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Design and Transient Analysis of a 650 V/150 A
GaN Power Modules With Integrated Bias
Power and Gate-Drive Circuit

Liyan Zhu™, Member, IEEE, Yu Yan™, Member, IEEE, and Hua Bai™, Senior Member, IEEE

Abstract— This article focuses on the design of a 650 V/150 A
gallium nitride (GaN) power module. Direct bonded copper
(DBC) is employed for the thermal pad insulation and the
printed circuit board (PCB) is adopted for the flux cancellation,
isolated bias power supply, and gate-drive-circuit integration. The
packaged module exhibits high current capability (>150 A), high
compactness (45 x 33 x 9.6 mm?®), and excellent thermal resis-
tance (0.43 °C/W). The insulated drain—source and integrated
isolated gate-drive circuit also facilitate the assembly of GaN
devices, particularly in high-power applications. Double pulse
test (DPT) at 450 V/150 A shows ~50 V voltage spike only,
which makes the proposed module well suited for high-power
applications.

Index Terms— Direct bonded copper (DBC), gallium nitride
(GaN) high electron mobility transistors (HEMTs) package, half-
bridge module, integrated gate driver, isolated power supply,
transient analysis.

I. INTRODUCTION

ALLIUM nitride (GaN) high electron mobility transis-

tors (HEMTs) have been under development for decades
in the power electronics domain. It enables numerous new
topologies and control algorithms [1], [2], [3], thanks to
its superior performance, such as ultrafast switching speed
thereby ultralow switching loss. However, compared to its Si
counterpart, the major roadblocks to applying GaN devices
more widely include the high cost, fragile gates, exotic
packaging, and difficult thermal design limited by its small
footprint [4], [5], [6], [7], [8].

To improve the thermal performance of GaN devices, multi-
ple approaches have been made from different aspects. Studies
to improve the device material and physical structure lead
to better thermal conductivity from the heat source to the
die substrate [9], [10]. However, supreme material such as
the diamond or GaN-on-GaN structure usually yields a much
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Fig. 1. (a) Bottom-cooled devices using thermal vias. (b) Bottom-cooled
devices using IMS.

higher cost than GaN-on-Si design on the market nowadays.
It only makes the commercialization of GaN devices even
more difficult. Paralleling more dies into a single package
mitigates the current unbalance [11], [12], and the thermal
dissipation area is also significantly increased, but customers
have to pay for the bulky size and much higher cost.

In addition to improving the thermal conductivity of the
GaN die itself, it is more practical and effective to improve
the overall package, i.e., the thermal impedance from the
die to the case. This is particularly true since the thermal
impedance of the die itself is much lower than the die-to-case
thermal impedance. For example, presently both top-cool and
bottom-cool packages have been developed for GaN devices.
Even though the top-cool GaN device package, e.g., GaN
Systems’ GS66508T, exhibits low junction-to-case thermal
impedance (0.5 °C/W), its thermal pad is connected to the
source internally. For the sake of the electrical insulation,
an extra insulated thermal interface material (TIM) is then
inserted between its pad and the heatsink, yielding the overall
junction to heatsink thermal impedance >2 °C/W [13], [14].
This in return results in a higher junction temperature, which
further increases the drain-to-source resistance (Rpso,). The
bottom cooled device can rely on the thermal vias [15], copper
slugs, or insulated metal substrates (IMS) to create a thermal
path to the heatsink, as shown in Fig. 1. However, note that
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both the IMS and copper slugs add the system cost, GaN
devices also have to be tightly soldered on top of IMS or
copper slugs, which obstructs the switch replacement when
damages happen.

Last but not least, both IMS and copper slugs yield poorer
flux canceling compared to multilayer PCBs, given the IMS
essentially is one single-layer PCB while copper slugs under
the switch occupy the room for laying out traces of power
supply or gate-drive circuits. The third approach is using
hybrid switches (GaN+-Si) to offset the high cost of GaN [16].
While finding it effective to reduce the usage of GaN with
enhanced thermal capability, it does introduce more pulsewidth
modulation (PWM) signals and extra gate drivers through
using extra Si devices. Plus, the hybrid switch solutions usually
suffer from higher parasitic inductances, which limits the
module’s switching speed.

Double-side cooling (DSC) is also reported in the previous
literature [17], [18], [19], [20], [21]. It doubles the thermal
dissipation area and yields higher thermal performance. Still,
the major concern is the complex structure which makes the
fabrication more costly. Note that the DSC structure does not
apply to all packages of GaN devices.

Direct bonded copper (DBC) is a commonly used technol-
ogy to package conventional Si power modules. GaN power
modules based on DBC are also developed to compete with
Si counterparts [11], [22]. The DBC exhibits good thermal per-
formance. However, most DBC-based packages require bond
wires as well, which introduces excessive parasitic inductance.
Packages using hybrid DBC and PCB inherit good thermal
performance from DBC and high flexibility from PCB [23],
[24], [25], but the integration level is usually low. The PCB is
mainly utilized for decoupling capacitors only. More potential
of PCB still remains to be explored.

Integration of the gate driver with dies is another recent
trend for packaging technologies, which reduces the power
loop and gate-drive loop parasitics inside the power module
to alleviate the electrical stress, maximize the switching speed,
and minimize the negative impact from external circuits. Such
integrated designs are reported in the previous research [26],
[27], [28]. However, most designs ignored the isolated power
supply and gate-drive circuits. Therefore, when using such
modules, customers have to lay out an extra isolation layer
between the power module and the given power supply, such
as a 12 V onboard battery in electric vehicles (EVs). This
in return introduces extra parasitics and offsets the switching
performance of the devices, particularly for the GaN HEMTs
which are sensitive to the loop inductance.

In summary, all present package solutions face cost chal-
lenges, not to mention some existing GaN packages only focus
on one single die and lose the effective flux cancellation,
resulting in high voltage spikes in the switching-off process.
After thoroughly comparing the pros and cons of various
packaging approaches as shown in Table I, to maximize both
the thermal and switching performance of GaN devices, a flip-
chip high-current (>150 A) GaN phase-leg package with
low inductance, sufficient electrical insulation, low thermal
resistance, and integrated gate driver is proposed as Fig. 2(b)
by using GaN Systems’ 650 V/150 A dies (GS-065-150-1-D)

TABLE I

COMPARISON OF VARIOUS PACKAGE STRUCTURES

Packages :I‘hermal Cost Fabrication  Parasitics
impedance
Dou.b le side Low High Complex High
cooling
IMS Middle Middle Middle High
Thermal . .
Vias High Low Easy Middle
DBC only Lowest Low Easy High
Proposed .
hybrid Low Middle Easy Low
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Fig. 2. (a) Si TO-247 package versus two 650 V/150 A GaN dies.
(b) Proposed integrated GaN half-bridge module.

to form a half-bridge. Both DBC and multilayer printed
circuit board (PCB) are adopted here. Here, DBC is used to
dissipate the heat while the multilayer PCB is adopted for
circuit integration (gate drivers, isolated power supply, dies
and decoupling capacitors, etc.) and flux cancellation.

It is worth noting that flux cancellation is an important
consideration in adopting the PCB in the module. The flux
cancellation is an important method to minimize the parasitic
inductance induced by the interconnection conductors between
components. When the current is carried by these conductors,
the flux will be induced around the connector. The longer
the path, the higher the energy stored in the induced flux.
In addition to shortening the routing length, which effectively
reduces the parasitic inductance, putting two conductors that
carry opposite direction currents also helps to cancel the flux
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Fig. 3. Electrical structure of the proposed integrated GaN power module.

around the conductor thus effectively reducing the overall
parasitic inductance of the loop.

Due to the single-layer structure of DBC, it is difficult to put
two large connectors close enough to cancel the flux, thus we
proposed to use PCB+DBC hybrid structure. With the PCB,
the connectors can be split into multiple layers of the PCB
and the distance can be close enough to cancel the flux thus
effectively reducing the parasitic inductance.

When using such power modules, users only need to provide
two PWM signals from the microcontroller, and an external
power supply, e.g., 12 'V, which greatly facilitates the system
assembly.

In this article, Section II will detail the electrical integration
design, focusing on the gate-drive circuit and power supply
integration. The impact of the parasitics of both gate-drive
loop and power loop is quantified. Section III will discuss
the thermal design, i.e., using DBC to dissipate the heat.
Section IV presents the experimental results. Section V is the
conclusion and future work.

II. ELECTRICAL INTEGRATION AND
TRANSIENT ANALYSIS
A. Electrical Integration

To minimize the cost and make the proposed power module
compact and ready to use, this article attempts to integrate
most of the auxiliary circuits, such as the isolated power
supply and the gate driver circuit into the power module.
The high-level electrical schematics of the proposed integrated
half-bridge module are shown in Fig. 3.

Here, multiple layers are shown. The outer layer involves
the external terminals of the designed power module, which
include two PWM signals, and non-isolated power supplies

of 5 and 12 V. The 5 V power supply is used to power the
primary side of the isolated gate driver, a 2.2~5.5 V wide
input voltage range is acceptable. The 12 V power supply is
used for the gate drive secondary side to generate the +6/—3 V
gate-driving voltages. The power requirement of gate drivers
is low and the output voltage of the isolated power could stay
stable even though it is unregulated. Such power supplies are
commonly used and readily available. For instance, the 12 V
power supply can directly come from the low-voltage lead-
acid battery inside EVs.

Inside the power module, the power stage parallels two GaN
Systems’ 650 V/150 A dies (GS-065-150-1-D) to enhance
the power capability and thermal dissipation areas. Four
such dies together are then configured as a half-bridge with
decoupling capacitors equipped. Therefore, such a power
module is rated as 650 V/300 A, though in actual practice,
we might lower the current flowing through. Two isolated
gate-drive circuits are then included inside the power module
for both the high-side and low-side switches to provide full
isolation between the power stage and the control stage, for
the sake of the safety requirement and common-mode noise
rejection.

Different from other preexisting power modules, the pro-
posed power module also integrates an isolated power supply,
as shown in Fig. 3 marked as the green region. It is composed
of the transformer driver and a three-winding transformer,
which provides the electrical isolation for both the high-side
switches and low-side switches. A voltage splitter utilizing
Zener diodes generates a negative voltage (VEE) to reliably
turn off the switches, thereby reducing the possibility of false
triggering. The detailed structure of the isolated power supply
is shown in Fig. 4 and the bill of the materials is given
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Fig. 4. Isolated power supply design.
TABLE II
BILL OF MATERIALS, MAIN COMPONENTS
Component Part Number

Transformer Driver IR21531STRPBF x1

Isolated Gate Drive Si8271AB x2

Isolated Transformer 760301105 x1

12V output capacitors CI1608XSRIE106 %8

12V half bridge 2N7002DW-7-F

Decoupling capacitor C3225C0G2J223K230AA %8

GaN bare die GS-065-150-1-D x4

20 (mm)

Fig. 5. PCB model imported in ANSYS Q3D.

in Table II. Such a simple structure makes the design more
affordable, reliable, and compact.

B. Power-Loop Parasitics and Related Transients

Parasitic inductances and high di/dt of GaN HEMTs yield
possible voltage spikes during switching transients. The PCB
was adopted to accommodate the decoupling capacitors and
facilitate the flux canceling to further minimize the parasitics.

To quantify the parasitics inside the power module, ANSYS
Q3D is employed, with the PCB model imported shown
in Fig. 5.

The drain-to-source voltage Vys and the gate-drive voltage
Vs spikes are key considerations in the power module design.
Thus, parasitics of both the gate-drive loop and power loop
are extracted from the Q3D model, as summarized in Fig. 6.
Given the parasitics of the die itself are already embedded in
the SPICE model and the die also has a Kevin connection for

R, Z 0.6mQ
L, 0.77nH
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—_rrn R, 0.84mQ
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R, 2 0.02mQ Ly 10nH
L, 0.66nH _—
88nF
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L 0.77nH

Fig. 6. Parasitics of the proposed power module.
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Fig. 7. Simulation model with parasitics.
the gate, the common-source inductance of the GaN HEMT
can be ignored.

To further evaluate the impact of parasitics, an LTspice
model with all parasitics above is built in Fig. 7. To simplify
the simulation, the gate-drive power supply is replaced by a
voltage source with certain internal resistance. The GaN model
is provided by GaN Systems.

The Vys spikes are related to power loop inductances, i.e.,
L—L3 shown in Fig. 6, when GaN HEMTs are switching off.
Although such parasitic inductance is already minimized in the
PCB layout as shown in Fig. 8, it still cannot be eliminated.
Hence, certain voltage spikes still happen, as plotted in Fig. 9.
The simulated voltage spike is ~50 V when the dc bus voltage
is 450 V and the switching current is 150 A, which will be
verified by experiments later.

C. Gate-Loop Parasitics and Related Transients

The gate-loop traces are designed in a symmetric way for
the paralleled HEMTs. The trace lengths for the top GaN 1 and
top GaN 2 are measured as 10.08 and 10.15 mm, respectively,
which translated to 7.81 and 7.84 nH loop inductance, respec-
tively. The 0.03 nH difference can be safely ignored when
compared to the overall 7.8 nH loop inductance. Due to the
small die size, the Cys of the GaN HEMTS are trivial (216 pF)
as well. Even assuming a 10% mismatch between the Ron/Roft
of the paralleled devices, the falling/raising edges mismatch is
less than 0.5 ns. Compared to the >25 ns total rising/falling
time, the mismatch can be ignored.
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Fig. 8. PCB layout showing flux canceling loop (a) isometric view and
(b) sectional view.
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Fig. 9. Simulated waveform showing spikes of V.

Though the gate loop is designed in a short and symmetric
way, the gate-drive loop still exhibits some parasitic induc-
tances from the PCB layout, as well as the capacitance from
the devices themselves. When these parasitics are engaged,
both Vg overshoot and undershoot spikes could occur, as sim-
ulated in Fig. 10. Due to a much narrower gate-drive voltage
margin for GaN HEMTs compared to Si or SiC, Vs spikes
are even more critical for the device’s safe operation than
Vs spikes. For example, the undershoot spike is possible to
damage the gate oxide, and the overshoot spike is likely to
falsely trigger the switch. To understand the reason for these
spikes and guide the gate-drive loop circuit design, a detailed
transient analysis with related design criteria will be discussed
as follows.

First, a V, undershoot is possible prior to the turn-on
transient, as shown in Fig. 10. The detailed transient process
is illustrated in Fig. 11. During the dead time, the low side
switch is turned off and the high side switch is not turned
on yet. The load current is commutated from the low side
switch to the high side one. Note the load current not only

Sk VgsH 1
E Voltage overshoot
g)n or / 4
>
5 1
. Voltage undershoot
1
PWM
s PWM
=z o - 1
A
-1
2.5 3 35 4

Time [ps]

Fig. 10. Simulated Vg undershoot and overshoot spikes.
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Fig. 12. Key components of gate undershoot voltage spikes.

discharges the output capacitance Cyg of high side switch for
ZVS, but also flows into the gate-drive loop as /e and Icgs,
which are noted as parasitic currents and marked with red and
blue arrows in Fig. 11, respectively. These two currents then
combine and flow through the reverse capacitance Cgq as Icgq.
However, since the input capacitance Cg (nF level) is way
smaller than the power supply output capacitor C,, (uF level),
Icgs 1s negligible compared to s, as shown in Fig. 12. Thus,
we can assume Ipor ~ Icgg for simplified analysis.
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When [Igq flows through the parasitic current path marked
with red arrows in Fig. 11, there will be voltage drops across
both R and Lgs. The voltage polarity is shown in Fig. 11
with the plus/minus signs, and the value is simulated in Fig. 12
for a 2 Q Rofr and a 7.8 nH L. Note that the Iro is a pulse
current, thus it also disturbs the voltage of the power supply
output capacitor C,y, which is as follows:

t
Veo, = L/ Irordt + VEE. @)
Co2 Jo

When the selected C,; are large enough, the transient /g
actually has few impacts on the capacitor voltage and a stable
Ve, & VEE is much expected. However, the voltage drop
Vrott across Rogr and Vpg across Lgg greatly depends on the
gate-loop circuit design and cannot be ignored. The voltage
drops add to the VEE as the gate-to-source voltage V.
Ultimately, Vg that contains the components contributed by
the parasitics is given in the following equation, which implies
the existence of Vg, undershoot voltage spike:

I kott
dt

Second, Fig. 10 also indicates a possible Vs overshoot spike
of the high-side switch when the complementary switch is
hard turning on. The detailed transient process is depicted in
Fig. 13. Before the spike happens, both the high side-switch
and the low-side switch are securely turned off during the dead
time, the load current is freewheeling through the high-side
switch two-dimensional electron gas (2DEG), and the Vg
of the high-side switch is zero. During the hard turning-on
transient of the low-side switch, the load current commutates
from the high-side switch 2DEG to the low-side channel,
which induces a high dv/dt on the Vg of both switches. Due
to the existence of parasitic capacitance such as the C,s and
Cyq, this high dv/dt generates similar transient currents Icoss
Ic, as discussed, however, in the opposite direction. The
corresponding current paths are marked in Fig. 13.

The current Icqss is supplied to charge the output capac-
itance of GaN HEMTs to build up Vg, which is always
equal to Vgg + V. Even though Vi, contains certain voltage
spikes, compared with the dc bus voltage the whole Vs can be

Vgs = —VEE — I Rott — Lgs~ (2)
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Fig. 14. Key waveform during switching off transient.

ignored. Thus, we can assume AV ~ AV, in the charging
process. Furthermore, considering that C,; is much larger than
Cgs, the Ic,, is also ignorable. The simplified /g, is then only
related to the dv/dt of Vys and can be written as follows:

dVys

Ror = "
Note that here (dVys/dt) is mainly determined by the switch-
ing speed of the complementary switch. Similar to the voltage

undershoot in (2), the absolute value of the V, overshoot can
be written as follows:

Ca. 3)

Vs = =VEE + InorRoir + — = L. @)
From (4), it is clear that the parasitic current will impair the
stable negative VEE and induce a voltage overshoot. One
example showing the transient parasitic current and voltage
drops during the Vs overshoot is given in Fig. 14, for a 2 Q

Rofr and a 7.8 nH L.

D. Gate-Drive Loop Design Considerations

The gate voltage overshoot and undershoot spikes are both
induced by the parasitic gate-loop current, however, the origins
of the current are different. The voltage undershoot is caused
by the parasitic current that results from the commutation of
the load current, which is determined by the turn-off speed
of the complementary switch. The voltage overshoot spike,
however, is induced by the dv/dr of parasitic Cgq, and is highly
dependent on the turn-on speed of the complementary switch.

In terms of the parasitics involved, the voltage undershoot
is related to the R.; of both the device under test (DUT)
and the complementary switch. The voltage overshoot spike,
on the other hand, is related to R of the DUT and R,, of the
complementary switch. It is worth noting that this statement
assumes that the parasitic inductance is constant.

Nevertheless, the analysis suggests all the voltage spikes
are related to the gate-loop impedance and the turn-on/turn-
off speed of the GaN devices, while the major part of the
gate-loop impedance is the gate resistance, and the turn-
on/turn-off speed is mostly controlled by the external gate
driving resistance. Therefore, the selection of gate resistance
is the key to optimizing the gate voltage spikes.
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Fig. 16. Vs spikes amplitude versus Roff @ Rop = 3 Q.

A smaller R leads to a lower voltage drop on the gate
resistor itself, but elevates the parasitic current and voltage
drop on the parasitic gate-loop inductance. Conversely, a larger
R, slows down the switching speed and reduces the parasitic
current, but it does not necessarily reduce the voltage drop
on Ro itself. An example showing how the R.g-related
voltage drop on the gate resistors and on the parasitic leakage
inductances is illustrated in Fig. 15.

Therefore, an optimal gate resistance minimizes the overall
voltage drop on the resistor and parasitic inductance. The
simulation results, depicted in Figs. 16 and 17, demonstrate
how the overall undershoot and overshoot spikes vary with
the gate resistance, where a smaller gate resistance generally
leads to lower overall spikes due to the already small gate-loop
inductance. However, this is only the case when the parasitic
loop inductance is not dominant. When the parasitic induc-
tance presents a higher impedance than the gate resistance,
the selection of Rqg can vary.

Furthermore, even in the case where a smaller gate resis-
tance yields lower voltage spikes, it also leads to a faster
switching speed, which in turn may result in excessive Vs
spikes. The simulation results in Figs. 18 and 19 show the
relationship between R.g, Ro, and Vg spikes, respectively.
In addition, a 0 2 gate resistance presents minimal damping
to the possible Vg oscillation, which may worsen the Vg, spike
as shown in Fig. 20.

In addition, Fig. 20 also indicates the gate resistance cannot
be too large, otherwise, it will greatly delay the falling edge
of Vg. Then the overshoot may happen before Vg drops to
VEE, and leads to a significant increment of Vs overshoot.

Concluded from the analysis above, the selection of the
gate resistance is crucial in optimizing voltage spikes. The
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major design considerations are summarized as follows:
1) an optimal gate resistance should balance the voltage drop
on the gate resistor and parasitic inductance; 2) the optimal
gate resistor may vary with the impedance of the parasitic
inductance; and 3) smaller gate resistance may lead to lower
voltage spikes, but excessive Vg spikes may occur if the gate
resistance is too small.

R, and Ryg’s selection is the result considering both
Vs overshoot/undershoot spike and Vys spikes, together with
the consideration of the devices’ switching losses. In detail:
1) the V,s undershoot is only related to the Ry, while the
Vgs overshoot is related to both Ry, and Roi. The 3 Q2 Roy
and 2 Q Ry limit the max undershoot with —10 V, and
at the same time limit the overshoot under 0 V to avoid
mis-triggering and 2) the impact of R,, and R, on the Vg
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spikes and switching losses: the Vs spikes are related to
both R,, and Rog. The 3 Q R,, and 2 Q2 Ry present an
acceptable spike voltage, at the same time, the relatively low
R, and Ry also mean relatively low switching losses. With
the selected Ron, Rof, and parasitics, the system PDN plot is
given in Fig. 21.

III. PHYSICAL AND THERMAL STRUCTURE DESIGN
A. DBC Design

A thin layer of ceramics is sandwiched between two copper
layers, as shown in Fig. 22 to form the DBC. In this way,
all G, D, and S terminals of GaN devices are insulated from
the heatsink. The bottom layer of the DBC serves exclusively
for thermal dissipation, and the use of thermal grease can
further enhance the contact between the DBC and the heatsink.
Although the additional thermal grease may result in some
increment of thermal impedance, it still offers a lower thermal
resistance compared to state-of-the-art (SoA) TIMs, which
typically exhibit thermal resistance of ~1 °C/W. Thermal
simulation results with a power loss of 5 W per die are shown
in Fig. 23.

The simulated thermal resistance of each layer is concluded
in Table III. Although the thermal resistance of the grease
is a major player, it actually fully reveals the advantage of
the DBC design. Overall, the simulated substrate-to-heatsink
thermal resistance is around 0.4 °C/W.

B. PCB and Assembling

The gate driver and isolated power supply are located
on a separated PCB with the decoupling capacitor to form
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Fig. 22. Physical structure of the DBC design.
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TABLE III
SIMULATED THERMAL IMPEDANCE
Layer Thermal impedance
Soldering 0.06 °C/W
Top copper 0.04 °C/W
Ceramic (AIN) 0.16 °C/W
Bottom copper & thermal grease 0.12 °C/W

the flux-canceling loop to minimize the potential parasitic
inductance. In addition, the gate-drive circuit of the top and
bottom switches (GDT and GDB, respectively), including
the needed power supply are soldered on this PCB. Only
PWM signals for top and bottom switches, i.e., PWM/T and
PWMY/B are provided by the control system. All connectors
of this smart PCB will be directly assembled on this PCB
as well. Compared to bottom-cooled devices using the IMS,
the proposed package adopts a four-layer PCB to realize the
flux cancellation. Compared to discrete switches, soldering
dies in one package to form a half-bridge yields much higher
compactness. The overall view of the assembled power module
is shown in Fig. 24.

IV. EXPERIMENTAL RESULTS

The PCB board with four GaN dies is illustrated in
Fig. 25(a) and (b). All the components except four GaN dies
are populated on the top layer of the PCB. Fig. 25(c) shows the
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Fig. 24.  Overall module layout.

Fig. 25. GaN power module: (a) top-layer PCB, (b) bottom-layer PCB,
(c) overall power module.

completed power module, which integrates all the necessary
circuits, bus bars, dies, and DBC.

A double pulse test (DPT) was adopted to examine the
switching performance of such an integrated power module,
as shown in Fig. 26. The external capacitor C; is mounted
outside the power module, which can help to stabilize the
input voltage of the power module. The detailed parameters
are provided in Table IV. Besides components in the power
loop, the power module only requires external inputs of 5/12 V
bias power and PWM signals, demonstrating its simplicity and
ease of use.

L,
| Cap bank
3 T
| |
Power A1 [ O I
p— |=— eee _— p—
Module G | | Vin
I |
_____ J
[sv,12v || psp |
Fig. 26. DPT setup diagram.
TABLE IV
PARAMETERS OF DPT SETUP
Component Part Number Value
Li N/A 61uF
Ci C4BTHBXS5200ZANJ 20uF
Cap bank B32798G2756K 6*75uF

" Module

Fig. 27. DPT test setup.

TABLE V
TESTED THERMAL IMPEDANCE FROM CASE TO HEATSINK

Loss per die/W Die/°C  Heatsink/’C  AT/°C  Rw/°C/W
6.9 58.1 55.1 3 0.434
9.4 67.5 63.5 4.0 0.425
12.5 78.6 73.4 5.2 0.416

The DPT test set up is shown in Fig. 27. The DPT result is
shown in Fig. 28(a). The drain to source voltage of the bottom
switch and the inductor current are measured. According
to Fig. 28(b), when switching off ~150 A, the overshoot
voltage under 450 V input voltage is only 54 V, aligned with
the simulation results. This improvement is attributed to the
integration of decoupling capacitors within the power module,
leading to a reduction in the loop inductance.
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transients.

Furthermore, the thermal performance was evaluated by
reversely conducting GaN devices. The results presented in
Table V indicate that the thermal impedance from the case to
the heatsink is approximately 0.43 °C/W, slightly higher than
the simulated results of 0.39 °C/W. One possible explanation
for this discrepancy is the thickness of the thermal grease,

TABLE VI
COMPARISON OF POWER LOOP INDUCTANCE

Power loop Thermal
Reference Tested ratings Inductance impedance
(nH) (W/°C)
[24] 400V/60A 0.91 0.38
[25] 400V/70A 3.37 Null
[26] 400V/15A 2.65 24
[29] 400V/60A 1.3 32
[30] 100V/360A 5 Null
This work 450V/150A 0.77 0.43

which contributes significantly to the thermal impedance
as demonstrated in Table III. When assuming a thickness
of 0.14 mm for the thermal grease instead of the typical
value of 0.1 mm, the calculated thermal impedance would
be 0.426 °C/W, which is much closer to the measured value.

V. CONCLUSION

An integrated GaN HEMTs half-bridge power module
using 650 V/150 A bare dies is proposed in this article,
aiming at the high thermal conductivity, low parasitics, and
full integration of the gate drivers and isolated power supplies.
The electrical architecture of the power module is designed
with a focus on high integration and ease of implementation
in real-world circuits. The parasitics of the gate-drive loop and
power loop have been thoroughly analyzed to ensure optimal
selection of the gate-drive resistance for the safe operation of
devices. The adoption of the DBC approach in the thermal
design eliminates the need for the TIM layer, resulting in
improved thermal performance. Simulation and experimental
results have verified that the thermal impedance of the pro-
posed module is as low as 0.4~0.5 W/°C from the substrate
to the heatsink, which represents a significant improvement
compared to SoA GaN packages that need TIM. The compact
design of the module also results in low voltage spikes, making
it an attractive candidate for high-power applications, such as
battery chargers or inverters for EVs. The packaged module
has been tested at 450 V/150 A and the key specifications
compared with the SoA designs are summarized in Table VI.

REFERENCES

[1] V. Mehrotra, A. Arias, C. Neft, J. Bergman, M. Urteaga, and B. Brar,
“GaN HEMT-based >1-GHz speed low-side gate driver and switch
monolithic process for 865-MHz power conversion applications,” IEEE
J. Emerg. Sel. Topics Power Electron., vol. 4, no. 3, pp. 918-925,
Sep. 2016, doi: 10.1109/JESTPE.2016.2564946.

[2] T. Liu, K. Xu, Y. Zhang, C. Chen, Y. Kang, and F. Luo, “GaN-based
MHz single phase inverter with a high efficiency hybrid TCM control
method,” in Proc. IEEE Appl. Power Electron. Conf. Expo. (APEC),
Mar. 2020, pp. 3322-3326, doi: 10.1109/APEC39645.2020.9124368.

[3] J. Lu et al., “Applying variable-switching-frequency variable-phase-shift
control and E-mode GaN HEMTS to an indirect matrix converter-based
EV battery charger,” IEEE Trans. Transport. Electrific., vol. 3, no. 3,
pp- 554-564, Sep. 2017, doi: 10.1109/TTE.2017.2723944.

Authorized licensed use limited to: UNIVERSITY OF TENNESSEE LIBRARIES. Downloaded on April 18,2024 at 19:37:49 UTC from IEEE Xplore. Restrictions apply.


http://dx.doi.org/10.1109/JESTPE.2016.2564946
http://dx.doi.org/10.1109/APEC39645.2020.9124368
http://dx.doi.org/10.1109/TTE.2017.2723944

ZHU et al.: DESIGN AND TRANSIENT ANALYSIS OF A 650 V/150 A GaN POWER MODULES

[4]

[5]

[6]

[8]

[9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

E. G. Turitsyna and S. Webb, “Performance degradation of GaN field-
effect transistors due to thermal boundary resistance at GaN/substrate
interface,” Electron. Lett., vol. 41, no. 2, pp. 40-41, 2005, doi:
10.1049/el.

M. Harris, B. Wagner, W. Tong, H. Menkara, and S. Halpern, “Thermal
analysis and validation of packaging for 100W and higher GaN MMIC
power amplifiers,” in Proc. WAMICON Conf., Apr. 2011, pp. 1-5, doi:
10.1109/WAMICON.2011.5872896.

A. Rujas, “Thermal performance analysis of GaN-based high-power
converters characterization of GaN devices,” in Proc. 20th Eur. Conf.
Power Electron. Appl. EPE ECCE Eur., 2008, pp. 1-10.

A. Aouf, F. Djeffal, and F. Douak, “Thermal stability investigation of
power GaN HEMT including self-heating effects,” in Proc. 6th Int.
Conf. Syst. Control (ICSC), Batna, Algeria, May 2017, pp. 451-454,
doi: 10.1109/IC0SC.2017.7958745.

B. Zhou, Y. Huang, R. Li, S. Chen, Z. He, and X. Fu, “Thermal
analysis on the degradation of GaN HEMTS,” in Proc. 19th Int. Conf.
Electron. Packag. Technol. (ICEPT), Aug. 2018, pp. 1661-1665, doi:
10.1109/ICEPT.2018.8480653.

J. Pomeroy et al., “Achieving the best thermal performance for GaN-on-
diamond,” in Proc. IEEE Compound Semiconductor Integr. Circuit Symp.
(CSICS), Oct. 2013, pp. 31-34, doi: 10.1109/CSICS.2013.6659210.

F. Ejeckam et al., “Diamond for enhanced GaN device performance,”
in Proc. 14th Intersociety Conf. Thermal Thermomechanical Phe-
nomena Electron. Syst. (ITherm), May 2014, pp. 1206-1209, doi:
10.1109/ITHERM.2014.6892417.

B. Passmore et al., “A 650 V/150 A enhancement mode GaN-based half-
bridge power module for high frequency power conversion systems,”
in Proc. IEEE Energy Convers. Congr. Expo. (ECCE), Montreal, QC,
Canada, Sep. 2015, pp. 4520-4524.

S. Cheng and P.--C. Chou, “Investigation on the parallel operation of
all-GaN power module and thermal performance evaluation,” in Proc.
Int. Power Electron. Conf. (IPEC-Hiroshima-ECCE ASIA), May 2014,
pp. 3425-3431, doi: 10.1109/IPEC.2014.6869988.

J. L. Lu, R. Hou, and D. Chen, “Opportunities and design considerations
of GaN HEMTs in ZVS applications,” in Proc. Conf. IEEE Appl.
Power Electron. Conf. Expo. (APEC), Mar. 2018, pp. 880-885, doi:
10.1109/APEC.2018.8341117.

Z. Quan, L. Ding, J. Lu, and Y. W. Li, “Design considerations of the
GaN power stage for a GaN/Si internal parallel multilevel converter
based 1500 V PV string inverter,” in Proc. IEEE 2I1st Workshop
Control Modeling Power Electron. (COMPEL), Nov. 2020, pp. 1-8, doi:
10.1109/compel49091.2020.9265673.

W. Qian, J. Lu, H. Bai, and S. Averitt, “Hard-switching 650-V
GaN HEMTs in an 800-V DC-grid system with no-diode-clamping
active-balancing three-level topology,” IEEE J. Emerg. Sel. Topics
Power Electron., vol. 7, no. 2, pp. 1060-1070, Jun. 2019, doi:
10.1109/JESTPE.2018.2873156.

L. Zhu, H. Bai, A. Brown, and M. McAmmond, “Transient analysis
when applying GaN + Si hybrid switching modules to a zero-voltage-
switching EV onboard charger,” IEEE Trans. Transport. Electrific.,
vol. 6, no. 1, pp. 146-157, Mar. 2020, doi: 10.1109/TTE.2020.2966915.
K. Wang, B. Li, H. Zhu, Z. Yu, L. Wang, and X. Yang,
“A double-sided cooling 650V/30A GaN power module with low
parasitic inductance,” in Proc. IEEE Appl. Power Electron. Conf.
Expo. (APEC), New Orleans, LA, USA, 2020, pp. 2772-2776, doi:
10.1109/APEC39645.2020.9124425.

C. Laurant et al., “Very low parasitic inductance double side cooling
power modules based on ceramic substrates and GaN devices,” in
Proc. 70th IEEE Electron. Compon. Technol. Conf. (ECTC), Jun. 2020,
pp. 1402-1407, doi: 10.1109/ectc32862.2020.00222.

A.-C. Iradukunda, D. R. Huitink, and F. Luo, “A review of
advanced thermal management solutions and the implications for
integration in high-voltage packages,” IEEE J. Emerg. Sel. Top-
ics Power Electron., vol. 8, no. 1, pp.256-271, Mar. 2020, doi:
10.1109/JESTPE.2019.2953102.

F. C. Lee, W. Zhang, X. Huang, Z. Liu, W. Du, and Q. Li, “A new pack-
age of high-voltage cascode gallium nitride device for high-frequency
applications,” in Proc. IEEE Int. Workshop Integr. Power Packag.
(IWIPP), May 2015, pp. 9-15, doi: 10.1109/IWIPP.2015.7295966.

F. Yang, Z. Wang, Z. Liang, and F. Wang, “Electrical performance
advancement in SiC power module package design with Kelvin
drain connection and low parasitic inductance,” IEEE J. Emerg. Sel.
Topics Power Electron., vol. 7, no. 1, pp. 84-98, Mar. 2019, doi:
10.1109/JESTPE.2018.2870248.

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

427

P.-L. Doumergue and S. Bontemps, “First 650 V 60A GaN power
module in a compact SP1 package,” in Proc. PCIM Eur. Int. Exhib.
Conf. Power Electron., Intell. Motion, Renew. Energy Energy Manage.,
May 2022, pp. 1-8, doi: 10.30420/565822140.

A. I. Emon et al, “A 650 V/60A gate driver integrated wire-
bondless multichip GaN module,” in Proc. IEEE 12th Int. Symp.
Power Electron. Distrib. Gener. Syst. (PEDG), Jun. 2021, pp. 1-6, doi:
10.1109/PEDG51384.2021.9494257.

A. L. Emon et al., “Design and optimization of gate driver integrated
multichip 3-D GaN power module,” IEEE Trans. Transport. Electrific.,
vol. 8, no. 4, pp. 4391-4407, Dec. 2022, doi: 10.1109/tte.2022.3173585.
L. Kou and J. Lu, “Applying GaN HEMTs in conventional housing-type
power modules,” in Proc. IEEE Energy Convers. Congr. Expo. (ECCE),
Oct. 2020, pp. 4006-4011, doi: 10.1109/ECCE44975.2020.9236281.
A. B. Jgrgensen, S. Beczkowski, C. Uhrenfeldt, N. H. Petersen,
S. Jgrgensen, and S. Munk-Nielsen, “A fast-switching integrated full-
bridge power module based on GaN eHEMT devices,” IEEE Trans.
Power Electron., vol. 34, no. 3, pp. 2494-2504, Mar. 2019, doi:
10.1109/TPEL.2018.2845538.

S. Moench et al., “PCB-embedded GaN-on-Si half-bridge and
driver ICs with on-package gate and DC-link capacitors,” [EEE
Trans. Power Electron., vol. 36, no. 1, pp. 83-86, Jan. 2021, doi:
10.1109/TPEL.2020.3005621.

A. B. Jgrgensen, T.-H. Cheng, D. Hopkins, S. Beczkowski, C. Uhren-
feldt, and S. Munk-Nielsen, “Thermal characteristics and simulation of
an integrated GaN eHEMT power module,” in Proc. 21st Eur. Conf.
Power Electron. Appl. (EPE ECCE Eur.), Sep. 2019, pp. P.1-P.7, doi:
10.23919/EPE.2019.8915012.

J. L. Lu, D. Chen, and L. Yushyna, “A high power-density and high
efficiency insulated metal substrate based GaN HEMT power module,”
in Proc. IEEE Energy Convers. Congr. Expo. (ECCE), Oct. 2017,
pp- 3654-3658, doi: 10.1109/ECCE.2017.8096647.

J. A. Brothers and T. Beechner, “GaN module design recommenda-
tions based on the analysis of a commercial 3-phase GaN module,”
in Proc. IEEE Energy Convers. Congr. Expo. (ECCE), Sep. 2019,
pp. 4109-4116, doi: 10.1109/ECCE.2019.8913223.

Liyan Zhu (Member, IEEE) received the B.S.
degree from Kunming University of Science and
Technology, Kunming, China in 2017, and the Ph.D.
degree from the University of Tennessee, Knoxville,
TN, USA, in 2022, both in electrical engineering.

He is currently a Research Scientist with the
Center for Power Electronics Systems (CPES), Vir-
ginia Tech, Blacksburg, VA, USA. His research
interests include WBG-based dc/dc converters, mag-
netic components, auxiliary power modules, and
integrated chargers for electric vehicles.

Yu Yan (Member, IEEE) received the B.S. and
M.S. degrees in electrical engineering and automa-
tion from Beijing Institute of Technology, Beijing,
China, in 2016 and 2018, respectively, and the Ph.D.
degree in electrical engineering from the University
of Tennessee, Knoxville, TN, USA, in 2022.

His research interests include battery chargers and
PV systems.

Hua Bai (Senior Member, IEEE) received the B.S.
and Ph.D. degrees from the Department of Electrical
Engineering, Tsinghua University, Beijing, China, in
2002 and 2007, respectively.

In 2010, he joined Kettering University (for-
mer General Motor Institute), Flint, MI, USA,
as an Assistant Professor and is presently an Asso-
ciate Professor with the Department of Electrical
Engineering and Computer Science, University of
Tennessee, Knoxville, TN, USA, since 2018. He is
the author of two books, 140 IEEE papers, and

holds more than 20 industrial patents. He is an Associate Editor of the SAE
International Journal of Electrified Vehicles and an Associate Editor of IEEE

TRANSACTIONS ON TRANSPORTATION ELECTRIFICATION.

His research

interests include power electronics (particularly wide bandgap devices) with
motor drives, electric vehicle battery chargers, auxiliary power modules, and
battery energy storage systems.

Authorized licensed use limited to: UNIVERSITY OF TENNESSEE LIBRARIES. Downloaded on April 18,2024 at 19:37:49 UTC from IEEE Xplore. Restrictions apply.


http://dx.doi.org/10.1049/el
http://dx.doi.org/10.1109/WAMICON.2011.5872896
http://dx.doi.org/10.1109/ICoSC.2017.7958745
http://dx.doi.org/10.1109/ICEPT.2018.8480653
http://dx.doi.org/10.1109/CSICS.2013.6659210
http://dx.doi.org/10.1109/ITHERM.2014.6892417
http://dx.doi.org/10.1109/IPEC.2014.6869988
http://dx.doi.org/10.1109/APEC.2018.8341117
http://dx.doi.org/10.1109/compel49091.2020.9265673
http://dx.doi.org/10.1109/JESTPE.2018.2873156
http://dx.doi.org/10.1109/TTE.2020.2966915
http://dx.doi.org/10.1109/APEC39645.2020.9124425
http://dx.doi.org/10.1109/ectc32862.2020.00222
http://dx.doi.org/10.1109/JESTPE.2019.2953102
http://dx.doi.org/10.1109/IWIPP.2015.7295966
http://dx.doi.org/10.1109/JESTPE.2018.2870248
http://dx.doi.org/10.30420/565822140
http://dx.doi.org/10.1109/PEDG51384.2021.9494257
http://dx.doi.org/10.1109/tte.2022.3173585
http://dx.doi.org/10.1109/ECCE44975.2020.9236281
http://dx.doi.org/10.1109/TPEL.2018.2845538
http://dx.doi.org/10.1109/TPEL.2020.3005621
http://dx.doi.org/10.23919/EPE.2019.8915012
http://dx.doi.org/10.1109/ECCE.2017.8096647
http://dx.doi.org/10.1109/ECCE.2019.8913223

