wo 20187225083 A1 I 0E 00000 A 0

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

World Intellectual Propert <
0T rpmivation = 00T 0 0O O
International Bureau = (10) International Publication Number
(43) International Publication Date -—-/ WO 2018/225083 Al

13 December 2018 (13.12.2018) WIPO | PCT

(51) International Patent Classification: of Technology Madras, IIT P.O, Chennai — 600 036, Chen-
HOIL 29/772 (2006.01) HO3K 17/00 (2006.01) nai 600036 (IN).

(21) International Application Number: (72) Imventors: KAMALESH, Hatua; Department of Electri-

PCT/IN2018/050354 cal Engineering, IIT Madras, IIT P.O. Chennai 600 036,

Chennai 600036 (IN). YASH, Sukhatme; Department of
Electrical Engineering, IIT Madras, IIT P.O. Chennai 600
036, Chennai 600036 (IN).

(74) Agent: D. MOSES, Jeyakaran; Advocate, Trademark
(26) Publication Language: English & Patent Attorney, #245/105 Mettu Street, Ayanavaram,
Chennai - 600 023, Chennai 600023 (IN).

(22) International Filing Date:
01 June 2018 (01.06.2018)

(25) Filing Language: English

(30) Priority Data:
201741020104 08 June 2017 (08.06.2017) IN (81) Designated States (unless otherwise indicated, for every

kind of national protecti lable): AF, AG, AL, AM
(71) Applicant: INDIAN INSTITUTE OF TECHNOLOGY AmO Z/;ni{? T BA cé%ngéalgH e])gN R BW. BY. 7.
MADRAS (ITT MADRAS) [IN/IN]; The Dean, Industrial AL AL AL BA, DB, DI, DL B, B, B, B, BA,

. . CA, CH, CL, CN, CO, CR, CU, CZ, DE, DJ, DK, DM, DO,
Consultancy & Sponsored Research [ICSR], Indian Institute DZ, EC, EE, EG, ES, FIL, GB, GD, GE, GH, GM, GT, HN,

HR, HU, ID, IL, IN, IR, IS, JO, JP, KE, KG, KH, KN, KP,
KR, KW,KZ,LA,LC,LK,LR,LS,LU, LY, MA, MD, ME,

(54) Title: DIGITALLY CONTROLLED SWITCHED CURRENT SOURCE ACTIVE GATE DRIVER FOR SILICON CARBIDE
MOSFET WITH LINE CURRENT SENSING

+&Q}L
S & N i;E }3 : &
<> <> d £ s P OG BusiPeln
§ J & H
S A RN !
e 2 mi
Touraes
G MORFET
\ s I
L g 7/v- ot L
N ¥ L GNDiPole
3 R > £
§tsrrem' < Rz
SRR
B

FIGURE 1

(57) Abstract: The present invention relates to SiC MOSFET which has fast switching times of nearly 20ns to 50ns. To control the
voltage and current overshoot of the SiC MOSFET during the switching transient an active gate driver is required. The invention
presented describes an active gate driver for SiC MOSFET used in power converter topology. The proposed four step active gate driving
method uses a digitally controlled switched current source to control the gate current of the SiC MOSFET. The control signals are
generated by means of onboard digital control logic which can be implemented in either in a FPGA or CPLD. The voltage and the
current of the device are measured to control the overshoot and ringing in the device voltage and current. The proposed gate driver
has novel current sensing mechanism based on kelvin voltage measurement. The measured load current can be used for control and
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protection of the device from faults. Since the switching time of the SiC MOSFET is very less it is difficult to control the voltage and
current overshoot in the same switching instant hence, a low speed control loop is also proposed in the invention. The low speed control
loop takes its control decision based on the previous switching cycle information. The low speed control loop essentially decides the
time intervals of the switching steps of the gate driver.
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DESCRIPTION
TITLE OF THE INVENTION

DIGITALLY CONTROLLED SWITCHED CURRENT SOURCE ACTIVE GATE
DRIVER FOR SILICON CARBIDE MOSFET WITH LINE CURRENT SENSING
FIELD OF THE INVENTION

The present invention relates to digitally controlled switched current source active gate
driver is applicable for silicon carbide MOSFETs used in switched power converter applications

with fixed DC Bus voltage.

BACKGROUND OF THE INVENTION

SiC MOSFET are fast switching devices, typical switching speeds are in the range of
20ns to S0ns, nearly times faster than state of the art IGBTs of similar rating. The potential of
SiC MOSFET cannot be completely captured due to the parasitic leakage inductance of the
converter being significant. Designing a converter layout with very low parasitic inductance is
practically not feasible. Thus, there is a need for an Active Gate Driving mechanism which
controls the SiC MOSFET so that the parasitic inductance and capacitance do not hamper the
switching performance of the SiC MOSFET and thus we can have good switching performance
along with tolerable parasitic inductance and capacitance.

In this invention the gate current of SiC MOSFET is digitally controlled using the device
voltage and device current information. Due to fast switching nature of the SiC MOSFET a low
speed control technique is also proposed which controls the time interval of the switching steps.
A novel current sensing technique using the kelvin inductor is adopted which helps in control

and protection.

SUMMARY OF THE INVENTION

The present invention relate to an active gate driver which can precisely control the rate
of rise and fall of the device current and voltage without compromising on the switching speed of
the SiC MOSFET.

In one embodiment, the proposed Active Gate Driver implements a digital control

making the control implementation simpler and control signals more robust to noise and
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interference. A low frequency control loop is used for control methodology which can effectively
limit the current and voltage overshoot within desired limits.

In other embodiment, the invention presents an active gate driver for SiIC MOSFET used
in power converter topology. The hardware topology of the proposed active gate driver consist of
two sections the Turn-on section (I, I, Is and M;) and the Turn-off section (I, Is, Is and Q).

The proposed four step active gate driving method uses a digitally controlled switched
current source to control the gate current of the SiC MOSFET. The control signals are generated
by means of onboard digital control logic which can be implemented in either in a FPGA or
CPLD. The voltage and the current of the device are measured to control the overshoot and
ringing in the device voltage and current. The proposed gate driver has novel current sensing
mechanism based on kelvin voltage measurement. The measured load current can be used for
control and protection of the device from faults. Since the switching time of the SiC MOSFET is
very less it i1s difficult to control the voltage and current overshoot in the same switching instant
hence, a low speed control loop is also proposed in the invention. The low speed control loop
takes its control decision based on the previous switching cycle information. The low speed

control loop essentially decides the time intervals of the switching steps of the gate driver.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 shows Topology of the Active Gate Driver.

Figure 2 indicates the turn-on steps of the proposed Active Gate Driver.
Figure 3 indicates the turn-off steps of the proposed Active Gate Driver.
Figure 4 shows the Line current sensing mechanism.

Figure S shows the control Flow chart.

Referring to the drawings, the embodiments of the present invention are further
described. The figures are not necessarily drawn to scale, and in some instances the drawings
have been exaggerated or simplified for illustrative purposes only. One of ordinary skill in the art
may appreciate the many possible applications and variations of the present invention based on

the following examples of possible embodiments of the present invention.

DETAILED DESCRIPTION OF THE INVENTION
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The following description is presented to enable any person skilled in the art to make and
use the embodiments, and is provided in the context of a particular application and its
requirements. Various modifications to the disclosed embodiments will be readily apparent to
those skilled in the art, and the general principles defined herein may be applied to other
embodiments and applications without departing from the spirit and scope of the present
disclosure. Thus, the present invention is not limited to the embodiments shown, but is to be
accorded the widest scope consistent with the principles and features disclosed herein.

The description of the Active Gate Driver can be divided into 3 sections. Section I
describes the Hardware topology of the disclosed Active Gate Driver. Section II describes the
control methodology followed to obtain the desired performance. Section III describes the line
current sensing and measurement for protection and control followed by low frequency control
loop.

Section I
Hardware Topology of the Proposed Active Gate Driver:

Fig. 1 depicts the topology for the active gate driver. It consists of two sections the Turn-on

section (I, I,,I3 and M;) and the Turn-off section (I4, Is,Is and Q).
Turn-On section

I;, I and I5 are switched current sources which current into the gate of the SiC MOSFET, thus
controlling the rate of charging of the gate-source capacitor (Cg) of the SiC MOSFET. The
current sources are controlled through logic which can be implemented through discrete gates,
CPLD or FPGA. The current sources can be realized using current mirrors or appropriately
biased transistors. M) is a switch which essentially connects the resistors R1 to the gate of the
SiC MOSFET.

Turn-Off section

Similar to the turn-on section the turn-off section consists of I, Is and 16 are switched current
sources which control the discharge of the gate-source capacitor (Cg). Qg is a switch which
connects resistor R, to the gate of the SiC. For reliable turn-off the gate should be brought to -
5V. The current sources and the switch can be controlled through logic implemented as discrete

gates, or in CPLD or FPGA.
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Section I1

Control Methodology

From the previous section it can be seen that there are three controlled steps in each of the turn

on section and turn-off section. In order to achieve the optimum performance the correct

sequence of these stages in imperative.

Turn-on

1.

Step 1 for turn-on is the switched current source 1. I; 1s switched on gate capacitor (Cgs)
of SiC is charges with a constant current. Step 1 essentially reduces the delay time by
charging the gate capacitor (Cg) as quickly as possible upto the threshold voltage by
charging the gate capacitor with a larger current. Once the gate voltage exceeds threshold
voltage (Vg>Vu) channel current (L) 1s established. This marks the end of the first step.

Step 2 for the turn-on process is the switched current source I, as shown in Fig.1. The
current source I is turned on after the preceding current source I; in step 1 has turned off.
The current source charges the gate to source capacitor (Cg) with a constant current. The

rate of rise of drain current (ig) of the SiC MOSFET is given by the equation :-

(ii{i _ g*pn i(g
dt Ci,s‘s

14 = drain current of the SiC MOSFET.
m= forward transconductance of the SiC MOSFET.

Ciss = Input capacitance of the SiC MOSFET (Ciss = Cgs + Cgd).

1,= Gate current of SiC MOSFET.
Thus, by maintaining ig constant we can have a complete control over the dig /dt of the
MOSFET in the current rise region (Saturation region of MOSFET).
Step 2 ends at the instant when the drain current 14 1s equal to the load current Ip. At the
end of 2" step the current source I is turned off.
Step 3 of the turn-on process is the switched current source I3 as shown in Fig.1. The
current source I5 is turned on when the drain current id is equal to I (Stage 2 is turned
off). 3rd step of the turn-on section controls the current overshoot and oscillations in the
drain current and the rate of voltage (Vys) fall (dVg4y/dt) of the SiC MOSFET. The current
overshoot of the SiIC MOSFET is proportional to the gate current 1,. The steady state
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voltage fall (dVgys/dt) 1s also proportional to the gate current 1, It 1s given by the

following equation:-

d"vds . i_g;v

Thus, by appropriately controlling the magnitude of gate current the overshoot and
ringing in the

drain current of the SiC MOSFET can be arrested.

The transistor M; is turned on after the current overshoot is arrested. Basically, M; and

resistor Ry clamp the gate-source voltage (V) to 20V.

Fig 2 illustrates the sequence of stages with respect to the drain current (id) and gate—source

voltage (V). It can be seen from the figure that during stage 2 of the turn-on process the rate of

rise of drain current diy /dt remains constant.

Turn-off

1.

Step 4 for turn-off is a switched current source I, as illustrated in Fig.1. Step 4 essentially
reduces the delay time by discharging the gate capacitor (Cg) as quickly as possible. Step
4 ends as soon as the Drain-Source voltage (Vqs) of SiIC MOSFET starts rising.

StepS for turn-off is the switched current source Is shown in Fig.1. The switched current
source Is 1s turned on after Step 4. The switched current source I3 controls the drain-
source voltage (Vgs) rise, (dVgs/dt) of SiC MOSFET. Step 5 ends as the Drain Source
voltage (Vds) reaches the DC bus voltage Vpc.

Step 6 of the turn-off process is a switched current source Is. Step 6 controls the drain-
source voltage (Vgs) overshoot and Vg ringing. The 6th step is turned on after the Sth
step. The voltage rise, (dV4y/dt) during turn-off 1s proportional to the gate current 1.
Similar to the turn-on process the transistor Q; is turned on after the switching transient is
completed to connect the gate of the SiC MOSFET to -5V. Q; and R; clamp the gate-

source voltage to -5V,

Section 111

Line current sensing and Low frequency control of the Active Gate Driver

i. Line current sensing
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The proposed Active Gate Driver implements a novel method to measure the line current
of the inverter using the kelvin inductance. The line current information on the AGD enables
better control for switching stages and eliminates the need of external current sensors. Line
current measurement within the AGD itself reduces the time for detection of overcurrent fault
than conventional methods that require external current sensors. This in turn improves the overall

overcurrent fault response time.

Fig.4 depicts the block diagram for line current measurement. The voltage across kelvin inductor
L 1s Lk. dig/dt this is integrated to obtain the drain current. However, when drain current is
equal to load current the voltage Lx. dig/dt is very small as dig/dt s corresponding to the low
frequency load current. To integrate this voltage an active integrator is used. The output of
integrator is given to a sample and hold circuit which samples the output atleast once every
switching cycle of SiC MOSFET. The output of sample and hold circuit is a voltage which i1s
proportional to the line current. This voltage can be optionally given to an ADC for further

processing.
ii. Low frequency Control of Active Gate Driver

The typical switching (turn-on/turn-off) time of the SiC MOSFET is in the range of 50-60
ns. The typical delay in measurement of voltage (Vqs) and current (ig) 1s 5-10 ns. Thus, it is very
difficult to accurately control the switching instants of the driving stages (Section I) in such a

small interval of time.

Alternatively, a low frequency control can be implemented which will correctly set the sequence
of the stages not in the current switching cycle but over a few cycles. The operation of the low

frequency control can be illustrated as follows.

Consider the turn-on switching instant. The Active Gate Driver starts operation with fixed time
intervals for the four stages. During the turn-on process the rise of drain current (ig) is controlled
by stages 1 and 2. After the drain current (i4) crosses the load current (IL), an overshoot is
observed in the drain current due to reverse recovery effect of the top diode. The magnitude of

overshoot 1s proportional to the gate current (iz) of the SiC MOSFET.
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The overshoot and subsequent ringing can be controlled within an allowable tolerance by
timing the Stage 3 of the turn-on section (Section I) appropriately. Under the assumption that the
load current does not vary rapidly the current overshoot remains more or less constant over a
period of few cycles. The low frequency control essentially adjusts the switching time instant of
3rd stage of turn-on section in the proceeding switching cycles. Since, it is a low frequency
control it will take atleast one entire switching cycle to limit the current overshoot in the

allowable tolerance range.

The drain current (ig) 1s measured and compared with the measured line current (Section III. 1)
and the overshoot is calculated. The switching instant of 3rd stage of turn-on section is adjusted
for the next switching cycle and then the overshoot is observed in the following cycle. If the
overshoot is in the tolerable limits the timing instants of the stages are fixed. If the overshoot is
not within the tolerable limits the process continues until it converges. The control algorithm can

be summarized using the flowchart Fig.5.

It may be appreciated by those skilled in the art that the drawings, examples and detailed

description herein are to be regarded in an illustrative rather than a restrictive manner.
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We Claim:

1.

10.

An active gate driver for silicon carbide MOSFETs for digitally controlling the switched
current using the device voltage and device current information, wherein the active gate
driver involves;-
turn-on section (I;, I, I5 and M;) and the turn-off section (L4, Is,Is and Q) for controlling
the rate of charging and discharging of the gate-source capacitor (Cg) of the SiC
MOSFET respectively;
the rate of rise and fall of drain current (ig) of the SiC MOSFET is controlled by turn-on
and turn-off process;
a method for sensing and measuring the line current for protection and followed by low
frequency control.
The active gate driver as claimed in claim 1, wherein the turn-on process controls the rate of
charging of the gate-source capacitor (Cgs) of the SiC MOSFET.
The active gate driver as claimed in claim 1, wherein the turn-off process controls the rate of
discharging of the gate-source capacitor (Cgs) of the SiIC MOSFET.
The active gate driver as claimed in claim 1, wherein the current sources are controlled
through logic via discrete gates includes CPLD and FPGA.
The active gate driver as claimed in claim 1, wherein the rate of rise of drain current (14) of
the SiC MOSFET is controlled by maintaining gate current (1) at constant.
The active gate driver as claimed in claim 1, wherein controlling the magnitude of gate
current the overshoot and ringing in the drain current of the SiC MOSFET is arrested.
The active gate driver as claimed in claim 1, wherein the turn-on section controls the current
overshoot and oscillations in the drain current and the rate of voltage (Vgs) fall of the SiC
MOSFET.
The active gate driver as claimed in claim 6, wherein the current overshoot of the SiC
MOSFET is proportional to the gate current (i,).
The active gate driver as claimed in claim 1, wherein the line current of the inverter is
measured using the kelvin inductance.
The active gate driver as claimed in claim 8, wherein the line current information on the
active gate driver enables better control for switching stages and eliminates the need of

external current sensors.



WO 2018/225083 PCT/IN2018/050354

11. The active gate driver as claimed in claim 1, wherein the low frequency control is
implemented to correctly set the sequence of the stages in switching cycles.
12. The active gate driver as claimed in claim 1, wherein the low frequency control take atleast

one entire switching cycle to limit the current overshoot in the allowable tolerance range.

10
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