signals. In ad-
dition, as we can see from Fig. 28, voltage spikes are observed
on the driving signals of the switches in Phase leg I (vg4s_17 and
Vgs_1B) at the dv/dt transient of Phase leg II. But there is no
voltage spike on the driving signals of the switches in Phase leg
II. It is because the high dv/dt noise generated by Phase leg II
shows more impact to the inverter system than that of Phase leg
I, which agrees with the expressions presented in (6)—(9).
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Fig. 28. Waveforms of the driving signals and the inductor current.

The waveforms of i.(,1 and ipower1 are shown in Fig. 29. Al-
though the inverter system shows better performance with re-
duced CM current, the signals are difficult to be measured in
a practical inverter without sufficient noise reduction in Cases
(1)-(5) and (7) due to the occasional oscillations and system
failures as shown in Figs. 24 and 25, but at higher input voltage.
Therefore, only the waveforms in Cases 6 and 8 are presented.
The CM current is measured with current probes as shown in
Fig. 4. In fact, the current flows through the power supply and
its return wires are composed of both CM and differential mode
(DM) current. DM current through the wires is cancelled with
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Fig. 29. Experimental waveforms of the inductor current and the CM noise
current in the power supply of the control circuits and gate driver of SIT.
(a) Case 6. (b) Case 8.
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Fig. 30. Thermal graphs of the inverter prototype when it operates in Case 6
and Case 8. (a) Temperature of the CM chokes is very high when the Cio is
large in Case 6. (b) Temperature is much lower in Case 8.

the two wires in the same current probe. Therefore, the ob-
tained CM current signals are doubled and an attenuation ratio
of 0.5 is adopted on the oscilloscope for correction. Fig. 29(a)
and (b) shows that the peak values of CM current are reduced
effectively with the noise reduction methods, which agree with
the simulation results.

What should be noted is that, if the CM chokes are used
and the isolation capacitance is large, the temperature of the
CM chokes will be high due to the large rms value of the CM
current, which can be seen from Figs. 19 and 29. Fig. 30(a) and
(b) shows the thermal graphs of the inverter prototype when
it operates in Case 6 and Case 8, respectively. In Case 6, the
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temperature of the CM chokes is very high, reaching about
130 °C. When the isolation capacitance is reduced in Case 8§,
the rms current flowing through the CM chokes is also reduced,
and the temperature is much lower.

VI. CONCLUSION

This paper investigates the impact of high dv/dt noise of GaN
devices on the full bridge inverter systems. Improved model of
the noise propagation paths of the full bridge inverter is pro-
posed, and the commonly used high dv/dt noise reduction meth-
ods, such as optimizing of the sensing methods, adding CM
chokes in power supply paths, and optimizing of the isolation
capacitance, are analyzed. Simulation results and experimental
waveforms for verification are presented based on a 500-W GaN
full bridge inverter.

Conclusions can be drawn as follows. 1) In a GaN inverter
system, the high dv/dt noise has an adverse impact to the system,
which causes the failures of the controllers and gate drivers.
2) An improved high dv/dt noise propagation model of the full
bridge inverter can be obtained from the structure of a phase leg
and the gate driving circuits, along with the control and sensing
circuits. According to the model, the power supplies of the driver
ICs are the main paths of the noise propagation, and the sensing
circuit is more sensitive to the noise. 3) By adding CM chokes
in the power supply paths of the driver ICs, decreasing of the
isolation capacitance of the power supplies, and the adoption of
sensing methods with higher CMTI performance, the effects of
high dv/dt noise can be effectively reduced.

APPENDIX
DERIVATION PROCESS OF THE CM CURRENT

To derive the expressions of the CM current ic¢; and isense,
Fig. 8 is redrawn in Fig. 31 based on the three assumptions
and all the signals are transformed into s domain. Superposition
theorem is adopted for the two voltage sources.

A. Vnoisel(s) Only

The equivalent circuit is shown in Fig. 32 when only V,ise1 ()
is considered and Vi,is02(s) is regarded as short circuit.
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SClo_mim
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Vi(s)
Zs / Zes
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I |
I
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Fig. 32.
is shorted.

Equivalent circuit when only Vi oise1 (s) is considered and Vi ise2(s)

1 _L Vnoise2(s)

—_— 1
$(Cio_r 11 +Cio_p B) o

1|—-

SCio_ctrl

Va(s)

J 1
T s(Co_miartCq pc.)

Letrl isense

Fig. 33. Equivalent circuit when only Vn0i562<5> is considered and
Vioisel(s) 1s shorted.

The Kirchhoffs current law (KCL) equations of node V,, V;,
and V in this case are

Vnoisel (5) - Va71 (5)
1
sCrlo_p_T1

_ Va_1(s) n Va_1(s) — Vb.1(s) (A1)

1

s(Crio_p_p+Cro_r_12) 5C1O_ctrl
Vaa(s) - Voa(s) _ Voa(s) - Vea(s) | Voa(s) (A2)
Ty o Zys || Zes
Vea(s) _ Via(s) = Vea(s)
s(ca,,xlidQLcG,Dcf) 5CG otrl
+ Vnoicer (8)=Ve a1 (s) (A3)

sCG_mid1

According to (1) and (2), (A1)-(A3) can be reorganized as
Vnoisel(S) - Va_l(s) == 2Va_1 (5) + Va_l (5) - ‘/b_l(s) (A4)

sC10 [Va_1(s) = Vi_1(s)] = sCq [Vi,_1(s) — Ve1(s)]

+7et (A5)
2‘/0_1 (5) - ‘/b_l (3) - 2‘/(:_1(5) + Vnoise1(5)~ (AG)
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Then the expressions of V,(s), V,(s), and V,(s) in this case
is derived from (A4) to (A6) as

Vii(s) = 2OetBCelifZalZay, | (s)
s s (A7)
_ sCio+ Ciérllo/(szHZCS) Vnoisel(s)
Vb_l(s) - 4‘/(1_1(5) - Vnoisel(S) (A8)
sC10+sCa+1/(Zys|| Zes
Vea(s) = 3scig+3sgg+z/1§(zv!uzc)s)Vnoisel(S)- (A9)

Thus, the CM current of the control circuit is

ictrl_l(s) - SCIO (Va_l(s) - %_1(5))

_ 4 5C10+5Cc+1/(Zys|| Zes)
o [(szl‘zcs + SSCG) SSCIO+3SCG+4/(ZVSHZCS)

N (ﬁ + SCG)] Vioise1 (5)

= 1 Vioise1(S)-
3(1+ 88 ) (Zuel Zeo)+ 35 noise1 (8)

(A10)
The CM current of the sensing circuit is

isenseLl (S)

Voa(s) . _ 1 sCro+sCet 7
szHch - szHch 35Cro0+3sCa+ L

Zvsl||Zcs
‘/noisel (S)

Vnoiscl (5) (Al 1)

— 1
S(Z"SHZCS)ij

B. Vyoises(s) Only

Similarly, the equivalent circuit is shown in Fig. 32 when
only Vieise2(s) is considered and Vi oise1(s) is regarded as short
circuit.

The KCL equations of node V,, V}, and V, in this case are

Vaoise2(5) = Va_2(s)
1

Voplo) | Youlo) Voale) (A17)

s(Crto p B+C10_ P T1) sCro_p_T2 sC10_ctrl
Va2(8)—Vba(s) _ Vba(s)—Vea(s) Vi 2(s)

sC10_ctrl sCG_ctrl
Vc,? (9) — Vb,Q(S)IVC,Q(S) + Vnoise?(sg_vc,2(s) (A14)
5CG mid2 5CG ctrl s(Ca_mid1+Ca_pc-)

The expressions of V,(s), Vi(s), and V.(s) in this case is
derived from (A12) to (A14) as

_ 3Ci0+sCc+1/(Zvs|Zes)
Vaoo(s) = 2CaoteCe el
X %72(3) - %Vnoiseﬁ(s) (A]S)
Vi_a(s) = 4V, 2(8) — 2Vhoise2(s) (A16)

_ 2[sC10+8Cc+1/(Zus||Zes)]
Vea(s) = 3sclf+3sccé+4/(zvs\|zcs)Vnoise?(s)' (A17)

Thus, the CM current of the control circuit is

it 2(8) = sCro (Va_2(s) — Vi_2(s))

1
— 4 + 3SCG 2(‘QCIO+SCG+ szchs )
szHch 3SCIO+3SCG+m

) (ﬁ + ng)} Vhoise2(s)

(A18)

" VnoiseQ (5) .

sC1o

— 2
3(14 6% ) (Zusl Zes)+
The CM current of the sensing circuit is

. _ Vb72(5)
lsense_2 (S) T ZusllZes

) sCro + sCq + 7ZVSﬁZCS " (s)
= noise2 (S
s H Des 3sCro + 3sCq + ﬁ 2
2
- Vnoi562(5)~
B(ZVS H ZCS) + SCIOiSc’G

By combining (A10), (A11), (A18), and (A19), the expres-

(A19)

sions of the CM current are

= ictrlfl(s) + Z-ctrlf2(5)
1

3(14+82) (s || Ze) + 25

ictrl(s)

X (Vaoise1(8) + 2Vioise2(5)) (A20)
isense(8) = Gsense_1(8) + isense_2(8)
B 1
" 3(Zus || Zes) + o
X (Vaoise1(8) + 2Vioise2(8)) - (A21)
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