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Single-Input Dual-Output Digital Gate Driver IC

Automatically Equalizing Drain Current Variations of
Two Parallel-Connected S1C MOSFETs

Kohei Horii
Keiji Wada

Abstract—A single-input, dual-output digital gate driver (DGD)
IC is proposed, to solve the device characteristic variation problem
and the parasitic inductance variation problem on PCBs in two
parallel-connected SiC MOSFETs. This article is the first in the world
to achieve all of 1) fully integrated two sensor output processing
circuits, two DGDs and a controller required to detect and equalize
the drain current variation of two parallel-connected SiC MOSFETSs
on a gate driver IC, 2) equalization of dc and surge components of
drain current of each MOSFET in a closed loop, and 3) demonstration
measurements of drain current equalization under a total of four
conditions, with and without SiC MOSFET characteristic variations
and with and without parasitic inductance variations.

Index Terms—Drain current, gate driver, parallel, SiC MOSFETS.

1. INTRODUCTION

HE target of this article is to provide an active gate driver
T IC integrated on a single chip that detects variations in the
drain current flowing through each of two parallel-connected
silicon carbide (SiC) MOSFETs and automatically equalizes the
drain current. In order to expand the application of power
electronics to high-power areas such as renewable energy and
electric vehicles, it is essential to increase the current of power
converters. In power electronics applications where the current
greater than the rated current of the power device is required,
power devices are connected in parallel. A technical challenge in
parallel-connected power devices is the generation of hot spots,
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where current concentrates in some power devices and generates
heat locally. Since hot spots determine the system lifetime of the
entire power converters, it is very important to avoid hot spots
by equalizing the currents of parallel-connected power devices.
Current nonuniformity problems between parallel-connected
power devices are more severe in SiC MOSFETs than in silicon
power devices [1]. There are three reasons for this as follows.

1) Due to the poor crystal quality of SiC compared to silicon,
the chip area of SiC MOSFETs is smaller than that of silicon
power devices, so the number of parallel connections must
be increased for SiC compared to silicon to achieve the
required current.

2) Compared to silicon power devices, SiC MOSFETs have
larger variations in device characteristics (e.g., threshold
voltage, transconductance, and Cigg) than silicon power
devices due to the lack of mature device manufacturing
technologies. Therefore, compared to silicon, SiC has a
larger dc and dynamic (surge) [5], [6] variation of current
between parallel-connected power devices.

3) Dueto the high switching speed of SiC MOSFETs compared
to silicon power devices, SiC has a larger surge component
variation of current between parallel-connected power
devices due to parasitic inductance variation compared
to silicon. Therefore, compared to silicon, SiC is prone to
power device breakdown due to large surge voltage and/or
surge current.

Many research works [1] have been conducted to equalize the
current in parallel-connected SiC MOSFETs or silicon IGBTs,
such as

1) amethod to measure the electrical characteristics of power
device chips and preselect chips with matching character-
istics before mounting the chips in power modules;

2) layout design method to reduce parasitic inductance vari-
ations inside power modules and on PCBs;

3) methods using current transformer,

4) methods of gate waveform control using active gate drivers
(21, [31. [4], [51, [6], [ 71, [81, [91, [101, [11], [12], [13], [14],
(151, [16], [171, [18], [19], [20], [21], [22], [23], [24], [25],
[26], [27].

None of the above methods, however, is practical, because
they increase either test cost, design cost, component cost, or
component size. 1) increases the test cost, 2) increases the design
cost, and 3) increases the component cost and size.
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This article focuses on “4) methods of gate waveform control
using active gate drivers,” because the active gate drivers have
the potential to solve the above issues by integrating the circuits
required to equalize the current into a gate driver IC. Most
prior works [3], [4], [5], [6], [7], [8], [9], [10], [11], [12], [13],
[14], [15], [16], [17], [18], [19], [22], [23], [24], [25], [26],
[27] have used three or more general-purpose ICs to realize
the current sensors, controller, and active gate drivers required
for current equalization of parallel-connected power devices,
which is not practical due to the increased component cost and
component size. In [21], a current sensor, a controller, and an
active gate driver are integrated on a single chip to equalize the
collector current of two parallel-connected IGBTs. The work
[21], however, is not practical, because it does not have a function
to equalize the dc component variation of the collector current
and measurements addressing IGBT variations and parasitic
inductance variations are not shown.

To solve the problems, in this article, a single-input, dual-
output (SIDO) digital gate driver (DGD) IC, which integrates
the sensor output processing circuits, controller, and active gate
drivers necessary to equalize the drain current (/p; and Ip2)
of two parallel-connected SiC MOSFETs on a single chip, is
proposed. SIDO DGD IC is practical, because it automatically
performs both the equalization of the dc component (/p1,pc and
In2pc) and the surge component (Ini,surGE and Ips SURGE)
of Ipy and Ipe, respectively, which does not increase test cost,
design cost, component cost, or component size. SIDO DGD
IC is innovative in that it automatically solves both the device
characteristic variation problem and the parasitic inductance
variation problem in parallel-connected power devices using a
gate driver IC.

We previously reported at [20] on the first-generation SIDO
DGD IC, which integrates the sensor output processing circuits,
controller, and active gate drivers necessary for SiC MOSFET
drain current equalization, all on a single chip for the first time
in the world. In this article, the second-generation SIDO DGD IC
is reported, which solves the problems of the first generation IC
(details are described later in Fig. 7). The three main differences
between paper [20] and this article are as follows. See also
Table II for details.

1) Active gate driving methods are different. While work
[20] used the simple Vgg1 control shown in Fig. 7(b) and
the Vgg1 and Igo control shown in Fig. 7(c), this article
uses the gate amplitude twice control (GATC) shown in
Fig. 7(d). As a result, as shown in Fig. 25(c) and (d), this
article reduced the switching losses by 59% compared to
[20].

2) The function of current sensor and closed loop are dif-
ferent. In [20], Ipi,pc and Ipzpc equalization was
achieved in a closed loop using current sensors mea-
suring Ini,pc and Ipz pe, but there was no function to
achieve Ini surgk and Ips surce equalization. On the
other hand, in this article, using two types of current
sensors that measure In1 pc and Ins pc and Ip1 SURGE
and Ip2 sUrRGE, Ip1,pc and Ipzpc equalization and
Ip1,surar and Ins surcE equalization are both achieved
in a closed loop, as shown in Figs. 17-20.
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Fig. 1. Circuit schematic of proposed single-input dual-output (SIDO) digital
gate driver (DGD) IC and two SiC MOSFETs Q; and Q2 connected in parallel.

3) Two parallel-connected SiC MOSFETSs have different varia-
tion conditions. The paper [20] performed demonstration
measurements of drain current equalization in only one
condition of two SiC MOSFETs of the same model number
with different threshold voltages under the condition of
no parasitic inductance variation. On the other hand, in
this paper, demonstration measurements of drain current
equalization (see Figs. 17-20) are conducted under a total
of four conditions (see Fig. 14), with and without SiC MOS-
FET characteristic variations and with and without parasitic
inductance variations. In addition, in order to emulate
SiC MOSFETs with large variations in device characteris-
tics, SiC MOSFETs from different manufacturers shown in
Table I are used.

The greatest contribution of this article is the integration of
all the circuits required for Iy pc and Ip2 pc equalization and
Ip1,surge and Ins surge equalization into a single chip, as
will be shown later in Table II, the row “Functions integrated
into gate driver IC.” The main challenge of integrating these
functions into a single chip is how to generate the voltage for
variable Vgg amplitude using only the internal circuits of the IC
without increasing the number of external components outside
the IC in order to realize I pc and Ipg pc equalization using
GATC shown in Fig. 7(d). For example, in [26] in Table II, three
buck converters are used to achieve variable Vgg amplitude
to achieve Ini pc and Ips pc equalization, but this does not
satisfy our design goal because the buck converters add many
external components (inductors and capacitors) outside the IC.
The innovation to solve the problem is the proposed DGD-based
Vas amplitude control, where details are described later in
Fig. 4.

II. PROPOSED DRAIN CURRENT EQUALIZATION USING SIDO
DGD IC

A. Overall Circuits of SIDO DGD IC

Fig. 1 shows a circuit schematic of the proposed SIDO DGD
IC and two SiC MOSFETs Qi and Q2 connected in parallel. In
order to equalize the variation of dc (Ipi,pc and Ip2 pc) and
surge (Ip1,surGE and Ing syrge) components of Ip of Qq and
Q> (Ipy and Ips) due to the variation of device characteristics
and the parasitic inductance of MOSFETs, SIDO DGD IC is newly
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Fig. 2.  Circuit schematic of the proposed SIDO DGD IC.
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Vgss 1, determines the output voltage of the gate driver. The 4 V
power supplies between Vpp 1, and Vss 1, (Vpp1) and between Vsst o
V and V; V are for low-side and high-side of
bD_H ss.i (Vbp2) & Fig. 3. Circuit schematic of DGD1 for Q1 in Fig. 2.

SIDO DGD IC, respectively.

Fig. 2 shows a circuit schematic of the proposed SIDO DGD
IC. The sensor output processing circuits that measures Iy, of
Q; (Ip; sensor), the digital gate driver (DGD1) that controls the
gate—source voltage Vg1 of Qp and its controller (Controllerl)
are shown in red letters. Similarly, the sensor output processing
circuits that measures Ips of Qo (Ips sensor) and the digital
gate driver (DGD2) that controls the gate—source voltage Viso
of Q9 and its controller (Controller2) are shown in blue letters.
The IC operates in two modes: closed loop mode and open loop
mode, with mode switching performed by the “Mode” input.
The operation of the closed loop mode is described as follows.

This IC has a feedback control function to achieve both Iy pc
and Ipz pc equalization and I'ny surcr and Ip2 surage equal-
ization. To equalize Ini pc and Iz pc, the output Ip;’ of Ing
sensor and the output Ips’ of Ipo sensor are compared by a com-
parator and the comparison result is given as Comp_DC to Con-
troller] and Controller2. Similarly, to equalize Ip; syrgr and
Ip2,sURGE, ID1’_PEAK With peak hold of Ip;” and Ip2’ prak
with peak hold of Ips’ are compared by a comparator and the
comparison result is given as Comp_SURGE to Controllerl and

Controller2. Based on the comparison results Comp_DC and
Comp_SURGE, Controller! and Controller2 output appropriate
control signals (npnos1[5:0] and nnyvios1[5:0] for DGDI, and
npmos2[9:0] and nnyvios2[5:0] for DGD2) to the 12-bit input
DGD1 and DGD?2 to feedback control Vg1 and Vgge, respec-
tively, thereby achieving both Ini pc and Ip2 pc equalization
and Ini surce and Ipz surcr equalization. The initial values
of npyosi[5:0], nnmos1[9:0], npvos2[5:0], and nnvos2[3:0]
are set by input from Scan_Data of a serial-in parallel-out shift
register (SIPO SR).

Fig. 3 shows a circuit schematic of DGD1 for Qq in Fig. 2. The
gate current (/1) can be varied in 64 levels at turn-ON depending
on 6-bit digital signals npyrost [5:0], where npyiogy represents
npmosi [9:0]in decimal and npyog1 1S an integer between 0 and
63. The 64-level I control from 0 A to 6 A in 95 mA increments
at turn-ON of Q; is achieved by selectively turning ON or OFF
six pMOSFETs with binary weighted gate widths (Wp, 2Wp,
4Wp, 8Wp, 16Wp, and 32Wp) in the output stage depending
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Fig. 4. Principle of operation. (a) Conventional gate driving with constant
Vasi. (b) Proposed DGD-based Vg1 amplitude control.

on npyos1 [9:0]. The same design is applied to the turn-off of
Q; by controlling nxyvos: [9:0]. In subsequent measurements in
this article, however, npyiosy 18 varied from O to 31, and DGD1
and DGD?2 are used as 5-bit DGDs, because the maximum gate
current of 3 A is sufficient for the SiC MOSFETs used in this
article.

Fig. 4 shows a principle of operation of the proposed DGD-
based Vg1 amplitude control. In the conventional gate driving
in Fig. 4(a), Vg1 is equal to the supply voltage (Vpps), because
nnMos1 in the on state is zero. In contrast, in the proposed Vst
amplitude control in Fig. 4(b), Vgg; amplitude can be digitally
controlled by nxvos1 on the principle of a shunt regulator,
where all six pMOSFETs and some of the six nMOSFETs in Fig. 3
are turned ON.

B. Proposed Gate Amplitude Twice Control (GATC)

Fig. 5(a) shows a conventional timing chart without control,
and Fig. 5(b) and (c) show timing charts of the proposed GATC.
Fig. 5(b) and (c) show the timing charts for the cases Iny > Ipo
and Ip; < Ipe, respectively, at the initial state without control.
npMOS1> INMOS1> "PMOs2, and nnmos2 represent the 6-bit
control signals npnos1[5:0], nnnmos1[5:0], npamos2[5:0], and
nNmos2[9:0] in decimal, respectively. In the proposed GATC, as
shown in Fig. 5(b) and (c¢), during the period when IN is ON, both
Ip1,pc and Inp pe equalization and Inq surgr and Ip2 SURGE
equalization are achieved by changing the gate amplitude of
either Q; or Qs twice. On the other hand, nothing is controlled
during the period when IN is OFF.

Specifically, when the same gate drive is first applied to Q;
and Q9 as shown in Fig. 5(a) and I'n; > Ips is sensed, as shown
in Fig. 5(b), nnmosi is controlled to ngyrer1 instead of fixed to
0 during #, after turn-ON to achieve Ini surgk and Ip2 SURGE
equalization. During the remaining ON period after the end of
11, In1,pc and Ipg pe are equalized by controlling nnwvos: to
npc: instead of fixed to 0. Note that to achieve Ini syrgr and
Ipo surar equalization and Ini pc and Ip2 pc equalization,
a feedback control of two variables (nsyrgg1 and npci) is
essential, not a feedback control of one variable. In exactly the
same way, when I'p; < Ips is sensed at first, nnnyog2 is feedback
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controlled by two variables, nsyrge2 and npcs, as shown in
Fig. 5(c).

As shown later in the measured results in Figs. 17-20, in
this article, Ini surce and Ip2,surRGE equalization at turn-ON
and Ip pc and Ips pc equalization using the GATC shown in
Fig. 5(b) also automatically achieved Ip1 surgk and Ip2, SURGE
equalization at turn-OFF, because the turn-OFF starts from the
state In1,pc = Ip2,pc in this proposal. Therefore, this article
does not discuss I'n1,surcE and In2 surcE equalization at turn-
OFF.

Fig. 6 shows a timing chart to achieve Ip; pc and Ip2 pc
equalization and Ipi surgre and Ip2 surgr equalization by
using GATC in SIDO DGD IC when Ip; > Ip2 in the initial state.
In the initial state when GATC is not performed, /pi sURGE >
In2 surae and Ini pc > Ip2pc. Fig. 6 shows an example of
how the proposed GATC achieves Ini pc and Ina pc equaliza-
tion and I'ny suragr and Ip2 surGE equalization in steady state
by feedback controlling the two variables of ngyrgg1 from 0 to
17 and npc1 from O to 23, over 23 cycles. The length of the first
time slot #; of GATC is set by the pulsewidth of the “Timing”
input from an external pulse generator synchronized to “IN.”
The detailed operation of Fig. 6 is described as follows.

(Step 1 attp)

First, when “Enable” is low, the IC is reset, and the initial
values of the digital control bits are written to the SIPO SR in
Fig. 2. The initial values of ngyrgr1 and npcy are both zero.

(Step 2 at 1p)

Immediately after the first rise edge of “IN,” the rise edge of
“CLK_SURGE?” is input from outside the IC, and the clocked
comparator shown in Figs. 2 and 10 compares In; surgr and
Ip2 surgr at the moment of 15. In Fig. 6, the comparator output
“Comp_SURGE” = High, because Ini,surce > Ip2,SURGE-
This causes the controllers shown in Figs. 2, 11, and 12 to
increment ngyrge: from O to 1.

(Step 3 at t¢)

At the fall edge of “Timing”, nnvos1 changes from ngyrcE1
to npcy. As a result, in GATC, the gate amplitude of Vg1
changes twice in the ON period, in the first /1 and in the rest
of the period. In Fig. 6, initially no two changes in Vg are
shown because nsyrgr1 = npc1 = 0, while two changes in
Vst are shown in the steady state.

(Step 4 at tp)

After the surge currents of Ip; and Ipo have sufficiently settled
down, the rise edge of “CLK_DC” is input from outside the IC,
and the clocked comparator in Figs. 2 and 10 compares Ini pc
and Ips pc at the moment of . In Fig. 6, the comparator output
“Comp_DC” = High, because In1 pc > Ip2, pc. This causes the
controller shown in Figs. 2, 11, and 12 to increment npcy from
0 to 1. In the measurements in Figs. 17-20, the time between
the turn-ON edge of IN and rp is 1 us. As can be seen from the
measured waveforms of Iy and Ips in Fig. 19(b), the above time
cannot be reduced to 1 us or less, because the comparison must
be made at tp after In; and Ipo reach a steady state. Therefore,
Ip1,pc and Ipz pe equalization function does not work for the
proposed gate driver IC when the IN pulse width is less than
1 ps.

(Step 5 at 1)
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After the second turn-ON of “IN,” ngyrgg1 and npc1 continue
to increment when Ipi surge > Ip2,surce and Ipipc >
Ip2, pC-

(Step 6 at 1)

In the steady state, when the feedback control of GATC is
completed, nsyrgr1 and npc1 repeat up and down every cycle
of “IN.” In this state, both In; pc and Ips pc equalization and
Ip1,surce and Ipz surGE equalization are achieved.

C. Comparison With Previous Work

Fig. 7(a)—(d) show schematic diagrams of waveforms at turn-
on of the conventional and proposed gate drivings to achieve

Timing chart to achieve Ip1,pc and Ip2, pc equalization and Ip1,SURGE and Ip2,sURGE equalization by using GATC in SIDO DGD IC when Ip; >

IDl,DC and IDQ,DC equalization and IDLSURGE and ID27SURGE
equalization using SIDO DGD IC. Fig. 7(a) shows the conven-
tional gate driving, Fig. 7(b) and (c) show the gate drivings
shown in [20], and Fig. 7(d) shows the proposed GATC. In order
to achieve I'ni pc and Ins pc equalization and Inq surgr and
In2,surcE, the technique of adjusting the gate voltage amplitude
twice for GATC is similar to that of the multilevel active gate
driver [14]. The difference, however, is that [14] implements
the entire circuit on a PCB, whereas this article implements the
entire circuit on a single chip.

In the conventional gate driving where Vg1 and Vggo wave-
forms are identical for Q; and Q3 in Fig. 7(a), In1,pc > Ip2,pC
and Ip1,SURGE > ID2,SURGE-
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Fig. 7. Schematic diagrams of waveforms at turn-ON to achieve Ip1,pc and Ip2 pc equalization and /p1,sURGE and Ip2,sURGE equalization using SIDO

DGD IC. (a) Conventional gate driving without control. (b) Conventional simple
Vs and Iga control by controlling nnyvos1 and npaios2 [20]. (d) Proposed

In order to equalize Ini pc and Ipz pc, Fig. 7(b) shows
a conventional simple Vgg; amplitude control by increasing
nnmost from zero [20]. The conventional simple Vg1 ampli-
tude control is an important conventional technique for realizing
Ini1 pc and Ins pe equalization. In [26], the conventional simple
Vas1 amplitude control is implemented using buck converters.
In Fig. 7(b), In1,pc and Inz pc are adjusted to be equal, by re-
ducing Vg1 amplitude below Vg2 amplitude, while In1 surcE
< Ip2,sURGE, because Iq1 < Igo at turn-on due to the increased
nNMos1, where Igy and Igs are the gate currents of Q; and
Q2, respectively, as shown in Fig. 2. Please note that I'n1 sUrRGE
> Ip2,surae in Fig. 7(a), while Ip1 surae < Ip2,SURCE in
Fig. 7(b).

In order to equalize Inisurge and Ip2 surce, Fig. 7(c)
shows a conventional Vgg; and Igo control by controlling
NNMOS1 and NpMOS2 [20] IDl,DC and IDQ,DC are equalized by
tuning nxMost, and Iny surge and Ip2 surgE are equalized
by decreasing /g2 at turn-ON by decreasing npyos2.-

Fig. 7(b) and (c), however, have the disadvantage that the
switching loss increases compared to Fig. 7(a), because nxnyost
is set to a value greater than O by feedback control to equalize
Ip1,pc and Ips pe, which decreases dVgs / dt, |[dVpgy / di
and |dVpgo / di| at turn-ON.

To solve this problem, in the proposed GATC shown in
Fig. 7(d), the surge and dc components of Ip; and Ipo are inde-
pendently controlled by twice change of nxyvos1,1-€., ISURGEL
and npci (typically nsuyrge1 < npci), thereby achieving
IDl,DC and IDQ,DC equalization and IDI,SURGE and IDZ,SURGE

s

Vas1 amplitude control by increasing nnnvos1 from zero [20]. (¢) Conventional
Vasi gate amplitude twice control (GATC).

PCB

Q
_|
,ml Rogowski
coil Sense1 25ka
‘ 260 Voo
05V, | 90KQ
99 kQ
% Vss_L

\ J \ J
Y
Peak hold1

Y
Ip, sensor

Fig. 8.  Circuit schematic of /p; sensor and Peak hold1 in Fig. 2.

equalization while suppressing the increase in the switching loss
compared to Fig. 7(b) and (c).

III. Circult DETAILS OF SIDO DGD IC
A. Ip; Sensor and Peak Holdl

Fig. 8 shows a circuit schematic of the Ip; sensor and Peak
holdl in Fig. 2. The differentiated waveform of Ip; is output
from the Rogowski coil to “Sensel.” To restore the In; wave-
form, “Sensel” is integrated by an operational amplifier in the
Ip; sensor to provide a voltage waveform (/p;’) proportional
to In1, which will be used in /py pc and Ips pe equalization.
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 out

IBIAS

Fig. 9. Circuit schematic of operational amplifier shown in Fig. 8.

In addition, the peak value of Ip;” (Ip1’_prak) iS output by
holding the peak value of I, at Peak hold1, which will be used
in Inq suraE and Inz surgE equalization. Both Iy sensor and
Peak hold1 are reset during the period when “IN” is low and
start measurement at the rise edge of “IN”, i.e., the moment
of turn-ON. To avoid the gate of the op-amp transistor being
destroyed by overvoltage when Sensel goes above 5 V, the
voltage amplitude of Sensel was adjusted with a resistor at the
Rogowski coil output (26 €2 in Fig. 8).

Fig. 9 shows a circuit schematic of the operational amplifier
shown in Fig. 8. The operational amplifier consists of two stages
of a pMOSFET differential input folded cascode amplifier and a
common source amplifier, with a phase compensation resistor
and capacitor inserted between the first and second stages.

The upper bandwidth required for the I; sensor in Fig. 8 is
50 MHz, because the measured maximum /p; ringing frequency
during the switch transient is 50 MHz. On the other hand, the
Ip sensor has a bandwidth of 80 kHz to 80 MHz, which meets
the above requirement, because the upper bandwidth of the
Rogowski coil is 100 MHz and the simulated bandwidth of the
integrator circuit in Fig. 8 is 80 kHz to 80 MHz.

The effect of operational amplifier nonidealities such as input
voltage offset and bias currents on the integrator circuit in /g
sensor in Fig. 8 is negligibly small, because the time from the
integration start timing, the first rise edge of IN in Fig. 6, to
the timing of the comparison of Ip surce and Ipz sURGE, 1B
in Fig. 6, i.e., at the rise edge timing of CLK_SURGE, is very
short, 200 ns in the measurement in this article.

B. Comparators

Fig. 10 shows a schematic of Comparators in Fig. 2, in-
cluding two clocked comparators. The comparator above in
Fig. 10 compares Ip;’ peak and Ip2’ prpak at the rise edge
of “CLK_SURGE” as shown in Fig. 6, and outputs the com-
parison result to “Comp_SURGE.” Similarly, the comparator
below in Fig. 10 compares Ipi’ and Ipo’ at the rise edge of
“CLK_DC” as shown in Fig. 6, and outputs the comparison
result to “Comp_DC.” The propagation delay of the /p; sensor
shown in Fig. 8 and the comparator shown in Fig. 9 are not a

Ipy’ peako—+
:,: Comp_SURGE
IDZ,_PEAK°_ -
CLK_SURGE
Ipy’ o— +
:,: Comp_DC
Ipy o——
CLK_DC

Fig. 10.
tors.

Schematic of Comparators in Fig. 2, including two clocked compara-

Vo O
DD_H 12
7 Level | 18 [piso Npyosy [5:0]
> shifter | 7 SR
Ves n
Vop LT 2
SIN o 7>
Controls o~ £

Nymos1 [5:0]

4 ¢p 6 |PISO
Comp_SURGE o—» Updown counter . SR
Comp, DCo—_:Im""’

Vss &

Parallel-in serial-out shift register (PISO SR)
Controls include IN, Enable, Timing, and Mode.

Fig. 11.  Circuit schematic of Controllerl in Fig. 2.

problem at all, because, as shown in Fig. 6, the results of the
comparison between Ip; and Ipo in one turn-on are applied to
nnvost and nnyvose in the next turn-ON.

C. Controller

Fig. 11 shows a circuit schematic of Controllerl in Fig. 2.
Among the 36 bits of SIN given by SIPO SR in Fig. 2, 12
bits (6 bit for turn on 4+ 6 bit for turn off) for npyog1[5:0]
are given to the high-side parallel-in serial-out shift register
(PISO SR), and 24 bits (6 bit x 2 slot for turn on + 6 bit x
2 slot for turn OFF) for nnxnvog1[5:0] are given to the low-side
PISO SR. “Controls” represents “IN,” “Enable,” “Timing,” and
“Mode” inputs in Fig. 2. In the open loop mode, npyios1[5:0]
and nnnvos1[9:0] are determined by “SIN” and are fixed. In the
closed loop mode, on the other hand, nsyrgg: is determined
by the up-down counter with “Comp_SURGE” input, and npc;
by the up-down counter with “Comp_DC” input. nsyrgg1 and
npc are updated every “IN” cycle as shown in Fig. 6.

Fig. 12(a) and (b) show flowcharts to control npcy and npco
to equalize Ini pc and Ipzpe, and to control nsyrge1 and
nsurcE2 to equalize Ini, surce and Ing sSURGE, respectively.
The flowcharts are implemented in Controller] and Controller2
shown in Fig. 2. In Fig. 12(a), initially npc1 and npcs are reset to
zero. When Iny pc is greater than Ips pc, npc is incremented
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Fig. 12.  (a) Flowcharts to control npc1 and npc2 to equalize Ip1, pc and
Ip2,pc. (b) Flowcharts to nsyrae1 and nsuyrai2 to equalize Ip1, SURGE
and /D2, SURGE-

by one from 0. Next, a steady state is reached at the value of npcy
where Ini pc and Ips pc are equal. Similarly, when In; pc is
smaller than Ips pc, npca is incremented from 0. Then, a steady
state is reached at the value of npca where Iny pc and Ina pe
are equal. In Fig. 12(b), the control of nsyrgr1 and nsyrGE2
is exactly the same as in Fig. 12(a).

IV. MEASURED EQUALIZATION OF DC AND SURGE
COMPONENTS OF DRAIN CURRENT

A. Measurement Setup

Fig. 13 shows a circuit schematic of the fabricated half-bridge
circuit and SIDO DGD IC for the double- and multipulse tests.
The half-bridge consists of three SiC MOSFETs (Q; — Q3) includ-
ing the low-side two-parallel Q; and Q,. Measurements were
done with the main circuit power supply voltage (Vpp) of 300 V.
Ip1 and Ipo are measured using two commercial current probes
(SS-284A, IWATSU) and our developed two current sensors
in DGD IC. The current probes are used in Figs. 17-20 and
22-25 to measure Ip; and Ipo waveforms, while the current
sensors are used in closed loop measurements in Figs. 17-20.
The bandwidth of the current probes is 30 MHz, while the rise
time of the measured Ip; and Ip, waveforms is about 50 ns.
Since bandwidth X rise time > 0.35, the bandwidth of the current
probes for Ip; and Ipe measurements is sufficient.
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SiC MOSFETs

Current
Probe

Rogowski coils

Fig. 13.  Circuit schematic of fabricated half-bridge circuit and SIDO DGD
IC for double- and multipulse tests. Vpp = 300 V.

Two major factors known to cause variations in the drain
current of parallel-connected SiC MOSFETS are variations in the
device characteristics of the MOSFETSs (e.g., threshold voltage,
transconductance) and the parasitic inductance of the MOSFETS
[1]. Therefore, this article demonstrates in multipulse tests that
the proposed SIDO DGD IC can address one or both of the two
major factors and achieve both /p pc and Ip2 pc equalization
and In1 suragr and In2 surGE equalization.

Fig. 14 shows schematic diagrams of the four types of two-
parallel connected SiC MOSFETs used in the measurement and
the Ip; and Ips waveforms. In Fig. 14, the ON-resistances of Q1
and Q are denoted as Ron1 and Rona, respectively, as repre-
sentative values of MOSFET device characteristics. Fig. 14(a) and
(b) show the case where Ron1 = Ronaz, and Fig. 14(c) and (d)
show the case where Ron1 < Ronas. Fig. 14(a) and (c) show the
case without parasitic inductance variation, and Fig. 14(b) and
(d) show the case with parasitic inductance variation. As shown
in Fig. 14(b) and (d), when the leg length of Q5 is longer than that
of Q, drain parasitic inductance (Lp2), gate parasitic inductance
(Lg2), and source parasitic inductance (Lg2) are added to Q- as
shown in Fig. 13.

Fig. 14(a) shows the case where Ron1 = Rone and no para-
sitic inductance variation, which is named IDEAL. In this case,
the Ip; and Ip, waveforms are identical. Fig. 14(b) shows the
case where Ron1 = Rone with parasitic inductance variation,
which is named L_VARIATION. This emulates the assembly
variation of SiC MOSFETS. In this case, In1,surcE > ID2,SURGE
and I'n1 pc = Ip2,pc. Fig. 14(c) shows the case where Ron1 <
Ron2 and no parasitic inductance variation, which is named
MOS_VARIATION. In this case, IDl,SURGE > IDQ’SURGE
and Ini pc > Ip2,pc. Fig. 14(d) shows the case with Ron
< Rone and parasitic inductance variations, which is named
L&MOS_VARIATION. This emulates the worst case where
both assembly variation and device characteristic variation of
the SiC MOSFETs have occurred. In this case, Ipi surce >
In2 surce and Ip1 pc > Ip2,pe.

As SiC MOSFETs with variations in device characteristics,
[20] used Qq and Q2 with the same model number and 0.5 V
variation in threshold voltage. In this article, it is desired
to demonstrate that our proposal can manage larger device
characteristic variations. It is not easy, however, to prepare SiC
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Fig. 14.  Schematic diagrams of four types of two-parallel connected SiC

MOSFETsS used in measurement and /p; and /ps waveforms. (a) Case where
RonN1 = Ronz and no parasitic inductance variation, which is named IDEAL.
(b) Case where Ron1 = Rong with parasitic inductance variation, which
is named L_VARIATION. (c¢) Case where Ron1 < Ron2 and no par-
asitic inductance variation, which is named MOS_VARIATION. (d) Case
with Ron1 < Rong2 and parasitic inductance variations, which is named
L&MOS_VARIATION.

TABLE I
Q1 AND Q2 IN FIG. 14(C) AND (D)

Q, Q, Q,
Device name | MSC015SMA070B | SCT3030AL
Max Vs [V] 700 650
Max I, (DC) [A] 140 70
Ron (Typ.) [MQ] 15 30
Vi [V] 2.7-5.6 2.4 (Typ.)

MOSFETs with large variations in device characteristics. There-
fore, in order to emulate SiC MOSFETs with large variations in
device characteristics, in this article, SiC MOSFETSs from different
manufacturers shown in Table I are used for Q; and Qs in
Fig. 14(c) and (d). Specifically, MSCO15SMAOQ70B is used for
Qp and SCT3030AL for Q. Since the MSCO15SMAO070B and
SCT3030AL are all different in terms of maximum rated cur-
rent, on-resistance (Ron), Vg, etc., if both Ip; pc and Ip2 po
equalization and In1 surcr and Ip2 sURGE equalization can be
achieved, it will provide a solid demonstration that the proposal
can address device characteristic variations. On the other hand,

2.5 mm

o
3
L
=
=
o
"
B
.
1=
a
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iMNE BN msDNOROSEDEDEREE éﬁh!

Fig. 15. Die photograph of SIDO DGD IC fabricated with 180 nm BCD
process. All circuits shown in Fig. 2 are integrated on single chip.

SCT3030AL is used for both Q; and Q- in Fig. 14(a) and (b)
with no device characteristic variation. In all measurements,
MSCO015SMAOQ70B is used for Qs.

Fig. 15 shows a die photo of SIDO DGD IC fabricated with
180 nm BCD process. All the circuits shown in Fig. 2 are
integrated on a single chip. The die size is 2.5 mm by 4.2 mm.

Fig. 16(a) and (b) show top and side views of the PCB of
L&MOS_VARIATION in Fig. 14(d), respectively. As shown in
Fig. 16(a), PCB is designed symmetrically so that the PCB para-
sitic inductances of Q; and Q5 are equal. The PCB Rogowski coil
is not built into the main PCB, but is fabricated on a separate PCB
and placed on top of the main PCB. PCB Rogowski coils can be
made smaller if necessary, because PCB Rogowski coils with
an outer diameter of 3.2 mm are also shown in [28], although
PCB Rogowski coils with an outer diameter of 19 mm [28] are
used in this article. As shown in Fig. 16(b), the leg length of
Qg is intentionally implemented 8 mm longer than that of Q; to
achieve the parasitic inductance variation in Fig. 14(b) and (d).

B. Closed Loop Measurements

Figs. 17-20 show the measured waveforms of Vg1 and
Vasz, Ip1 and Ips, npyost and npavos2, and nnmos: and
nnMos2 in the four multipulse tests of IDEAL, L._VARIATION,
MOS_VARIATION and L&MOS_VARIATION shown in
Fig. 14, respectively. In the following measurements, #; shown
in Fig. 6 is fixed at 240 ns. #; may be determined arbitrarily
within the range 71 > f1umiN), where 11Ny is the time from
the rise edge of IN to the timing when the drain current surge
reaches its peak, which is 80 ns in the measurements. If #;
is too long, Ini,pc and Ips pc equalization will be delayed,
which is not a good idea. In each of Figs. 17-20, (a) shows the
conventional uncontrolled gate driving [see Fig. 7(a)], and (b)
shows the proposed GATC [see Figs. 6 and 7(d)]. In Figs. 17-20,
at the end of the multipulse test (time = 400 to 410 us) the load
current /1, (= Ip1 + Ip2) defined in Fig. 13 reaches 120 A.
Note that, I, = 120 A is an appropriate measurement condition
for two parallel connected SCT3030ALs, since the maximum
current rating of SCT3030AL is 70 A as shown in Table I.

Authorized licensed use limited to: University of Tokyo. Downloaded on December 31,2024 at 00:42:11 UTC from IEEE Xplore. Restrictions apply.



476 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 1, JANUARY 2025
Takami yu Lab. 2021/12/7
2 Parallel FETs Double Pulse Test ver.3
¢
t
Fig. 16. PCB of L&MOS_VARIATION in Fig. 14(d). (a) Top view. (b) Side view.
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Fig. 17. Measured waveforms in multipulse test of IDEAL shown in Fig. 14(a).

In IDEAL in Fig. 17, Ip; and Ipy waveforms are nearly
identical, as expected. In GATC in Fig. 17(b), ideally nannos1 =
0 during ON, but npc1 = 2 at the end of the multipulse test, result-
ing in a larger difference between Iy pc and Ip2 pc compared
to the conventional uncontrolled gate drive in Fig. 17(a). This
is presumably due to the measurement errors of the /p; sensor
and Ip9 sensor in Fig. 2.

In the conventional uncontrolled gate driving in
L_VARIATION shown in Fig. 18(a), In1 surGE > ID2,SURGE
and Ini pc = Ip2,pc as shown in the schematic waveforms in

Fig. 14(b). In contrast, the proposed GATC in L_VARIATION
shown in Fig. ]S(b) reduces [Dl,SURGE — IDQ’SURGE by
76% from 30 A in Fig. 18(a) to 7.3 A by feedback control to
nsyRGE1 = 13.

In the conventional uncontrolled gate driving in
MOS_VARIATION shown in Fig. 19(a), the difference
between IDl,SURGE and ID2,SURGE is small, but IDl,DC >
In2 pc because Rons of Qq and Q, are about twice as different
as shown in Table I. In contrast, the proposed GATC in
MOS_VARIATION shown in Fig. 19(b) reduces Ipipc —
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Fig. 18.
GATC [Fig. 7(d)].

Ina pc by 95% from 37 A in Fig. 19(a) to 1.8 A by feedback
control to npc; = 22 and Vage — Vst = 5.0 V.

In the conventional uncontrolled gate driving in
L&MOS_VARIATION shown in Fig. 20(a), Ipi,surge >
In2,surcge and Ini pc > Ip2,pc as shown in the schematic
waveforms in Fig. 14(d). In contrast, the proposed GATC in
L&MOS_VARIATION shown in Fig. 20(b) reduces In1 sURGE
— IDQ,SURGE by 86% from 27 A in Fig. 20(a) to 3.9 A by
feedback control to nsyrgr1 = 14, and reduces Inipc —
In2,pc by 95% from 37 A in Fig. 20(a) to 1.7 A by feedback
control to npc; =22 and Vago — Vast = 5.0 V.

In summary, it has been successfully demonstrated that
the proposed GATC using SIDO DGD IC achieves both
IDl,DC and ID27DC equalization and IDl,SURGE and IDQ,SURGE
equalization in all four cases of IDEAL, L_VARIATION,
MOS_VARIATION, and L&MOS_VARIATION.

C. Open Loop Measurements (npc; and nsyrGe1
Dependence)

In the following sections, measurements are performed in
open loop to investigate in detail the meaning of the feedback-
controlled nsyrar1 = 14 and npc1 = 22 values in GATC at
L&MOS_VARIATION in Fig. 20(b).

Figs. 21-23 show the measured npc; dependence of Vg
amplitude, npci dependence of Ip;pc and Ipapc, and
nsurge! dependence of Ipjsyrce and Ipzsurge When

Measured waveforms in multipulse test of L_VARIATION shown in Fig. 14(b). (a) Conventional uncontrolled gate driving [Fig. 7(a)]. (b) Proposed

GATC [see Fig. 7(d)] is operated in open loop under
L&MOS_VARIATION [Fig. 14(d)], I, = 60 and 120 A con-
ditions, respectively. In Fig. 23, npcy is fixed to 22. At I, =
60 A, by increasing npci from 0 to 22, Vag; amplitude reduces
from 18 to 11.8 V (see Fig. 21) and Ipi pc — Ip2,pc reduces
from 24 to 2.5 A by 90% (see Fig. 22). Similarly, at I, = 120 A,
by increasing npcy from 0 to 22, Vg1 amplitude reduces from
18 to 11.8 V (see Fig. 21) and |In1,pc — In2,pc| reduces from
48 to 3.9 A by 92% (see Fig. 22). As shown in Fig. 23, at
I, = 60 A, by increasing ngurcg1 from 0 to 12, |Ip1 surGE
— Ip2,surcE| reduces from 18 to 0.94 A by 95%. Similarly, at
It, = 120 A, by increasing nsyrcg1 from O to 16, [Dl,SURGE
— In2 surGE reduces from 42 to 1.9 A by 95%. Note that the
optimal ngyrgr1 = 16 roughly corresponds to nsyrgr:r = 14
obtained with the feedback control in Fig. 20(b).

D. Open-Loop Measurements (Comparison of Four Gate
Driving Methods)

In order to quantitatively compare the four gate driving meth-
ods shown in Fig. 7 by measurements, Figs. 24 and 25 show the
measured turn-ON waveforms at Iy, = 60 A and 120 A when
the four gate driving methods shown in Fig. 7 are operated
in open loop under the condition of L&MOS_VARIATION
[see Fig. 14(d)], respectively. The measured waveforms of the
conventional uncontrolled gate driving shown in Figs. 24(a)
and 25(a) correspond to npc1 = 0 in Fig. 22, where Ipi pc
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Fig. 19. Measured waveforms of in multipulse test of MOS_VARIATION shown in Fig. 14(c). (a) Conventional uncontrolled gate driving [Fig. 7(a)]. (b) Proposed

GATC [Fig. 7(d)].

- ID2,DC =24A@ [L =60 A and IDl,DC - [D2,DC =48 A @
It, = 120 A. The proposed GATC [see Figs. 24(d) and 25(d)]
uses the optimal (nD01, nSURGEl) = (22, 12) @ I, = 60 A
[see Fig. 24((1)] and (nD01, nSURGEl) = (22, 16) @ IL =
120 A [see Fig. 25(d)], obtained in Figs. 22 and 23. In the
conventional simple Vg1 amplitude control [see Figs. 24(b) and
25(b)] and the conventional Vgg1 and /2 control [see Figs. 24(c)
and 25(c)], npc1 = 22 is used. Since Figs. 24 and 25 show
similar results, Fig. 25 for I;, = 120 A will be discussed in
detail.

In the conventional uncontrolled gate driving shown in
Fig. 25(a), where the gate drive is identical for Q; and Q-,
Ip1,sURGE — Ip2,surcE = 42 A and Ip1,pc — Ip2,pc = 48 A.

In order to equalize I'ni pc and Ip2 pc, Fig. 25(b) shows
the conventional simple Vg1 amplitude control by increasing
nymost from O to 22 [20]. In Fig. 25(b), In2,pc — Ipi,pc =
5.9 A by reducing Vgs; amplitude below Vggo amplitude by
6.2 V, while IDQ)SURGE — IDl,SURGE =40 A, because Ig1 <
I at turn-on due to the increased nywvos1 - Note that I sURGE
> Ip2,surck in Fig. 25(a), while Ip1 surce < Ip2,sURGE in
Fig. 25(b).

In order to equalize Ini surce and Ip2 surce. Fig. 25(c)
shows the conventional Vg1 and Ige control by controlling
NNMOS1 and NPMOS2 [20]. IDl,DC and IDQ,DC are equalized by
increasing NNMOS1 from O to 22, and IDl,SURGE and IDQVSURGE
are equalized by decreasing /g2 at turn-ON by decreasing
npMmosz2 from 31 to 3.

Fig. 25(b) and (c), however, have the disadvantage that
the total switching loss (E1,0ss,ToTAL) increases compared to
Fig. 25(a), because increasing nnyog1 and decreasing npyose
decreases |dVpgy / diff and |dVpgo / df] at turn-ON. Specif-
ically, compared to E1,0ss TOTAL 1.3 mJ in Fig. 25(a),
Er,08s,Torar, = 2.9 mJ in Fig. 25(b) is increased by a factor of
2.2 and E10ss,ToTar, = 4.9 mJ in Fig. 25(c) is increased by a
factor of 3.8.

To solve this problem, in the proposed GATC shown in
Fig. 25(d), both Ipypc and Ipzpc equalization (Ip2.pc —
IDl,DC =39 A) and IDI,SURGE and ID2,SURGE equalization
(Ip1,surGE —Ip2,suragE = 1.9 A) are achieved, while suppress-
ing the increase in E1,0ss, ToTAL compared to Fig. 25(b) and (c).
Specifically, Et,0ss,ToTar, = 2.0 mJ in Fig. 25(d) is 31% less
than in Fig. 25(b) and 59% less than in Fig. 25(c). On the other
hand, E1,0ss,Torar, = 2.0 mJ in Fig. 25(d) is 1.5 times larger
than in Fig. 25(a), while the difference in switching loss between
Q1 and Q2 (EL0ss1 - Eross2) is reduced 43% by from 0.35 mJ
in Fig. 25(a) to 0.20 mJ in Fig. 25(d), which indicates that the
original goal of this paper has been successfully achieved.

V. COMPARISON OF DIGITAL CLOSED-LOOP ACTIVE GATE
DRIVERS TO EQUALIZE CURRENT IN PARALLEL-CONNECTED
POWER DEVICES

Table I1 shows a comparison table of digital closed-loop active
gate drivers to equalize current in parallel-connected power
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Fig. 20. Measured waveforms in multipulse test of L&MOS_VARIATION
(b) Proposed GATC [Fig. 7(d)].
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Fig. 21. Measured npci dependence of Vg1 amplitude when GATC
[Fig. 7(d)] is operated in open loop under L&MOS_VARIATION [Fig. 14(d)],
I, = 60 and 120 A conditions.

devices. This article is the first in the world to achieve all of
the following:

1) fully integrated two sensor output processing circuits, two
DGDs and a controller required to detect and equalize
the drain current variation of two parallel-connected SiC
MOSFETS on a gate driver IC,

2) Ipipc and Ips pc equalization and Ip;surge and
In2,surcE equalization in a closed loop,

shown in Fig. 14(d). (a) Conventional uncontrolled gate driving [Fig. 7(a)].
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Fig. 22.  Measured npc1 dependence of Ipy,pc and Ip2,pc when GATC
[Fig. 7(d)] is operated in open loop under L&MOS_VARIATION [Fig. 14(d)],
I, = 60 and 120 A conditions.

3) demonstration measurements of drain current equalization
under a total of four conditions (see Fig. 14), with and
without SiC MOSFET characteristic variations and with and
without parasitic inductance variations.

By using the proposed SIDO DGD IC, the device charac-
teristic variation problem and the parasitic inductance variation
problem on PCBs in parallel-connected power devices can be
automatically solved without increasing test cost, design cost,
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TABLE II
COMPARISON TABLE OF DIGITAL CLOSED-LOOP ACTIVE GATE DRIVERS TO EQUALIZE CURRENT IN PARALLEL-CONNECTED POWER DEVICES

Reference, [18] [25] [26] [21] [20] .
Year 2021 2023 2023 2021 2022 This work
. . . SiCc SiCc .
Target power device SiC MOSFET | SiC MOSFET MOSFET IGBT MOSFET SiC MOSFET
Measured conditions 550 V, 300 A 400V, 50 A 600V, 30 A 40V, 40 A 300V,40 A 300V,120 A
Implementation PCB PCB PCB IC IC IC
2 drivers, .
. 2 drivers,
1 driver, 2 sensor 2 sensor output
Functions integrated into 1 current output rocessinp
gate driver IC sensor, processing pcircuits 9
controller circuits, Il ’
controller controller
Additional circuits other | CPLD, current Mcu, DSP (ADC),
than gate driver IC sensors programmable 3 buck None None None
9 delay line converters
Drive stren_gth _change 3 1 3 2 1 P
per switching
Gate timing,
Target variations dewc_e_, Device Device Gate timing Device Dey|ce, [ELEEIS
parasitic inductance
inductance
Thermocouples Current Sense pCB PCB Rogowski
Current sense method Vss on MOSFETs | transformer emitter Ro%z¥5kl coil
Parameters to equalize | Gate timings L Gate timing, Vs
current in 3-level Vg | Cate timing Ves le Vest, ez (GATC)
Number of parameters
adjusted in closed loop 2 1 2 1 2 2
per switching
Closed loop Iy pc and
Ipz pc equalization No No Yes No Yes Yes
(Required switching (50 cycles) (18 cycles) (22 cycles)
cycles)
Closed loop Ip, syree and
Iz surce €qualization Yes Yes Yes Yes No Yes
equired switchin cycles cycles cycles cycles
Required switching 4 cycl NA 35 cycl 13 cycl 14 cycl
cycles)
Measurements
addressing device No Yes Yes No Yes Yes
variations
Measurements
addressing parasitic No No No No No Yes
inductance variations
component cost, or component size. In other words, the proposed
100 SIDO DGD IC has practical value in that the gate driver IC can
< 90 E Npc1=22 — Ip1 surGE automatically address the issues of power devices and PCBs in
= ] -959, |— Iz, surce parallel-connected power devices without increasing test cost,
g 80F 42 A 19A design cost, component cost, or component size.
2 3 . . . . . .
2 70k : J The required switching cycles in this article (22 cycles for
S VF @ =60A e -
; 60 | |m IL =120 A 0 Ipipc and Ips pe equalization and 14 cycles for Ipi sUrRGE
= L and Ips surcE equalization) are longer than those in [18], yet
w S0 0.94 A: comparable to papers [20], [21], and [26]. To shorten the required
x 40 :-I 18 A y ¢ switching cycles, the comparator in Fig. 10 can be replaced with
g 30k an analog-to digital converter of 2 bits or more, and the controller
= 20 E =95 % ) L L in Fig. 12 can be modified to change the control bits by ¢, where
0 5 10 12 1516 20 q 1s an integer greater than or equal to 1, for each switching

NgyRrGE1

Fig. 23.  Measured nsyrcr1 dependence of Ip1 sUrRGE and Ip2, SURGE
when GATC [Fig. 7(d)] is operated in open loop under L&MOS_VARIATION
[Fig. 14(d)], I1, = 60 and 120 A conditions. npc1 is fixed to 22.

cycle. In the use case where large drain current flows in the first
switching cycle, the imbalance of the drain current may damage
the SiC MOSFETs before the closed-loop control of this IC works.
In case of an inductor load, however, as shown in Fig. 20, the
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Fig. 24. Measured turn-ON waveforms at I, = 60 A when four gate driving methods shown in Fig. 7 are operated in open loop under condition of

L&MOS_VARIATION [Fig. 14(d)]. (a) Conventional w/o control. (b) Simple VGS1 control. (c) Conventional VGS1 and IG2 control. (d) Proposed VGS1

gate amplitude twice control (GATC).

drain current gradually increases from zero with each switching,
and the closed-loop control of this IC is in time, thus avoiding
the damage to the SiC MOSFETs due to the imbalance of the drain
current.

VI. DISCUSSION

A. DC Power Consumption

In the proposed SIDO DGD IC, the dc power consumption of
the gate driver flowing through Rp and Ry in Fig. 4(b) is a critical
issue, because Vg1 and Vg amplitudes are controlled on the
principle of a shunt regulator as shown in Fig. 4(b). Therefore, in
this section, this dc power consumption problem and its solution
are discussed based on the measured results in this article.

In the measured results in this article, the worst case
with the maximum dc power consumption is the case of
L&MOS_VARIATION shown in Fig. 14(d) with Vg1 lowered
by 5.0 V compared to Vgge by setting npc; = 22, as shown
in Fig. 20(b). Since L&MOS_VARIATION is the most extreme
example of variation, it is unlikely to occur in practice, how-
ever, the dc power consumption of this example is discussed
as a worst-case scenario. During the period of npc; = 22 in
Fig. 20(b), dc current of 1.6 A (simulated) flows through Rp
and Ry in Fig. 4(b), consuming 30 W (= 1.6 A x 18 V), which
unacceptably high power for a gate driver.

One possible solution to reduce the dc power consumption is a
sub DGD circuit shown in Fig. 26. Sub DGD1 is a DGD in which
the drain current through each of the six parallel transistors of
DGDI in Fig. 3 is reduced by a factor of 1 / m (m > 1) (e.g.,

Authorized licensed use limited to: University of Tokyo. Downloaded on December 31,2024 at 00:42:11 UTC from IEEE Xplore. Restrictions apply.



482 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 1, JANUARY 2025

'y Y 'y Y
Cs)\)l - g")l - g\"l I nPMOS1 n, g‘)l -
& Npyost1 = Mpmos2 & Nppost = NMpmos2 & 3 [ & Npmos1 = Mpmos2
- - »
0 > > > " o >
231 239 22 Nymos1 §31 22 Nymos1 234 1 22 Nymos1
= = =
g Mumos1 = Mnmos2 | Nymos2 g || Nymos2 R E Nnvos2
L » v — » v » U | | — »
25
25 25 25 s
20 Ves:2 20 Ves2 20 ‘ 20> Vs, l
5 5 5 - Sishl f
%15, Vest 15 62V| =15 61V | 15}/ 62V
8 & t ] o
10 ~10 T 10 T ~10 Y T
z z Vest : Vs z ' Gs1
S5 =5 S5 S5 |
1
0 0 0 0 !
I 1
5 5 5 bt
02 04 06 08 1 12 1.4 1.6 0 0.2 04 06 08 1 1.2 1.4 1.6 0 02040608 1 12 14 16 0 02 P4 06 08 1 12 1.4 1.
Time [ps] Time [us] Time [us] I | Time [us]
120 * 120 120 120
1 1
100 Ipq ¢ 100 ¢ 100 14A 100 1
=80 =80 [/ 5.9A =80 3.5A —80 :¢1I.9A 39A
< < o < Ipq ot ST AN Ioq
Seof | 42A p 48A S60 860 Zeof !
Sa0 - Ba0 Fa0 Iz Safp! ! e T
20 T 20 20 2F,/ |
0 0 0 opY |
20 20 20 P S
0 02040608 1 12 14 1.6 0 02 04 06 08 1 12 1.4 16 0 0204 0608 1 12 1.4 1.6 07020406 08 1 12 14 16
Time [ps] Time [us] Time [ps] | | Time [us]
350 350 350 350 —
|
300 300 300 300 i
I 1
5250 5 250 250 s 2500 !
%200 200 %200 5200F ;|
=150 =150 =150 Ssof! | !
& b &1 & ol
100 Z100 &100 Broop! |
50 Vbst» Vos2 50 Vos1» Vos2 50 Vos1s Vosz sop1 | Vbs1» Vbs2
0 0 0 Of1 T
1 1
-50 -50 50 -50
0 02040608 1 1214 16 0 02 04 06 08 1 1.2 1.4 16 0 0204 06 08 1 12 1.4 16 0,0204 06 08 1 12 1.4 1.6
Time [ps] Time [ps] Time [ps] I | Time [ps]
6 6 6 6 t
E, 4.9 mJ d !
E 5 ? 5 E 5 LOSS, TOTAL ? 5 : :
o4 E osstoraL 1.3 mJ -4 -4 Sabl !
g E 0.82 mJ g E 29mJ 2 g
2 Losst 0 ° Loss,TotaL 2:9 M 2 Eosst  22md [ 2.t |
g3 E 0.47 mJ g3 g3 230
£ Loss2 = Elossy 21mJ £ £_Iv 1 Eiosstorau 2.0mJ
S 2 c2 S 2 E 27mJd S 2f t E T
3 £ 3 Loss2 - 2 b [ Am
Sl | &1 Eloss1  0.84mJ £ &b / ! Loss2
LS X . o) 1 Eiossr 090mJ
0.2 04 06 08 1 1.2 14 1.6 02 04 06 08 1 12 14 16 02 04 06 08 1 1.2 14 16 02 0.4 06 08 1 12 14 16
Time [us] Time [us] Time [ps] Time [us]
(a) (b) (c) (d)
Fig. 25. Measured turn-ON waveforms at It, = 120 A when four gate driving methods shown in Fig. 7 are operated in open loop under condition of

L&MOS_VARIATION [Fig. 14(d)]. (a) Conventional w/o control. (b) Simple VGS1 control. (¢) Conventional VGS1 and IG2 contro. (d) Proposed VGS1 gate
amplitude twice control (GATC).
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Fig. 26.  Circuit schematic of DGD1 and sub DGD1 for Q; in Fig. 2 to reduce dc power consumption.
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Fig. 27.

m = 300), and is used in parallel with DGDI1. The purpose of
sub DGDV is to reduce the dc power consumption by a factor of
1 / m while maintaining steady-state Vgg; at the desired value.
Sub DGDI1 is always active, while DGD is only active during
turn-ON or turn-off transients that require a sudden change in
Vasi, and is turned OFF when Vg is steady, thereby reducing
dc power consumption.

Fig. 27 shows the timing charts and the calculated average
dc power consumption of the SIDO DGD IC without and with
sub DGD. Fig. 27(a) corresponds to Fig. 5(b), and Fig. 27(b)
is Fig. 5(b) with sub DGDs added. The parameters assumed
in the calculations are as follows: initial Ipy > Ipo, 20 kHz
pulsewidth modulation inverter, average duty ratio = 50%, m =
300, 11 = 240 ns, to = 240 ns in Fig. 27(b), and dc power
consumption of DGD during #; = 19 W (simulated). In Fig. 27(b)
with sub DGDs, the 6-bit control signals of DGD1 (npyos1 and
nanvost) and those of sub DGD1 (npyvosi” and nnvost’) are
identical except during #3. In Fig. 27(a), the average dc power
consumption is 15 W, which is large and unacceptable since
DGD1 consumes 30 W during 7. In contrast, in Fig. 27(b), the
average dc power consumption is 0.28 W, because the dc power

(b)

Timing charts and calculated average DC power consumption of SIDO DGD IC. (a) Without sub DGD. (b) With sub DGD.

consumption of sub DGDI1 during #3 is 0.1 W (= 30 W / 300).
During t3, the dc power consumption of DGDI is set to zero by
setting nNvos1 = 0 in DGD1, while Vg is maintained at a
steady value by keeping Vg1 in sub DGDI1. Thus, comparing
Fig. 27(a) and (b), the average dc power consumption can be
reduced by 98% from 15 to 0.28 W by using sub DGDs, where
0.28 W is acceptable for gate drivers.

B. Scaling Up to 3 or More Parallels

While this article describes the SIDO DGD IC for 2-parallel
connected SiC MOSFETS, in this section, the possibility of ex-
tending the SIDO DGD IC to p-parallel connected SiC MOSFETS
is discussed, where p is an integer greater than or equal to 3,
e.g.,p =4, 6, and 8. It is not easy to simply scale up the SIDO
DGD IC to four or eight parallel devices with the constraints of
single-chip integration, because the chip area of the IC and the
dc power consumption increase in proportion to p. Yet, if the
functionality of the SIDO DGD IC is divided into multiple IC
chips, extensions to p-parallel connected SiC MOSFETs would be
possible. Fig. 28 shows an example of the extension of the SIDO
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Fig. 28.  Extension of SIDO DGD IC to p-parallel SiC MOSFETs, where p is integer greater than or equal to 3.

DGD IC to p-parallel SiC MOSFETs. p/2 SIDO DGD ICs, where
the sensor output processing circuits and controller functions
are removed, and one sensing and controller IC integrating p
sensor output processing circuits are used to equalize the drain
currents of the p-parallel connected SiC MOSFETSs. Drain current
equalization algorithms in the controller are future challenges.

VII. CONCLUSION

SIDO DGD IC, which integrates the sensor output processing
circuits, controller, and active gate drivers necessary to equalize
Ip1 and Ipo of two parallel-connected SiC MOSFETs on a single
chip, is proposed. SIDO DGD IC is innovative in that it automat-
ically solves both the device characteristic variation problem and
the parasitic inductance variation problem in parallel-connected
power devices using a gate driver IC. The proposed GATC in
L&MOS_VARIATION shown in Fig. 20(b) reduces In1,sURGE
— IDQ,SURGE by 86% from 27 A in Fig. 20(a) to 3.9 A by
feedback control tonsyrgr1 = 14, andreduces In1,pc — In2,pc
by 95% from 37 A in Fig. 20(a) to 1.7 A by feedback control
to npc1 = 22 and Vgge — Vgs: = 5.0 V. In summary, it has
been successfully demonstrated that the proposed GATC using
SIDO DGD IC achieves both Ip; pc and Ins pc equalization
and Ini surce and Iposurcr equalization under a total of
four conditions, with and without SiC MOSFET characteristic
variations and with and without parasitic inductance variations.

Future applications of the SIDO DGD IC could include SiC
modules for high-temperature, high-current applications [1], [2],
[3] that contain this IC ported on a SiC CMOS process compat-
ible with high temperatures and SiC power dies connected in
parallel in a single power module.
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