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Abstract—The voltage rating of the commercial Gallium Ni-
tride (GaN) power devices are limited to 600/650 V due to
the lateral structure. Stacking the low-voltage rating devices
is a straightforward approach to block higher dc-link voltage.
However, the unbalanced voltage sharing can occur due to the
discrepancies in the gate driving loops, the device parameter
tolerance and the device-to-ground displacement currents for the
series-connected devices in the stack. In this paper, a novel closed-
loop current source gate driver is proposed, which addresses
the voltage imbalance issue of series-connected GaN HEMTs for
both hard switching and soft switching scenarios. The proposed
current source gate driver controls the device switching timing
and the dv/dt with fine accuracy by directly regulating the device
gate current. Without the employment of the lossy snubber circuit
or the external Miller capacitor, the switching energy and the
switching speed are almost not compromised for each individ-
ual device. Meanwhile, the closed-loop strategy improves the
adaptivity to different operating conditions. A series-connected
GaN-based multiple pulse tester is built to validate the proposed
current source gate driver and the voltage balancing strategies
in different switching scenarios.
Index Terms—Gallium nitride, HEMTs, stacking, closed-loop,

current control, driver circuits, parasitic capacitance, switching
loss.

I. INTRODUCTION
Gallium Nitride (GaN) power devices offer low specific on-

state resistance, fast switching-speed and high operating tem-
perature capabilities compared with Silicon (Si) counterpart.
All of these are beneficial for the efficiency, power density,
specific power, as well as the reliability of power electronics
converters [1]. Though Silicon Carbide (SiC) excels in high-
temperature applications, the material characteristics of GaN
are superior in high-efficiency, high-frequency converters [2].
Meanwhile, cost reduction of GaN devices will progress faster
than for SiC devices due to significant lower substrate costs
and Si-CMOS manufacturing line compatibility [3]. The high-
est voltage rating of the commercial GaN HEMTs is typically
at 600/650 V level, due to their lateral structure. The vertical
GaN devices are considered to have higher voltage rating,
but they have not yet been produced on a commercial level.
The insufficient voltage rating of GaN HEMTs hinders their
appliance in higher dc-link systems, such as 800 V battery
electric vehicles (EV) and medium voltage (MV) applications.

Stacking converters and stacking switches are the two most
common approaches to block higher dc link voltage. The cas-
caded H-bridges and multilevel converters can be categorized
as the stacking converter solution. The advantages of this
solution include lower dv/dt, lower EMI and lower output
harmonics. However, the complexity of hardware structure
as well as the control scheme are greatly increased for this
solution. Stacking switches is much simpler in terms of the
hardware structure and control scheme. The biggest challenge
is to prevent the over-voltage breakdown for each individual
low-voltage switch in the stack. Some researchers have been
working on the topic of series-connected fast-switching de-
vices (GaN and SiC). In [4], a 1.2 kV super-cascode GaN
transistor is demonstrated, which is based on two series-
connected depletion-mode GaN. The structure has the same
drawbacks as the typical cascode GaN, such has the undesired
voltage sharing between the low-voltage Si MOSFET and
the depletion-mode GaN during the switching transient and
large parasitic inductance in the package due to the multiple
dies. In [3], a 1.2 kV GaN transistor is made up by the
series connection of a enhancement-modeGaN transistor and a
depletion-mode GaN transistor. However, the device parameter
mismatch can be severe for the two different type of GaN
devices and no discussion is made on the dynamic voltage
sharing of the two devices. An integrated gate driver circuit
is proposed in [5] to solve the issue of voltage imbalance
for series-connected enhancement-mode GaN devices and a
detailed mathematical model is developed as well. However,
the circuit parameters need to be carefully tuned to achieve
the desired switching timing for the series-connected devices,
which makes this method very sensitive to the variance in the
operating conditions, such as load current, dc link voltage and
temperature. In [6], a current mirror is in series with a large
extra Miller capacitor to serve as a controllable extra Miller
capacitor. The drain-to-source dv/dt of each device can be
regulated to achieve well-balanced voltage sharing. However,
this strategy is only suitable for the devices with large input
capacitance, such as high current rating power modules and Si
devices, in which the turn-off dv/dt is determined by the charg-
ing speed of the Miller capacitance. For the discrete wide-
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band-gap (WBG) devices, the input capacitance is significantly
smaller. During the turn-off transient, the input capacitance can
be discharged below the threshold before the drain-to-source
voltage starts to rise. In other words, during the dv/dt transient,
the device channel can be already cut off and the device can be
regarded as a junction capacitor. The value of the extra Miller
capacitor needs to be dominant in the output capacitance (Coss
= Cgd + Cds) in order to regulate the dv/dt. The large extra
Miller capacitor will significantly slow down the dv/dt of the
switch and more switching energy will be produced during
the switching transient. Meanwhile, the extra Miller capacitor
will make the gate driving loop more sensitive to the dv/dt
and ringings in the power loop. To sum, a practical strategy
for solving the voltage imbalance issues in series-connected
GaN devices is lacked in the existing literatures.
The current source gate driver is employed in [7], [8] to

address the voltage imbalance issues for series-connected fast-
switching devices. Since the device gate current is directly
controlled, the device switching timing and dv/dt can be
regulated with fine accuracy. However, no closed-loop im-
plementation is included in these studies, so the adaptivity
to different operating conditions is not validated yet for the
current source gate driver. In this paper, a novel closed-loop
current source gate driver is presented. With the direct and
precise regulation of the device gate current, the drain-to-
source voltages of the switches in the stack can always be
roughly equalized for both soft switching and hard switching
scenarios. Sufficient experimental tests have been conducted
to verify the performance of the proposed current source gate
driver in a variety of operating conditions. The rest of the
paper is organized as follows. Section II reviews the root
causes of the unbalanced voltage sharing in different switching
scenarios. Section III presents the operating principles of the
proposed closed-loop current source gate driver and the novel
adaptive voltage balancing schemes. Section IV demonstrates
the experimental verification. Finally, Section V concludes this
paper.

II. REVIEW OF THE ROOT CAUSES FOR THE UNBALANCED
VOLTAGE SHARING

As mentioned in the introduction, the unbalanced voltage
sharing can be caused by: 1) the discrepancies in the gate driv-
ing loops; 2) the device parameter tolerance; 3) the device-to-
ground displacement currents for the series-connected devices
in the stack. For the discrepancies in the gate driving loops, it
can be alleviated by using symmetrical connections and circuit
layouts for the series-connected switches in the stack. For the
device parameter tolerance, it can be overcome by adding
small external gate-to-source/drain-to-source capacitors. For
the device-to-ground displacement current, however, it is hard
to be passively compensated, because the device-to-ground
parasitic capacitance is typically unknown. Therefore, the ac-
tive compensation mechanism should be employed. Basically,
the major task in this study is to actively compensate the volt-
age imbalance caused by the device-to-ground displacement
currents.

The effect of the device-to-ground parasitic capacitance on
the dynamic voltage sharing for the series-connected devices
have already been discussed in the previous studies [6], [9],
[10]. It is still necessary to make a summary of the effect in
different switching scenarios, because it is the precondition of
the proposed voltage balancing schemes.

Fig. 1. (a) Device-to-ground displacement currents during the lower arm
switches (DUT) ‘soft’ turn-off transient. (b) Device-to-ground displacement
currents during the lower arm switches (DUT) ‘hard’ turn-off transient.

A. ‘Soft’ Turn-Off Scenario
As is shown in Fig. 1(a), two GaN switches are connected

in series for both upper arm and lower arm in a phase-
leg. The upper arm switches (S1 and S2) are in the gate-off
state, and the lower arm switches (S3 and S4) are actively
turning off. The lower arm switches are regarded as the
device under test (DUT). Since the load current will assist
the charging/discharging of the device junction capacitances
during this transient, the lower arm switches (S3 and S4)
are experiencing ‘soft’ turn-off process. For the ‘soft’ turn-
off scenario, the device drain-to-source dv/dt can be restricted
by either the device gate current (igate) or the device drain
current (idrain) [8], as illustrated in the following equation:

igate ≥ Cgd
dVds

dt

idrain ≥ (Cgd + Cds)
dVds

dt

(1)

where Cgd is the device gate-to-drain capacitance (Miller
capacitance) and Cds is the device drain-to-source capacitance.
For the devices with large input capacitance, such as the

conventional Si devices and SiC power modules, the device
drain-to-source dv/dt is typically restricted by the gate current
during the ‘soft’ turn-off transient. Most of the gate driver
supplied current is utilized to charge the Miller capacitance
during the rising dv/dt transient. However, for the devices
with small input capacitance, such as discrete WBG devices
(SiC and GaN) or even Si super-junction MOSFETs, the
device drain-to-source dv/dt is typically determined by the
drain/load current during the ‘soft’ turn-off transient. With
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the excessive gate driver supplied current, the device gate-
to-source capacitance (Cgs) will be quickly discharged below
its threshold. Therefore, the device channel is already cut
off before its drain-to-source voltage starts to rise. Then the
device becomes an equivalent junction capacitor, and the
charging speed of the junction capacitor is determined by the
drain/load current amplitude [8]. This fast turn-off property
is beneficial for reducing the device turn-off energy, because
the overlapping between the device drain-to-source voltage
and current is minimized. The extremely fast turn-off process
of the discrete WBG devices is also referred as the nearly
‘lossless’ turn-off in [11].
However, as mentioned earlier, due to the existence of the

device-to-ground parasitic capacitances, the actual gate current
and drain current of the series-connected switches are different
even with well-matched gate driving and device parameters.
The device gate-to-ground parasitic capacitances are labeled as
Cpara1 , Cpara2 and Cpara3 in Fig. 1. In the real system, the gate-
to-ground parasitic capacitances consist of the isolation ca-
pacitance of the isolated DC/DC power supplies, the isolation
capacitance for the isolated gate drivers and the device gate to
heat sink parasitic capacitance (if the heat sink is grounded).
The device drain/source-to-ground parasitic capacitances are
labeled as Cpara4, Cpara5 and Cpara6 in Fig. 1. In the real
system, the major drain-to-ground parasitic capacitance comes
from the PCB interlayer capacitance for the discrete devices.
For the fast-switching GaN-based power converters, the flux-
cancellation PCB layout techniques are usually employed to
reduce the power loop parasitic inductance. To achieve the
flux-cancellation between the switching nodes and the power
ground, they are normally placed in the two adjacent layers
of a PCB and overlapped pretty well. If the overlapping area
between the switching node and the power ground is assumed
to be only 10 mm×10 mm, the interlayer stray capacitance
will be around 30 pF, which is already significant compared
with the junction capacitance of the discrete GaN devices.
Based on Fig. 1(a), the gate currents of S3 and S4 can be

written as:
igate(S3) = iOFF(S3) + ip3

igate(S4) = iOFF(S4)
(2)

where iOFF(S3) and iOFF(S4) are the gate driver supplied turn-off
currents for S3 and S4, respectively; ip3 is the gate-to-ground
displacement current for S3.
Meanwhile, due to the existence of the drain/source-to-

ground displacement currents, the relation between the drain
currents of S3 and S4 can be expressed as:

idrain(S3) = idrain(S4) + ip6 (3)

where ip6 is the drain-to-ground displacement current for S4.
It is clear that S3 has both higher gate current and higher

drain current than S4 does. As discussed earlier, the drain-to-
source dv/dt is typically determined by the drain/load current
for the discrete GaN devices. If no compensation mechanism is
implemented, the top-sitting switch S3 will have higher dv/dt
than the bottom-sitting switch S4 does due to the bigger drain

current, which can eventually cause the over-voltage break-
down. The proposed current source gate driver can properly
regulate the gate driver supplied turn-off currents [iOFF(S3)
and iOFF(S4)] to precisely adjust the drain-to-source rising
voltage starting timing to compensate the difference in the slew
rate. In this way, the well-balanced voltage sharing among
the series-connected switches can be obtained. The detailed
voltage balancing scheme in the ‘soft’ turn-off scenario will
be presented in Section III.

B. ‘Hard’ Turn-Off Scenario
As is shown in Fig. 1(b), the upper arm switches (S1 and

S2) are actively turning on, and the lower arm switches (S3
and S4) are in the gate-off state. Since the load current will
not assist the discharging of the junction capacitances of the
upper arm switches, the upper arm switches (S1 and S2) are
experiencing ‘hard’ turn-on. Meanwhile, the drain-to-source
voltage of the lower arm switches (S3 and S4) will be forcedly
pulled up. Therefore, the lower arm switches (S3 and S4) can
be regarded as experiencing ‘hard’ turn-off.
Since the lower arm switches are already in the gate-off

state during this transient, the dv/dt will be determined by
the drain current from the dc-link. Based on (3), the top-
sitting switch (S3) has higher drain current than the bottom-
sitting switch (S4) does due to the existence of the drain-to-
ground displacement current. Therefore, the top-sitting switch
(S3) will have higher dv/dt than the bottom-sitting switch (S4)
does, which can eventually cause the over-voltage breakdown.
This phenomenon is also referred as the voltage imbalance
of series-connected body-diodes in [9]. Actually, this issue is
very hard to solve from the gate side with the conventional
voltage source gate driver, because the gates are already in
the off state for the switches with the rising drain-to-source
voltage. The proposed current source gate driver can trigger
the gate of the switch that has higher dv/dt for a very short
period of time during the complementary switches ‘hard’ turn-
on transient by precisely regulating its gate current. Since the
other switches in the stack are still in the gate-off state, the dc-
link shoot-through will not happen. In this way, the impedance
of that triggered switch is decreased, so its average dv/dt is
reduced and the well-balanced voltage sharing can be obtained.
The detailed voltage balancing scheme in the ‘hard’ turn-off
scenario will be presented in Section III as well.
It should be mentioned that the device-to-ground displace-

ment currents also affect the slew rate of the falling drain-to-
source voltages for the turn-on switches. As long as the turn-on
timing is very synchronized for all the switches in the stack,
the over-voltage breakdown is unlikely to occur during the
turn-on transient. However, if there is several nanosecond turn-
on timing difference among the series-connected switches,
the over-voltage can still occur [12]. The drain-to-source
voltage of the delayed turn-on switch will start to rise at first
until its gate-to-source voltage reaches the turn-on threshold.
Therefore, it is still very critical to guarantee the consistency
of the gate driving circuits for different switches in the stack
[8].
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III. OPERATING PRINCIPLES OF THE PROPOSED
CLOSED-LOOP CURRENT SOURCE GATE DRIVER

Fig. 2. Schematic of the proposed closed-loop current source gate driver.

A. Hardware Architecture
The schematic of the proposed closed-loop current source

gate driver is shown in Fig. 2. The detailed operating principles
of each part are introduced as follows.
1) Current mirror circuits: The current mirror circuits are

utilized as the fast-responded, discontinuous current sources.
Four sets of current mirror circuits are included in the proposed
current source gate driver: the turn-on current mirror circuit;
the turn-off current mirror circuit; the compensation current
mirror circuit and the on-state current mirror circuit, which is
only required for GaN gate injection transistor (GIT).
The turn-on gate current (iON) from each current mirror

circuit can be calculated as (taking the Q4-Q5-Q6 current
mirror as an example):

iON =
Vdrive(on) − VBE

R2
(4)

where Vdrive(on) is the driving voltage across Q6 and R2; VBE
is the base-to-emitter voltage drop for the BJTs (around 0.7
V).
Similarly, the turn-off gate current (iOFF) from each current

mirror circuit can be calculated as (taking the Q10-Q11-Q12
current mirror as an example):

iOFF =
Vdrive(off) − 2VBE

R4
(5)

where Vdrive(off) is the driving voltage across Q10, R4 and Q11.
The compensation current amplitude and on-state current

amplitude can be calculated by (4) as well. The compensation
gate current is used to counteract the voltage imbalance caused
by the device-to-ground displacement current. The detailed
compensation mechanism will be discussed later in this paper.
It should be mentioned that different level current mirrors can
be paralleled to provide the multilevel turn-on, turn-off and
compensation gate currents.

2) Voltage clamping circuits: One of the concerns for the
current source gate driver is the effective gate voltage clamping
during the steady off-state or on-state due to the lack of the
voltage source. The breakdown voltage of the Zener diode
can be used to sustain the desired off-state or on-state gate-
to-source voltage. However, it is found that the Zener diode
clamping can not guarantee the stable off-state or on-state gate-
to-source voltage in [8]. For the proposed current source gate
driver, the isolated power supply is still needed for powering
the secondary side current mirror circuits, so the power supply
can be directly used for clamping the gate voltage. As is shown
in Fig. 2, during the off-state, the low-voltage MOSFET S1
will be turned on to clamp the gate-to-source voltage to the
desired off-state voltage (−Vcc2 iso). The resistor R9 is used
to limit the pulse current amplitude flowing through S1. It
should be mentioned that the active on-state voltage clamping
is not needed for GaN GIT, because its on-state gate-to-source
voltage is determined by the on-state gate current amplitude.
As long as the on-state current mirror has the stable output, the
on-state gate-to-source voltage of the GaN GIT will be steady.
However, the active on-state gate voltage clamping should
be employed for the voltage-driven p-gate GaN to achieve
the stable on-state voltage. Meanwhile, the off-state/on-state
active voltage clamping is only kicked in during the steady
off-state/on-state. The device gate current during the switching
transients is still supplied by the current mirror circuits, so the
gate driver is still based on the controllable current sources.
Moreover, the Schottky diodes D1 and D2 are utilized to
suppress the gate-to-source voltage overshoot and undershoot
during the switching transients.
3) Sensing circuit and the window comparator: The voltage

divider circuit is employed to sense the device drain-to-
source voltage during the steady off-state. The pure resistive
voltage divider is found to have slow transient response, so
the capacitive voltage divider is also employed [6], [13]. As
is shown in Fig. 2, the sensed drain-to-source voltage is the
input for the window comparator. The window comparator has
two thresholds (Vth1 and Vth2), which indicate the desired off-
state drain-to-source voltage range. The upper threshold Vth1
represents the upper limit of the desired voltage range, while
the lower threshold Vth2 reflects the lower limit of the desired
voltage range. If the desired voltage sharing is ±10% of the
average voltage, the two thresholds can be expressed as:

Vth1 =
Rm2

N · Rm1 +Rm2
·
Vdc

M
· 110%

Vth2 =
Rm2

N · Rm1 +Rm2
·
Vdc

M
· 90%

(6)

where Vdc is the dc-link voltage; N is the number of the
paralleled Rm1 and Cm1 branches and M is the number of
the series-connected main switches.
The output states of the window comparator is summarized

in Table I. The digital isolator is employed to transfer the
outputs of the window comparator to the digital controller on
the primary side. Based on the states of the two feedback
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TABLE I
OUTPUT STATES OF THE WINDOW COMPARATOR

Input U1 output U2 output Voltage sharing
Vsense < Vth2 ‘1’ ‘0’ Under-voltage

Vth2 < Vsense <

Vth1
‘1’ ‘1’ Desired voltage

range
Vsense > Vth1 ‘0’ ‘1’ Over-voltage

signals (FB1 and FB2), the controller will implement the
appropriate tuning algorithm for the compensation current
mirrors in the next control cycle.

4) Power supplies: As is shown in Fig. 2, the isolated
DC/DC power supply is needed for powering the current mir-
ror circuits, digital isolators, current buffers and comparators
on the secondary side. A single isolated power supply with
the non-isolated voltage dividers or LDOs can satisfy all the
desired driving and signal conditioning voltage levels for the
proposed current source gate driver. First, the isolated DC/DC
power supplies should have bidirectional outputs (+Vcc1 iso
and −Vcc1 iso), because the negative turn-off gate voltage is
usually desired for the GaN devices to prevent the mis-
triggering during the switching transients [14], [15]. The main
switch source should be set as the ground for the secondary
side of the isolated DC/DC power supply. Meanwhile, the
current mirror power supply voltage should be wider than
the GaN device gate-to-source voltage range to guarantee the
BJTs operate in the forward active region [8]. The desired
gate-to-source voltage range for the main switch is from
−Vcc2 iso to +Vcc2 iso. Second, the driving voltage of the
current mirrors should be referred to their negative supplied
voltage (the current mirror ground), so it can be negative
(−Vcc3 iso) referred to the main switch source ground. Last
but not least, since the window comparator is referred to the
main switch source ground, another positive supply voltage
(+Vcc3 iso) should be generated for powering the comparator
and the following digital isolator.

5) Static voltage sharing resistors and transient voltage
suppressor (TVS) diodes: The static voltage sharing resistor
(R10) is utilized for equalizing the steady state voltage sharing.
Its value should be in the range of hundreds of kΩ, so the
additional loss generated in the resistor is negligible. Since its
value is so large, it will not help the device dynamic volt-
age balancing at all. The transient voltage suppressor (TVS)
diode (D3) should be employed to prevent the over-voltage
breakdown of the main switch for the initial few switching
cycles, because the closed-loop control is one-control-cycle
delayed. Since the TVS diode only dissipates the energy of
voltage spike for very few switching cycles, the size of the
TVS diodes can be very compact. Meanwhile, for the state-
of-the-art 500 ∼600 V TVS diode, the junction capacitance is
only around 10 pF, which has very little impact on the main
switch switching speed.

B. Proposed Digital Adaptive Voltage Balancing Scheme in
‘Soft’ Turn-Off Scenario

As mentioned earlier in this article, for the discrete GaN
devices, the dv/dt is usually determined by the drain/load
current amplitude during the ‘soft’ turn-off transient. Although
the slew rate of the device rising drain-to-source voltage can
not be directly regulated by adjusting the gate current ampli-
tude, the dv/dt starting timing can be precisely controlled. The
device with higher dv/dt can be turned off a little bit later, so
the well-balanced voltage sharing can be obtained. Actually,
this compensation mechanism is referred as the active gate
delay control in [10], [12]. However, for the conventional
voltage source gate driver, there is only one control freedom,
which is the device turn-off gate signal timing. Since the
gate can be turned off very quickly for WBG devices (tens
of nanoseconds), the controller needs to have extremely high
resolution to precisely tune the device turn-off timing. In [10],
the selected controller needs to have 0.625 ns unit time step.
Since the required adjustment resolution is too high, the device
voltage sharing performance is easy to be degraded by the
signal jitters [12]. For the proposed current source gate driver,
another control freedom is introduced, which is the turn-off
gate current amplitude. If the turn-off gate current amplitude
is set to be small enough near the threshold voltage level,
the device turn-off timing can be precisely adjusted even with
larger unit time step in the controller.

Fig. 3. Different solutions of tuning device turn-off timing during the ‘soft’
turn-off transient. (a) Solution 1. (b) Solution 2.

Two solutions can be utilized to adjust the device turn-off
timing for the current source gate driver, which are shown
in Fig. 3. For solution 1 [Fig. 3(a)], the turn-off gate current
is directly decreased, so the device turn-off timing will be
adjusted from T1 to T2. However, the driving voltage for the
current mirror needs to be regulated continuously for this solu-
tion. Either the digital-to-analog converter (DAC) or the analog
controller is required, which will make the gate driver structure
more complicated. For solution 2 [Fig. 3(b)], the compensation
current is injected to the device gate and the compensation
current direction is different from the turn-off gate current.
By controlling the amplitude (icom) and pulse-width (Tcom) of
the compensation gate current, the device turn-off timing can
be effectively adjusted as well. The latter solution (solution
2) is more suitable for the digital control. The pulse-width
of the compensation current can be adaptively adjusted. The
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tuning resolution is determined by the unit time step in the
controller (∆T ). The amplitude of the compensation current
can be adjusted by enabling different level current mirrors in
the paralleled branch. Since the digital control will simplify
the structure of the gate driver, solution 2 is employed in this
study.
For solution 2, two control freedoms are available, which

are the pulse-width (Tcom) and the amplitude (icom) of the
compensation gate current. The product of the compensation
current pulse-width and the amplitude is actually the compen-
sation current gate charge (Qcom). The regulation range and
resolution of icom are restricted by the number of paralleled
current mirrors. However, for Tcom, it can be regulated in
a large range with the controller minimum time step size.
Therefore, Tcom is selected as the major control variable to
adjust the device turn-off timing.

Fig. 4. The flowchart of the adaptive tuning of the compensation current
pulse-width.

The flowchart for the adaptive tuning of the compensation
current pulse-width is shown in Fig. 4. First, the output states
of the window comparator are checked to determine the volt-
age sharing state of the device (under-voltage, desired voltage
or over-voltage) based on Table I. Next, in the following
control cycle, the pulse-width of the compensation current is
adjusted by a unit time step (∆T ) or kept constant according
to the voltage sharing state in the previous control cycle.
Eventually, the pulse-width of the compensation current should
be limited within certain range. The minimum compensation
current pulse-width (Tmin) should be larger than zero, while the
maximum compensation current pulse-width (Tmax) should not
exceed the pulse-width of the turn-off gate current.

C. Proposed Digital Adaptive Voltage Balancing Scheme in
‘Hard’ Turn-Off Scenario
As discussed earlier in this paper, the voltage imbalance in

the ‘hard’ turn-off scenario is caused by the drain-to-ground
displacement currents. Since the switches with the rising drain-
to-source voltage are already in the gate-off state during the
dv/dt transient, the voltage imbalance can not be suppressed
by adjusting the turn-off timing of the switches. One of the
strategies is to trigger the gate of the switch that has higher
dv/dt during the drain-to-source voltage rising transient to
reduce the device impedance, so the average dv/dt during
the switching transient is reduced. Then the well-balanced
voltage sharing among the switches can be achieved. In [8],

the feasibility of this strategy is validated, but the closed-loop
implementation is lacked.

Fig. 5. Different solutions of tuning device turn-off average dv/dt during the
‘hard’ turn-off transient. (a) Solution 1. (b) Solution 2.

Two solutions can be utilized to regulate the device turn-
off average dv/dt for the current source gate driver during
the ‘hard’ turn-off transient, which are shown in Fig. 5. For
solution 1 [Fig. 5(a)], the constant compensation gate current
is injected into the gate to elevate the device gate-to-source
voltage. The active negative voltage clamping takes action
right after the compensation current disappears to ensure
the safe turn-off for all the switches. The dv/dt transient
occurs when the complementary switch gate-to-source voltage
reaches the turn-on Miller plateau. During the dv/dt transient,
since the adjusted gate-to-source voltage is above the threshold
during T1∼T2 interval, the device impedance will be signifi-
cantly reduced during that interval. Hence, the device turn-off
average dv/dt is reduced. However, to achieve the ‘fine-tune’
of the gate-to-source voltage during the fast dv/dt transient,
the compensation gate current amplitude (icom) should be
significantly smaller than the normal turn-on gate current
amplitude. Therefore, the starting timing of the compensation
gate current should be advanced by certain amount of time
[Td in Fig. 5(a)], which will increase the dead-time duration.
To address this drawback, solution 2 is proposed. For solution
2 [Fig. 5(b)], another pre-charge gate current is injected into
the gate when the gate-to-source voltage is below zero. The
amplitude of the pre-charge current (i0) is set to be the same
as the complementary switch turn-on gate current. Therefore,
the two gate-to-source voltages will start to rise at the same
time. Meanwhile, the small compensation current is applied
after the fixed duration of the pre-charge current (T0), which
will guarantee the ‘fine-tune’ of the gate-to-source voltage
during the fast dv/dt transient. Eventually, the active negative
voltage clamping will take action right after the compensation
gate current disappears to ensure the safe turn-off of all the
switches. Solution 2 can be easily achieved by the proposed
current source gate driver. The multilevel gate current can
be obtained by enabling different level current mirrors in the
paralleled branch. It should be pointed out again that though
the gate-to-source voltages of some switches are elevated
during the dv/dt transient, the other switches in the series-
connected stack are still in the off-state. Therefore, the dc-link
shoot-through will not occur, and no significant additional loss
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will be produced as well.
For solution 2, since the pulse-width (T0) and amplitude (i0)

of the pre-charge current are fixed, two control freedoms are
available, which are the pulse-width (Tcom) and the amplitude
(icom) of the compensation gate current. Similar to the ‘soft’
turn-off scenario, Tcom is selected as the major control variable
to adjust the turn-off average dv/dt of the device, because it
can be regulated in a large range with the controller minimum
time step size. The adaptive tuning of Tcom is the same as
the process for the ‘soft’ turn-off scenario (shown in Fig. 4).
First, the output states of the window comparator are checked
to determine the voltage sharing state of the device (under-
voltage, desired voltage or over-voltage) based on Table I.
Next, in the following control cycle, the pulse-width of the
compensation current is adjusted by a unit time step (∆T )
or kept constant according to the voltage sharing state in
the previous control cycle. Eventually, the pulse-width of
the compensation current should be limited within certain
range. The minimum compensation current pulse-width (Tmin)
should be larger than zero, while the maximum compensation
current pulse-width (Tmax) should not exceed the difference
between the pulse-width of the complementary switch turn-on
gate current (TON) and the pulse-width of the pre-charge gate
current (T0).

IV. EXPERIMENTAL VERIFICATION

Fig. 6. Prototype of a series-connected GaN-based multiple pulse tester with
the proposed closed-loop current source gate driver.

A series-connected GaN-based multiple pulse tester (MPT)
prototype with the proposed closed-loop current source gate
driver is designed and fabricated as shown in Fig. 6. Infineon
600 V/70 mΩ GaN HEMTs (GIT) are selected to be the
main switches. The MPT is basically a half-bridge converter.
Two series-connected GaN HEMTs are employed for both the
upper arm and the lower arm of the MPT. The schematic of
the MPT is the same as the circuit shown in Fig. 1. The two
upper arm switches are labeled as S1 (top-sitting switch) and
S2 (bottom-sitting switch), while the two lower arm switches
are labeled as S3 (top-sitting switch) and S4 (bottom-sitting
switch). Meanwhile, the lower arm switches are regarded as
the device under test (DUT), and the lower arm device current

is measured by T&M Research SDN-414 current shunt. When
the ‘soft’ turn-off scenario is investigated, an air-core inductor
needs to be paralleled with the upper arm switches [shown in
Fig. 1(a)]; when the ‘hard’ turn-off scenario is investigated,
an air-core inductor needs to be paralleled with the lower arm
switches [shown in Fig. 1(b)]. Although only two switches are
connected in series for the prototype, the proposed gate driver
and the adaptive voltage balancing scheme can be extended
for more switches-in-series scenarios.
Basically, the two series-connected 600 V GaN devices are

targeted at 800 V dc-link applications. To evaluate the voltage
balancing performance in 800 V dc-link condition, the multiple
pulse tests are conducted for both ‘soft’ turn-off and ‘hard’
turn-off scenarios. The frequency of the continuous pulses is
set to be 500 kHz.

Fig. 7. Multiple pulse test for lower arm switches ‘soft’ turn-off scenario at
800 Vdc. (a) Open-loop. (b) Closed-loop.

The experimental results for the ‘soft’ turn-off scenario
without and with the proposed closed-loop gate current control
are shown in Fig. 7. Again, for the ‘soft’ turn-off experiment,
the load inductor is paralleled with the upper arm switches.
Meanwhile, the nominal breakdown voltage for the selected
TVS diode is 550 V (D3 in Fig. 2), which is used for the
transient over-voltage protection of the main switch. When
the closed-loop control is not implemented, as shown in Fig.
7(a), severe voltage imbalance occurs, and the drain-to-source
voltage of the top-sitting switch (S3) is clamped by the TVS
diode for every pulse. Due to the accumulated thermal stress,
the leakage current of the TVS diode becomes larger with
the emerge of more ‘over-voltage’ pulses. Therefore, the loss
generated in the TVS diode will be considerable. If no active
voltage balancing strategy is implemented, the TVS diode can
be burned eventually. When the proposed closed-loop gate
current control is implemented, as shown in Fig. 7(b), the well-
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balanced voltage sharing is achieved and the off-state drain-to-
source voltage is very ‘flat’ for all the pulses, which indicates
that the TVS diode is not in the breakdown region (except
for the first pulse). Therefore, the leakage current in the TVS
diode is minimal and the loss generated in the TVS diode is
insignificant.

Fig. 8. Multiple pulse test for lower arm switches ‘hard’ turn-off scenario
at 800 Vdc. (a) Open-loop. (b) Closed-loop.

The experimental results for the ‘hard’ turn-off scenario
without and with the proposed closed-loop gate current control
are shown in Fig. 8. Again, for the ‘hard’ turn-off experiment,
the load inductor is paralleled with the lower arm switches.
Similar to the ‘soft’ turn-off scenario, without the closed-
loop gate current control, the TVS diode is in the breakdown
region for every pulse to dissipate the ‘over-voltage’ energy, as
shown in Fig. 8(a). After the closed-loop gate current control is
implemented, the TVS diode will leave the breakdown region
from the second pulse, as shown in Fig. 8(b). Therefore, the
loss generated in the TVS diode is insignificant.
To sum, the proposed adaptive voltage balancing strategy

works well for both ‘soft’ turn-off and ‘hard’ turn-off scenarios
in 800 V dc-link condition. Meanwhile, the TVS diode is only
used for clamping the voltage for the very first pulse, so the
generated loss in the TVS diode is extremely insignificant. The
size and power rating of the TVS diode can be very small as
well.

V. CONCLUSION
In this paper, a novel closed-loop current source gate driver

is proposed, which addresses the dynamic voltage imbalance
issues for series-connected GaN HEMTs. Meanwhile, the
effective voltage balancing schemes for both soft switching
and hard switching scenarios are presented and validated. A
series-connected GaN-based multiple pulse tester is built to

validate the performance of the proposed current source gate
driver. With the employment of the proposed closed-loop gate
current control, the well-balanced voltage sharing is obtained
under various operating conditions.
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