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Abstract—This paper presents the design of the Isolated
SenseGaN (Iso-SenseGaN) current sensing technique using Gal-
lium Nitride (GaN) transistors. The isolation technique for the
SenseGaN brings an opportunity for integration of sensing
element with the power modules, and enables many control
schemes in power converters. This could effectively open broader
area for smart device monitoring, implementation of current
controlling techniques at high frequency, and proper feedback
for diagnostics/prognostics developments. In this work, the focus
is on the practical challenges for the SenseGaN technique
and presenting the inductor-based galvanic isolation. Using the
current mirroring method, the authors defined a cursor for
detection of the power converter operation mode, i.e., Continuous
Conduction Mode (CCM) vs. Boundary Conduction Mode (BCM)
in a DC-DC boost and a DC-AC converter a real-time setup.

Index Terms—Boundary conduction mode, boost converter,
current-mirroring, inverter, senseGaN, virtual grounding.

I. INTRODUCTION

Accurate current sensing is among the major design steps
toward the Wide Bandgap (WBG) power converters, bringing
multiple opportunities such as effective protection, control, and
prognostics techniques. Although significant progress has been
made in recent years in the development of the advanced cur-
rent sensors like Hall Effect, Rogowski, and Magneto-resistor
sensors, they typically suffer from bandwidth limitations [1].
Traditional resistive-based methods such as Shunt resistor and
R gs(on) monitoring, due to their high losses and temperature
variation dependency, have some fundamental challenges, es-
pecially in high frequency converters [2]. Besides, in power
electronics, the current mirroring is commercialized and often
known as the SenseFET approach with Si-MOSFET [3]-[6],
or has been demonstrated for SiC, and GaN devices integrated
with Si MOSFET [7], [8]. Therefore, with significant efforts in
increasing the frequency and power in WBG semiconductors
(especially GaN), novel sampling techniques are required to
provide useful current information for the advanced control
strategy [9]. In this paper, the authors target developing a
discrete design of current mirroring method with the galvanic
isolation to run a DC-DC boost converter and a DC-AC
converter in Boundary Conduction Mode (BCM). The active
switch current is sensed using the current mirroring technique.

To the best of the authors knowledge, no prior work has
been published to sense the active current of power GaN
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transistors with the galvanic isolation to avoid common mode
issues. We called this technique as the Iso-SenseGaN that
current monitoring can be effectively used in all common
power electronics converters as shown in Fig. 1. The paper is
organized as follows: Section II, the methodology of current
monitoring with Iso-SenseGaN and the system design by
proposing a virtual grounding technique will be provided.
Section III, proposes two possible solutions of using Iso-
SenseGaN for the BCM control of power converters in the
real-time Controller Hardware-In-the-Loop (CHIL), following
the Section IV as the conclusion.

II. SYSTEM METHODOLOGY
A. SenseGaN configuration

For circuit-level analysis of current mirroring technique
of SenseGaN, one method is to perceive the system as the
interconnections of thousands of individual cells in parallel
configurations [10]-[13]. The goal is to isolate one of the
source connection to use as sensing element, and the measured
voltage drop across the resistor can proportionally reflect the
current of the active switch. As the power and sense transistors
have the common drains and gates, by neglecting the small
fraction of a voltage drop across the sensing resistor, the gate-
source signal can be assumed the same for both modules. This
configuration also provides a unique opportunity to change
the width-length ratio (W/L) of the transistor channel, which
shows the transistor turn-on resistance [14].

Substrate

Fig. 1. Iso-SenseGaN configuration: Proposing a scheme of Iso-SenseGaN
for lateral dies based on available commercial products.
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Theoretically, this technique does not have any bandwidth
limitations; however, to mitigate the effect of temperature
dependency and current ratio mismatching of SenseGaN, it is
required to optimize sensing resistor shown in Fig. 2. There-
fore, based on the proposed technology for compensation of
the impedance matching and the virtual grounding, additional
circuits should be carefully designed [15].

W/L=n
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R
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Fig. 2. Iso-SenseGaN: The equivalent circuit model of the Iso-SenseGaN for
the available lateral GaN.

There are three different methods to provide proper isolation
to avoid the voltage common mode issue: a) optical, b)
capacitive, and c) electromagnetic isolations. The first method
relies on the light intensity proportional to the measured
signal coming through the photoconductive element (typically
a diode). However, this technique requires at least 0.7V to
guarantee the diode is ON. The second method is a proper
solution for many systems, but the capacitance characteristics
make a longer delay on especially during fast transients. In the
electromagnetic method, a pair of conductive coils provides a
physical barrier between circuits. The proposed method is the
combination of the second and third approaches, where the two
small air-core inductors as well as the capacitor-like resonance
circuits, and virtual grounding are shown in Fig. 3.

B. SenseGaN Characterization

To analyze the temperature dependency and select proper
sense resistance, since both devices will be fabricated with the
same technology, the thermal coupling between the transistors
will be assumed similarly [16]. Thus, resistance variation of
the GaN device at the different temperature is simplified as

(1): i
25°C

Rps(on) = RBs(g, T2 " )

where, 1" is the device temperature in Celsius and & is the
thermal coefficient of the transistor. The simplified current
ratio of the devices is shown in (2):

25°C
IQI o RDS(ON)Q2 Zgense )
= D250 250C (T—25°C) ka1
Ig2 RDS(ON)Ql DSonaer©

here, Zscnse is the total impedance of the Iso-SenseGaN
path, and Iy, Ip2 show the current in the power and sense
transistors, respectively. Based on (2), to reduce the effect
of temperature dependency, the sensing resistor should be

100

Sis271 GS66sosT
10k o
10 47k0
Vout

Gate Drive  Synchronous Device
Power GaN
|

g C=tu=—— Rioad
Active Device Sensing Device
V. — —
in C_) Gate Drive Gs66508T |»< @ |ﬂ: GS66508T
100 Power GaX Sense GaN,
sig271
10k 10 100
10 ama
l T ——— e m—— Pniptulububsbriin |
- | Virtual grounding and analogue signal processing |
>
| 3KQ 30K R ense 3: |
' |
| o | ﬂ" 1500 10 |
[ IF= s3gan Aonit |
! _% |
| I |
|
| e ]
| LM6154 wma e 10 1T |
< 0o Rserse |
o | oo 1000 100k LM6154 |
1RIP Circuit |
n — |
1t 10pF
: $2pF LM6154 *a - |
| ] e v |
! — |
|

Fig. 3. Schematic Capture: a) Schematic of the virtual grounding for Iso-
SenseGaN technique with galvanic isolation in a GaN boost converter.

very small. However, the drawback is the higher drain current
passes through Iso-SenseGaN (Q2), and consequently the high
current increases the loss. Therefore, a simple Optimization
Function (OF) for each specific design can be run to choose
the proper resistance:

2
Viw

ZS@TLSG

) + k2(1 + Zsense) (3)

OF == kl(Pcon —

where, P.,, is the converter power, Vj, is the switching
node voltage of the SenseGaN connection, k; and ko are the
weighting factors for objective function, and constant ratio
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Fig. 4. Optimization in SenseGaN: The compromise of higher performance
(low resistance) vs. lower loss (high resistance) are analyzed in the OF.
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To verify the analysis, a prototype board was built, and
the detailed analysis was provided in [15], [17]. The main
components are also provided in Table I, and the hardware
experimental results of the SenseGaN are shown in Fig. 5.
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Fig. 5. Experimental Results: Implementation of SenseGaN prototype under
a 150kHz boost power converter a) blue: inductor current measured with an
amplifier current gun, orange: current measurement with SenseGaN at 20%
duty cycles, and b) blue: inductor current measured with an amplifier current
gun, orange: current measurement with SenseGaN at 80% duty cycles.

III. APPLICATION OF ISO-SENSEGAN IN
POWER ELECTRONICS CONVERTERS

To show the capability of the Iso-SenseGaN, the BCM
control of a DC-DC boost and an inverter are proposed here.

A. Proposed solution of the BCM in a DC-DC boost converter

This method initially was introduced in [17], for current
monitoring of an active switch in the boost converter. However,
the constraints of solution time in microcontroller limit the
bandwidth of this technique; Therefore, Iso-SenseGaN can be
placed for each device (Q1), and (Q2) in the DC-DC boost
converter as shown in Fig. 6-a. Once the converter operates
at the BCM, the current waveform is characterized as triangle
whereas, in the CCM, the current of SenseGaN is considered
as trapezoid shown in Fig. 6-b. Having the information of the
top and bottom devices, two fast analogue comparators are
adjusted with two different thresholds that are placed for each
device; the one for the top device indicates the zero current
crossing, and for the bottom switch shows the maximum
current. Once the trigger signal is received from the high
threshold comparator, the bottom device will be turned OFF,
and the low threshold comparator turns ON the bottom device,
as verified in CHIL test as shown in Fig. 6-c and Fig. 6-d [18].
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Fig. 6. The BCM control of a DC-DC boost converter: a) the system
operation mode at the CCM (blue) and the BCM (red) with the same
average current. b) the current monitoring reflected in the Iso-SenseGaN. Two
reference trigger signals are considered to turn-on the top and bottom devices
consecutive. The closed loop operation of the boost converter operation
verified in CHIL test as shown in c) orange: PWM gate signals, blue: inductor
current, d) orange: bottom Iso-SenseGaN, blue: top Iso-SenseGaN outputs.
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TABLE I
COMPONENTS IN CONVERTER CIRCUIT DESIGN

Item Manufacturer Part No. Description
1 GS66516B GaN transistors
2 SI8271GB-IS Isolated gate driver
3 PES1-S5-S9-M-TR Isolated power supply
4 ACMA4520-142-2P-T000 Common mode choke filter
5 CD0603-Z3V9 Zener diode
6 LM6154BCM OpAmp 100MHz Bandwidth
7 C1608X7R1H104K080AA 0.1uF' Bypass capacitor
8 C5750X7R2E105K230KA 1uF Bypass capacitor
9 ERJ-3BQFIROV 12 Resistor
10 ERJ-3EKF20R0V 2092 Resistor
11 ERJ-PA3F4701V 4.7k€) Resistor
12 ERJ-FC0603E50R0BST1 10k€2 Resistor

B. Proposed solution of the BCM in a DC-AC converter

In this section, the potential of SenseGaN technique is used
to control an inverter at the BCM. For each bottom devices, an
individual Iso-SenseGaN/SenseGaN will be placed as shown
in Fig. 7. Having the information on the bottom devices, two
fast analogue comparators adjusted with two small thresholds
voltages are considered for each of them, individually. The
proposed sensor placement for BCM of the DC-AC converter
is shown in Fig. 7.
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Fig. 7. SenseGaN for the BCM control of a DC-AC converter: The
proposed architecture for the sensor placement in an inverter.

To understand the inverter operation, the current path is
highlighted in Fig. 8. Knowing this, the fundamental switching
frequency of the grid is considered as 60Hz, where two
bottom devices (Q3) and (Q4) turn on/off in each positive
and negative cycles. However, the top switches (Q);) and
(Q2) operate at the high switching frequency. Using the fast
microcontroller (TMS320F28335) for the input signal and
the analogue fourth order RC-filter using high-speed opera-
tional amplifiers (LM4820) will generate the reference signal.
Therefore, the output of the current sensors will be compared
with the generated reference current through the high-speed
comparators as shown in Fig. 9.

The CHIL test result verifies the feasibility of the proposed
BCM control strategy in a single-phase inverter as shown in
Fig. 10. In the CHIL test, the microcontroller generates the
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Fig. 8. Inverter operation: The system operation for the BCM operation in
the inverter, proposed by SenseGaN current mirroring techniques. The current
path highlighted with red one shows the four modes of operation.
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Fig. 9. Proposed BCM technique: The analogue circuit logics for PWM
generation through SenseGaN and the fundamental frequency of the grid.

switching signals for the four GaN switches based on the
comparison between the current reference and the inductor
current captured by the sensing GaN.

Each SenseGaN current unit (S; or S3) is used in each
positive or negative cycle of the reference current. In the
positive sequence, ((Q)4) is turned on continuously. If the active
switch current of the (Q4), (I51), is zero, corresponding switch
(Q1) is ON. The inductor current is increased based on the
inductor voltage and the inductance value. Once the inductor
current reaches the current reference, the switch (1) is turned
off and the bypass loop with a diode in ((J3) making the
conduction path to decrease the inductor current to zero.
Therefore, the BCM operation can be achieved with variable
switching frequency based on the inductance, the input and
output voltage, and the reference current. In the negative cycle,
same procedure occurs with (Ig2), (Q2), and (Q3).

2728



Voltage (V)
<

2204 .|
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Time (msec)
(@)
2.5
2
1.5
—~ l ]
Z 05
5 0
0.5
-1
1.5
oL J
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Time (msec)
(b)
Fig. 10. SenseGaN for the BCM control of a DC-AC converter:

Two reference trigger signals are considered to turn-on the bottom devices
consecutively. The closed loop operation of the DC-AC converter operation
is verified in CHIL as shown in a) grid voltage b) top: bottom SenseGaN-1,
orange: bottom SenseGaN-2.

IV. CONCLUSION

This work presented the design and analysis of Iso-
SenseGaN technique using power GaN transistors, which can
be used in many power electronics topologies. The concept of
an integration of power and sense modules in the lateral GaN
was introduced. Then, technical challenges like temperature
dependency, measurement accuracy, and impedance matching
were discussed mathematically. Virtual grounding technique
as one of the solutions was proposed and analyzed. To show
the potential of the current mirroring technique, two possible
solutions for the BCM control of a DC-DC boost converter
and an inverter were also verified in CHIL tests.
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