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ABSTRACT

SiC MOSFETs are fast replacing Si IGBTs due to their superior performance in terms
of higher voltage blocking, lower on state resistance, higher thermal conductivity,
and higher switching frequency of operation. Commercially available SiC MOSFETs
have voltage blocking capabilities ranging from 650V to 1.7kV. One of the most cost
effective and efficient ways to take advantage of SiC MOSFETs in MV applications
is to connect them in series. Unfortunately, SiC MOSFETs are difficult to connect
in series due to the manufacturing process variations, mismatches in the applied input
gate control signal, and parasitics in the converter layout. Active Gate Driver based
control is one of the solutions that may be utilized to overcome the series connection
issue. The current study proposes a simplified switching analysis to understand the
problems related to the series connection. The gate current control based Active Gate
Driver is used to fully control the transients of series connected devices during turn
on and turn off time to achieve minimal voltage imbalance. A closed loop control is
also implemented for voltage balancing under varying load current conditions. A new
voltage balancing control approach for SiC MOSFET body diodes in a series connected
string is also proposed. The proposed control mechanism is examined in Double Pulse
Test (DPT) setup with two devices connected in series at 1.2kV dc bus voltage. The
experiment is extended to include chopper mode, buck converter mode, and half bridge
inverter mode for two devices at 1.2kV dc bus and three devices at 2.1kV dc bus using
1.2kV SiC MOSFETs.

The conventional desaturation protection approach includes a fixed blanking time
delay, which introduces uncertainty in device protection. An adaptive blanking time
technique for detecting Hard Switched Fault(HSF) is proposed. The proposed method
uses only device voltage sensing to detect the HSF status. In contrast to the traditional
desaturation technique, which uses a fixed blanking time, the proposed method varies

the blanking time during each switching cycle. This ensures faster detection of the
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shoot-through event and a reduction in peak fault current. The developed protection

method is tested in a Double Pulse Test(DPT) setup.

KEYWORDS: Series connection, Active Gate Driver, Voltage balancing.
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CHAPTER 1

INTRODUCTION

1.1 INTRODUCTION

SiC MOSFETs are suitable for high power density converters operating from 650V
to 1.7k V. Their performance is superior to Si devices in terms of the higher switching
frequency of operation, lower loss, and higher thermal conductivity. Due to growing
consumer demands, SiC MOSFETS price is decreasing. The power density of medium
voltage converters (ranging from 1kV to 35kV) can be significantly improved by
extending SiC technology to these converters. However, SiC MOSFETs with ratings
greater than 1.7kV are not commercially available. Few manufacturers offer 3.3kV SiC
MOSFETs, but these devices are much more expensive than Si IGBTs. Several low
voltage SiC MOSFETs can be connected in series to achieve higher voltage blocking
capability to meet the pressing requirements of medium voltage applications.

Currently, for MV applications Si IGBTs are generally preferred. However, the
IGBTs have a maximum voltage blocking capability of 6.5 kV. The switching loss and
on-state voltage drop are inherent trade-offs that impede the development of Si IGBTSs
for higher voltage ratings. Consequently, Medium Voltage Si IGBTs are often restricted
to switching frequency lower than 800 Hz. They may not be the optimal solution for
new applications in which a higher switching frequency of operation is preferred. These
constraints can be greatly reduced by using SiC MOSFETs.

The higher cost due to low production volume is a barrier to their widespread
use. It is possible to realize a high voltage switch for medium voltage applications
by connecting several low voltage SiC MOSFETs in series. This method is less
expensive and more efficient than using a single high voltage switch of comparable
rating. However, connecting many devices in series presents several challenges that
need to be addressed before they can be used in medium voltage applications. One of the
difficult challenges in series connection is to ensure that the voltage is properly balanced

in both transient and steady state conditions. Several voltage balancing techniques have



been proposed for series connected Si IGBTs. However, these techniques cannot be
directly applied to SiC MOSFETSs due to their faster switching speed. This chapter
discusses the review of existing techniques for series connecting SiC MOSFETs, which
lay the foundation for the proposed active control technique for series connecting SiC
MOSFETs. An overview of the proposed active gate control will be discussed in this
chapter. The short circuit withstanding time of SiC MOSFET is lesser than the Si
devices. As the short circuit withstanding time is lesser, a faster detection circuit is
required to detect the short circuit event. An adaptive blanking time-based short circuit

detection technique is also proposed in this thesis.

1.2 REVIEW OF SERIES CONNECTION TECHNIQUES

Series connection techniques can be broadly classified into four groups. Passive
snubber approach, voltage clamping method, gate pulse delay time control, and active
gate control. In the passive snubber approach, the individual gate driver and the passive
components like resistor, capacitor, and diode across the device [1], [2]]. The passive
snubber technique obtains good dynamic voltage balancing but at the price of longer
turn off time, and higher turn off loss in the capacitor [3[]- [6]. The snubber capacitor
current is larger in magnitude, and stored energy during turn off time is dumped back
into the power device during turn on time. The device loss increases proportionally as
the switching frequency increases. A single gate driver connected to the bottom most
device is used to drive the series connected devices with passive components connected
to all other series connected devices gate terminal [7]], [8]. [9] proposes a series parallel
approach based single external gate driver for series connecting SiC MOSFETSs with
passive components. The above mentioned passive snubber approach increases the cost
and size of the solution. Furthermore, due to a significant increase in loss, a higher
switching frequency of operation is not possible. Fig[I.T| shows typical RCD snubber
technique for series connected IGBTs for DC breaker application. The snubber based
solution for power conversion will drastically increases the size and cost of the solution.

In the voltage clamping method, the voltage across the devices is clamped to a
predefined voltage through closed loop control. Active voltage control is a popular

technique for series connection of Si-IGBTs. To control the device voltage, a high
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Fig. 1.1: Series connecting SiC MOSFETs with RCD snubber for DC breaker
application

bandwidth OP-AMP is used [10]]- [13]]. Except for the high bandwidth OP-AMP, this
method does not require complex circuitry. Feedback gains are critical in this method
to achieve any desired voltage balancing. In this method, TVS diodes are used to limit
the overvoltages. [25]] presents a novel voltage balancing technique in which maximum
device voltage is clamped using a capacitor and a diode. Also, the stored energy in the
capacitor is recovered for self powering the gate driver. Figl[T.2] shows Active Voltage
Control technique for series connected IGBTs. High bandwidth OP-AMP is cascaded

to meet the bandwidth requirement for voltage balancing.
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Fig. 1.2: Typical AVC control technique for series connected IGBTs

Gate Pulse Delay (GPD) control [14]- [18] is also a popular control technique.
In this method, a simple gate driver is used for voltage balancing. The turn on and

turn off instants of the gate signals are delayed based on the voltage mismatch. This



method requires a drain to source voltage sensing circuit, and the central controller
uses the sensed signal of all the device voltages to decide the difference in the voltage
mismatch. The central controller determines the delay required to achieve the voltage
balancing. proposes a magnetic coupling based gate pulse synchronizing technique.
The above mentioned method requires a central controller as shown in Fig[I.3]and high-
precision delay IC to adjust the gate pulse delay to a few nanoseconds. However, these

methods do not address diode voltage balancing control.

st P
JF-1-"‘i1|__ J }9 EE-Rﬁ' Uds1
e Vsigl
Gate H
diriver
L
FPGA S2 |_ L
Usig2 'r"‘:iig’.! I(_ E:H.i-_g Uds2
| [Delay | | Gate I_'
line driver

Fig. 1.3: Gate pulse delay control technique

Low-pass SVS

S/H DS EE‘T'H:'_"_ +
o]

LB-PI %
PWM & =

Active dv/dt
control

y» .
S0 LCIRL _Actlwdvfdhﬁ -

control

ﬂ%_r..
?;T;w

Low-pass SVS

Fig. 1.4: Active Voltage Balancing technique



Active Voltage Balancing is a more popular technique for series connecting SiC
MOSFETs. [20] uses a drain side switch, shunt capacitor, and conventional gate
driver with the central controller to actively control the device %) to achieve voltage
balancing control. The PWM technique is used with a shunt capacitor for voltage
balancing as shown in Fig[T.4] [21] proposes a voltage balancing control method with
Active Gate Driver (AGD). A gate resistance modulation method with a signal time
delay is adopted for dynamic voltage sharing. [22]] proposes an active gate driver with
variable gate voltage control in a closed loop fashion to achieve voltage balancing.
It uses a single p-channel MOSFET to determine the connection timing of a pre-

charged capacitor in series with the input capacitance, in which the voltage balancing

dv

is achieved. [23], [24] presents active

control where the voltage imbalance created

is mainly due to the formation of gate to earth capacitance. The Z—: of the device is
controlled by controlling the capacitor current by adding additional Miller capacitance.
[26] proposes a hybrid voltage balancing technique by combining active % control and
gate pulse delay control for controlling the active switch voltage in series connected
devices. In this method a small compensation capacitor is added for diode voltage

balancing.

1.3 REVIEW OF SHORT CIRCUIT PROTECTION TECHNIQUES

Protecting SiC MOSFETs during fault condition is a major challenge [27]. The
short-circuit protection is a challenging task for SiC MOSFETs due to their fast
switching speed and smaller short-circuit withstand time compared to Si IGBTs.
This time further shrinks at higher operating temperature [28]. Thus, a reliable
short-circuit detection and quenching method is required for wide adoption of SiC
MOSFETs. Several protection schemes are proposed for SiC MOSFETs. The gate
charge characteristics shows the variation in determining the normal and short-circuit
event [29]]. [30] presents Current Transformer (CT) based short-circuit protection,
where the CT is used to sense the drain current and a fast comparator is used to detect
the short circuit event. Rogowski coil is also used to sense the di/dt and the drain current
is reconstructed using the integrator which is compared with fault current reference to

detect the short circuit event [31]. The stray inductance between Kelvin and power



source terminal of SiC MOSFETsS is used to detect the fault current in [32]], [33]]. All
the above mentioned methods give better short-circuit performance but they are difficult
to implement.

Desaturation based protection technique is commonly used for short circuit
protection of IGBTs. It has the advantage of easy implementation, lesser complexity,
and higher noise immunity. But it cannot be directly used for SiC MOSFETs due to the
fixed blanking time [34]]- [35]. The blanking time is provided to differentiate between
the normal turn on and the short circuit event. [36] discusses adaptive blanking time
in IGBTs, where the blanking time is varied by monitoring the collector to emitter
saturation voltage and varying the desaturation comparator reference. This method,
cannot be directly implemented due to the fast switching speed of SiC MOSFETs.
[37], [39] presents a modified desaturation circuit, where an additional resistor is added
between the gate and desaturation sensing circuit to minimise the charging time of the

blanking capacitor.

1.4 BRIEF DESCRIPTION OF THE PRESENT WORK

The present work aims to address the voltage imbalance in series connected SiC
MOSFETs due to the presence of gate pulse mismatch, process variation and layout
parasitics. Gate Current Control based Active Gate Driver(AGD) is used for controlling
the switching transients during turn on and turn off time. The gate current control
leads to the constant rate of gate to source voltage (v,,) change compared to the voltage
source driven control [38]], [40]. Miller current for the (%) control can be effectively
controlled through current source. The sensitivity of the current control is much lower
than that of the voltage control, which is very immune to gate loop parasitics. Fig[I.3|
shows the block diagram unit of single Active Gate Driver connected to SiC MOSFET.
Several such units can be connected in series to realise the series connection of SiC
MOSFETs. Ideally, there is no limitation on the number of units that can be series
connected, but limitations may come due to the complexity of the circuit. The key
building blocks of Active Gate Driver(AGD) are FPGA, Power Supply Unit(PSU), turn
on and turn off stages for gate current control, voltage sensing, and signal conditioning

units. Each AGD in the series connected string receives a gate pulse and transmits the



fault information.
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Fig. 1.5: Block diagram representation of proposed AGD for series connecting SiC
MOSFETs

The present work address the issues related to series connection implementation.
Some of them are mismatches in the input gate pulse timing received by the gate drivers,
variations in parasitic capacitance of SiC MOSFETs due to process variation, and
parasitic inductance and capacitance formation due to the circuit layout. These issues
are addressed using AGD based control with no communication to the central controller.
Each individual SiC MOSFET in the series connected string contains a dedicated Active
Gate Driver(AGD). AGD requires only the device voltage (v4s) information to perform
active control to achieve voltage balancing in both the transient and steady state. The
present work also proposes a low frequency closed loop control for voltage balancing of
series connected SiC MOSFETs for varying load conditions, the device ‘fi—;’) variation
also depends on the magnitude of the load current. At lower load conditions, the
active control cannot achieve good voltage balancing. The low frequency control, in
conjunction with the active control, is used to achieve voltage balancing at varying
load current operations. The present work also proposes a novel active diode voltage
balancing technique for balancing the body diode voltages of SiC MOSFETs when the
diodes are turned off. The body diode which blocks the higher voltage is discharged
by partially turning on the respective MOSFET. Excess charge in the diode reverse
capacitance is discharged to the device until it reaches the set reference voltage. The
experimental verification of the proposed technique are performed at 1.2kV dc bus

voltage with two devices in series and 2.1kV dc bus voltage with three devices in series.



The present work proposes an adaptive blanking time based Hard Switch
Fault(HSF) or shoot through detection technique for detecting the shoot through event
in SiC MOSFETs. The adaptive blanking technique makes use of the AGD’s FPGA to
change the blanking time as the load current varies. This eliminates the fixed blanking
time used in the conventional desaturation technique. The proposed adaptive blanking
time technique is experimentally verified and validated in a Double Pulse Test (DPT)

setup.

1.5 ORGANIZATION OF THE THESIS

The thesis is organised as follows:

Chapter 2 includes modeling of the switching transients of series connected SiC
MOSFETs. The analysis captures the issues associated with series connected SiC
MOSFETs. The transients during turn on and turn off are analyzed and modeled. The
steady state fTi and % of the series connected devices are derived, which can be used
for controlling the switching transients. The steady state analysis captures the effect of
various circuit parameters that contribute to voltage unbalance. The variation of load
current in series connected SiC MOSFETs is presented. The issue of body diode voltage
imbalance is also discussed.

Chapter 3 discusses the proposed active gate driving control technique for series
connected SiC MOSFETs. Using the analytical model, current source based turn on
and turn off control stages are presented. The operation of each switching stage and
its impact on voltage balancing in the device are discussed. The need for closed loop
control for voltage balancing during low load current conditions, along with the control
loop design are explained. The body diode voltage control is presented for voltage
balancing during diode turn off transients.

Chapter 4 focuses on the hardware implementation and realisation of the proposed
active control switching stages for turn on and turn off. The current source stages are
realised using NMOS and PMOS switches. This chapter also includes the hardware
results of the proposed control technique.

Chapter 5 discusses the proposed adaptive digital blanking time technique for
detecting the HSF or Shoot through event in SiC MOSFET. The working methodology



and practical implementation along with the experimental hardware results are also
presented in this chapter.

Chapter 6 concludes the thesis.



CHAPTER 2

Modelling and Analysis of Switching Transient of Series

Connected SiC MOSFETSs

2.1 INTRODUCTION

Series connecting several low voltage SiC MOSFETs is one of the optimal solution
for medium voltage applications. However, SiC MOSFETs switch at a much faster rate
than the Si IGBTs. The effects of converter parasitic inductance and MOS capacitance
play a dominant role during the switching transient. It has a direct impact on the
voltage balancing of series connected SiC MOSFETs in both transient and steady
state conditions. The series connected SiC MOSFETs must be modelled and analysed
in order to control the voltage balancing problem. In this chapter, the turn on and
turn off switching transients of series connected SiC MOSFETs are analysed and
mathematically modelled. The switching dynamics are modelled using a current source.
The relationship between the device turn on and turn off behaviour with gate current
(i4) 1s established. The effects of parasitics in MOS devices have been considered in
the modelling. In addition, the effects of load current on voltage balancing in series
connected SiC MOSFETs are also discussed. SPICE simulation is used to validate the
modelling and analysis. The simulation results are presented to validate the switching

transient analysis.

2.2 TURN ON SWITCHING TRANSIENT ANALYSIS

The mathematical modelling of switching dynamics using a voltage source and
series gate resistor approach yields complex equations with little intuitive insight.
Furthermore, switching parameters such as % and voltage overshoot are affected by the
threshold voltage (V;;,) and common source inductance (L). The switching dynamics
varies with the threshold voltage (V). The variation in threshold voltage due to the

junction temperature (7}) variation is also significant, thus making control even more



difficult[20]. However, using a current source based approach, the device % and %

become a linear function of gate current(iy) thus simplifies the control technique. The
turn on and turn off switching transient are analysed with double pulse test(DPT) setup

with clamped inductive load as shown in Fig[2.1]
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Fig. 2.1: Double pulse test setup for analysing series connected SiC MOSFETs
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Fig. 2.2: Simplified circuit model of SiC MOSFET at various switching stage

The simplified circuit model of SiC MOSFET is shown in Fig[2.2] Fig[2.2a)shows
the equivalent circuit symbol of SiC MOSFET with parasitic capacitance, where Cy is
gate to source capacitance, Cyq is gate to drain capacitance and Cy; is drain to source
capacitance. The gate to source voltage(v,,) decides the mode of operation. If the gate
to source voltage(v,,) is less than threshold voltage (vy, < Vip), the device operates
in cut-off region and the equivalent circuit model is shown in Fig[2.2bf When the
drain to source voltage(vy,) is greater than gate to source voltage(vys) and threshold

voltage(V;1,), the device operates in the saturation region (vgs > vgs > V). Figl2.2¢
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depicts the equivalent circuit model, where ., represents the channel current. If the
gate to source voltage(vys) is greater than threshold voltage(V;;) and device drain to
source voltage (vg4,), the device operates in the triode or linear region (vys > Vi, > vgs).
The equivalent model is shown in Fig2.2d| R, represents the on-state resistance of
the device. These models will be often used in analysing the switching transients of

series connected SiC MOSFETSs.
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Fig. 2.3: (a) DPT test setup driven with current source (b) Ideal turn on switching
transient

The Fig[2.3a)shows the DPT setup with top series connected SiC MOSFETs S; and
S, in Fig[2.T] are replaced with their body diode D; and D, respectively. The gate of the
device S5 and S, are driven by the current source of magnitude 7,3 and 744. Prior to the
turning on of the device S5 and Sy, the load current [}, is assumed to be free-wheeling
through D; and D,. Fig[2.3b|shows the ideal turn on transient of series connected SiC
MOSFETs, where the gate voltage and the device parameters are exactly matched. The
body diode D; and D drop are assumed to be zero (ideal condition) when it is forward
biased.

Vbe = Vropr + Veor 2.1
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where Vrop and Vpor is given by
Vrop = Vas1 + Vis2 (2.2)

VBor = Vas3 + Vdsa (2.3)

For series connected devices, the turn off blocking voltage is decided by the number of
devices connected in the series string. In case of two devices in series connection, the
blocking voltage of device S3 and .Sy is %

The turn on transient of ideal series connected SiC MOSFETs is identical to the
single device turn on switching waveform shown in Fig[2.3b] However, due to IC time
delays and parasitic earth capacitance formation from the switching node, the input gate
pulse and parasitic capacitance of series connected SiC MOSFETSs cannot be precisely
matched in practice. The gate pulse instant of device S, is delayed from that of S5

to analyse the turn on transient of series connected SiC MOSFETs under real world

conditions.
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Fig. 2.4: (a) DPT test setup with input gate pulse delayed (b) Practical turn on switching
transient of two device series connection

The gate pulse instant of device S, Gate driver G D, is delayed by delay time ()

with respect to the device S3 Gate driver GD3. The load current I, is assumed to be

13



free-wheeling through the top diode D; and D,. The turn on transient can be subdivided

into delay time, turn on over voltage time, current rise time and voltage fall time.

2.2.1 Delay time interval

Fig[2.5] shows the equivalent circuit model of series connected device S; and S,
driven with current source of magnitude 743 and ¢44. For simplicity, the top diodes D,
and D, are replaced with a single diode. The load current [, is assumed to be free
wheeling through it. As per the assumption in Fig[2.4a] the device S5 receives the gate
pulse much earlier than device S,. The time interval (¢, — t,1) in Fig[2.4b|represents
the turn on delay time which signifies the amount of time required to rise the gate to

source voltage (v,4) from negative voltage (—Vgg) to threshold voltage (V). During
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Fig. 2.5: Equivalent Circuit model during delay time

this interval, the current source 443 and i44 charges the input capacitance of device S3

and S;. Where the input capacitance Cj .3 and Cls4 of device S and Sy are given by

Eq.(2.4) and Eq.(2.9)
Ciss3 = Cgs?) + ng3 (24)

Oiss4 = C’gS4 + ng4 (25)

Applying KCL at the gate node of device S3 and Sy is given by Eq.(2.6) and Eq.(2.7)

. dv s3
7,93 = Ogsgd—i + Cg

dvgdg

— 2.6
a3y (2.6)



dvgs4

dt

d
+ Oy o 2.7)

7;gét = Cgs4 dt

Similarly KVL across the capacitance of device S3 and S, is given by Eq.(2.8) and

Eq.(2.9)

Vgd3 = Vgs3 — Uds3 (28)

Vgda = Vgsa — VUds4 (29)

During this time, device drain to source voltage v,s3 and vgs is blocking %
Substituting Eq.(2.8) and Eq.(2.9) in Eq.(2.6) and Eq.(2.7), the gate voltage of series
connected SiC MOSFETs S3 and Sy is obtained as given in Eq.(2.10) and Eq.(2.T1).
The gate can be equivalently represented as current source connected in parallel with
SiC MOSFET input capacitance (Css). At the end of time interval(t,,;) the device S3
which is turned on earlier than the device S, reaches the threshold voltage(V;;) and

enters into turn on over voltage interval.

1 t
t
b= | igadt (2.11)

2.2.2 Turn on over voltage interval

The time interval (¢,,; — t,,2) in Fig[2.4b|represents the turn on over voltage period.
Due to the presence of delay time (Z;), the device S5 turns on earlier than the device
Ss. The gate to source voltage (v,s3) of device S3 reaches the threshold voltage (V)
much earlier than the device S4. As the device S5 crosses threshold voltage, the device
enters into saturation region. The channel is formed to conduct the load current. The

expression for channel current is given by Eq.(2.12).

Leh3 = 9Im3Ugs3 (212)
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where g,,3 represents the transconductance of device S3. However, device S3 cannot
conduct the load current as gate to source voltage(vyss) of Sy has not reached the
threshold voltage. Fig[2.6] shows the equivalent circuit during the turn on overvoltage
interval. The device S5 channel current 7.,3 cannot take the full load current as the
device S, has not reached the threshold voltage. A small channel current ¢.,3 flows
through the output capacitance(C,4s4) of the device Sy, thus increasing the device drain
to source voltage(vgs4). The increase in the drain to source voltage (vg4s4) of Sy causes
the drain to source voltage (v4s3) of S3 to decrease to balance the KVL. The current
rise % during this interval will mainly depend on the magnitude of the applied gate
current. Smaller magnitude of 743 causes lower %. This in turn reduces the turn

on over voltage of device Sy by slowly charging the output capacitance(C,ss4). This

phenomenon happens until the gate voltage of S, reaches the threshold voltage.
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Fig. 2.6: (a) Equivalent circuit model during turn on over voltage interval (b) Over
voltage increase in device S,

Applying KCL at gate node 1 of Fig[2.6b]

. dvgs dv

143 = Cgsgd—gt3 + ng?)d—ids (2.13)
Simplifying Eq.(2.13) with vy43 = v4s3 — Vass

) dv,e dvgs

193 = Cz‘sssd—gts - nggﬁ (2.14)
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Where Cjss3 = Cye3 + Cyas 1s the equivalent input capacitance of device S3. Similarly

applying KCL at node 3,

dvgs dvgs
% Oy st (2.15)

Z‘g4 = Ciss4 dt

Applying KCL at the drain node 2 of device S5, the drain node 4 of device .S and outer
KVL loop (by neglecting the vy, drop as % is very low ) is

leh3 = 1d + 1cgd3 + iCds3 (2.16)
tg = icgds + Lodsa (2.17)
Vbc = Vas3 + Vasa (2.18)

Simplifying the Eq[2.14] Eq[2.15] Eq[2.16]and Eq[2.17]

dvgss dvgs3 . ng3 . ng4 .
K _ e — 2.19
! dt 2 dt fehs Oiss?,lgg Ciss4zg4 ( )
Differentiating Eq[2.18]

dvds3 dvds4

dt dt

=0 (2.20)

Substituting the Eq]2.20| in Eq]2. 191, the rise in the device drain to source voltage (%

can be expressed as

dras_ (=0, — G 021
dt K, + K, '
c? Cc?
Where Kl - (Coss4 - Cz‘gsii) = Coss4 and KQ - (Coss?; - Cii?;) = Coss3’Where Coss3

and C,,4 are the equivalent output capacitance of device S; and Sy. The Eq2.21] can

be modified as

gm3_ogd3 - ng4 -
dvd54 ( C’issS )/Lg3 B C’Lss4 7/94
- (2.22)
dt Coss3 + C’oss4

From Eq , the rise in the device S; drain to source voltage (%) is directly

dependent on the magnitude of the gate current ¢,3 and ¢44. Higher ig3 current results
in larger (d”d%). Similarly, the sum of the device voltage v,,3, V454 during this interval

will always be equal to the applied DC bus voltage (V) to satisfy the KVL.
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2.2.3 Current rise interval

The time interval (¢, — t,3) in Fig is termed as the current rise (ddif) region.

The device S3 channel has already formed and it is in saturation region. Despite the

dig

channel has formed, (<

) will be very less as the other series connected device channel
has not formed yet. The current rise of series connected devices starts as soon as the
gate voltage (vgs4) of device Sy reaches the threshold voltage. During this interval, the
device channels are formed, and both devices are in saturation, ensuring their readiness

to take the load current. Fig[2.7|shows the equivalent circuit model when both the device

are in saturation.

Fig. 2.7: Equivalent Circuit model during Current rise Interval

Applying KCL at the gate node 1 and 3 results in Eq[2.23|and Eq[2.24] respectively.

4 dvgs dvgs
igs = Ciass— 1 = Coms—> (223)
. dvgsy dvgsa
lga = Ciss4d—gt - ng47 (2.24)

Taking Laplace transformation of Eq[2.23] Eq[2.24|results in Eq[2.25|and Eq[2.26]
Iy3(8) = 8Cis53Vys3(8) — 5Cya3Vass(s) (2.25)

]94(8) = SCiss4V;]S4(S) - Sng4‘/ds4(S) (226)



Similarly, applying KCL at drain node 2 and 4 and taking Laplace transformation

results in Eq[2.27)and Eq[2.2§|
I4(5) = 5Coss3Vias3(s) + (gm3 — 5Cga3) Vgss(s) (2.27)

I4(5) = 5Cos5aVigsa(s) + (gma — 5Cgaa) Vgsa(s) (2.28)

The KVL at the outer loop is given by Eq[2.29]
Ve = Vip + Vas3 + Vgsa (2.29)

The rate of rise of i4 as a function of both the gate current is described from Eq[2.30] It
should be noted that the higher order s® term has been ignored as the relative magnitude

is very small.

Ipp()(1 — 5(928 — Ka)) 1 [ (5)(1 — 5(Gats — K1)
SZLP(K19m2+K29m1) + S(Lp _|_ Ciss3 Ko + 2554K1) _I_ ( 1583 + g:14)

Im1dm2 Im1dm2 9m19m?2 9m3

sly(s) =

(2.30)

where K| = Ci3C0ss3 — Coyz and Ky = Ci0aCoses — Cogy and in the steady state

the (d“) of drain current is given by Eq-

@ M 2.31)
dt 7,553 + 1554
9m3 9m4

From the Eq! the current rise (dld) directly depends on the applied gate current,
transconductance and input capacitance of the SiC MOSFETs. The dzd of the series
connected SiC MOSFETs can be controlled by directly controlling the input gate
current.

Vds3 + Vdsa = VDo — Ugp (2.32)

Due to the CZj, there will be a L, déf drop across the parasitic inductance (L,,) as
described in Eq[2.32] This leads to slight reduction in the device voltage during the

current rise interval as shown in Fig[2.4b]
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2.2.4 Voltage fall interval

The time interval (t,5 — t,4) in Fig is termed as voltage fall (%) interval.
As the drain current reaches the load current, the device enters into the voltage fall
interval. The top diode will be entering into the reverse recovery mode and an overshoot
is observed in the drain current. During the voltage fall interval, the device gate voltage

reaches the plateau voltage (v,;) and most of the gate current will be flowing into the

Miller capacitance of the device. The equivalent circuit model has been presented in

Fig The relation between the (de) and the applied input current can be derived as

follows.

oo )

=Cds3

T=Cds4

Fig. 2.8: Equivalent Circuit model during Voltage fall Interval

Similarly, applying KCL at the drain node 2 and 4 in Fig[2.§|results in Eq and
Eq2.34

g + 1cgd3 = ten3 + icds3 (2.33)
i + 1Cgds = Teha + Lodsa (2.34)
Taking Laplace transform
I4(s) + Icgas(s) = Iens(s) + Icass(s) (2.35)
L4(s) + Icgaa(s) = Iena(s) + Icasa(s) (2.36)
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Eq[2.25] Eq[2.26] Eq[2.35|and Eq[2.36| can be simplified as

$14(5)Cisss + (8Cgas — Gms)1g3(s)

sVyss(s) = (2.37)
¢ 3( ) S(CiSSSCoss?) - CQQd?;) + gm3cgd3
I 1SS - Ym I
sVisa(s) = 2 a(5)Clson + <5ng4 9ma) g1 (5) (2.38)
S(Ciss4coss4 - ng4) + gm4ng4
The outer loop KVL, considering the input excitation alone is given by Eq[2.39]
1
Viss(8) + Vasa(s) = —(sL, + J)Id(s) (2.39)
p

The voltage fall of entire series connected device can be simplified by solving Eq[2.39]

(1+ 5*LpCy) (Lg3(5) (5Cygas — Gms) (Ma) + 15a(5)(sCyas — Gma) (M1))

sV, 5) =
ror(s) () (Mo)(2LyCy + 1) + 5Cy[Csa (Ma) + Cnoa (M)
(2.40)
where
M = sKi + gm3Cyas
My = sK3 + gmaCyaa
Kl = 02'55300533 - ngg
KQ = Ciss4coss4 - C§d4
The steady state % of the series connected device is given by
dvpor _ dvgs3 . dvgss _ g3 g 2.41)
dt dt dt Coas  Coama

From Eq[2.41] the voltage fall region are mainly decided by the applied gate current

(i4) charging the Miller capacitance (Cyq) of the series connected device. The rate of

voltage fall (dfl%) for device S3 and S; is given by Eq and Eq

dvgs3 lg3
= —— 2.42
it Com (242)
dvds4 ig4
= — 2.43
dt ng4 ( )
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The applied gate current and Miller capacitance primarily determine the device’s rate of
voltage fall. Miller capacitance, on the other hand, varies with the operating region of
drain to source voltage. The change in the Miller capacitance of one of the device causes
the (%) of Sy to be sightly different than of S3. During the voltage fall interval, the top
diode will be in the reverse recovery region. This reverse recovery charge will appear
as current overshoot in this interval. After the voltage fall region, the gate to source

voltage vy, further increases and reaches the maximum applied voltage (recommended

for minimum R4,,) and gets clamped to that value.

2.2.5 Simulation results of turn on switching transient

To simulate the transients of series connected SiC MOSFETs, the LTspice
environment is used. The turn on transient is simulated here using two cases, one with
no delay in the applied gate pulse and one with delay in the applied gate pulse. This will

help to understand the issue of turn on transients in series connected SiC MOSFETs.

24v . 260mA
20v{ L220mA
16V F180mA
12v] H4oma
8V t100mA
EATE b BOmA

v b 20mA

-4V

840V 26A
7201 | s
600V 18A
480V 14A
360V F10A
240V 6A
120V F2A
wl![lns 45|Uns dslﬂns 51ins Silns §70ns Bins iins bilns E&Onszﬁ

Fig. 2.9: Simulation result of turn on transient without delay (Voltage scale: 120V/div,
Current scale: 4A/div and time scale: 30ns/div)

Fig[2.9shows the ideal simulation results without any delay in the gate pulse. The
device voltage vy4s3 and vg,4 are identical and overlapping with each other. Now the
input gate pulse is delayed by 10ns, Fig[2.10|shows the device voltage (v4s3) increases
due to the delay time. Due to the delay in the input gate pulse, device voltage v4s3

experiences over voltage of 90V from the reference voltage (% = 600V). As the
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Fig. 2.10: Simulation result of turn on transient with delay (Voltage scale: 140V/div,
Current scale: 4A/div and time scale: 20ns/div)

delay time between the gate pulse instants of series connected devices increases, the
over voltage of the particular device also increases. This leads to the higher switching

loss during the turn on and it may cause device failure if it exceeds the rated voltage.

2.3 TURN OFF SWITCHING TRANSIENT ANALYSIS

Fig[2.11a shows the Double Pulse Test(DPT) setup. Before the turn off transient,
the device S3 and S, is assumed to be conducting the full load current (/1) and device
is operating in the triode or ohmic region. Fig[2.11b|shows the ideal turn off switching
transient. In ideal turn off condition, the applied gate pulse instants are exactly matched
and the turn off transient of series connected SiC MOSFET looks exactly similar to the
single device turn off transient. The two device voltage v453 and vgs4 Will be exactly
blocking (V%) in the steady state.

The voltage imbalance can occur in the presence of delay in the applied gate
pulse instant, parameter mismatch due to process variation, and the formation of earth
capacitance from the switching node. Because of these variations, when considering
the practical turn off switching transient, the device voltage of a series connected SiC

MOSFETs cannot be precisely balanced or matched in the same way that an ideal turn
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Fig. 2.11: (a) DPT test setup with input gate pulse delayed (b) Ideal turn off switching
transient

off switching transient. In order to analyse the turn off transient of series connected
device, the turn off gate pulse instant of device S, is delayed by delay time (%)
compared to device S3. Due to this delay time, mismatch is created in the switching
transient as shown in Fig[2.12] and this mismatch can be analyzed and modelled by
considering each time interval and their equivalent circuit model in that transition

period.

2.3.1 Turn off delay time

Fig[2.13] shows the equivalent circuit model of series connected device S5 and Sy
driven with current source of magnitude ¢,3 and i44. For simplicity, the top series
connected device S, and S, are replaced with equivalent single diode. The load current
I}, is conducting through device S5 and S;. Here, Rgyson3 and Rgs,ns4 are on-state
resistances of device S3 and Sy respectively. As per the assumption in Fig[2.12] the
device S5 receives the gate pulse earlier than device S;. The time interval (t7o — 1)
in Fig[2.12 represents the turn on delay which signifies the amount of time required to
bring the gate to source voltage (vy,) from positive voltage (+Vsgs) to Miller plateau

voltage (v,;). During this region, the input capacitance of the device S5 and Sy starts
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Fig. 2.12: Practical Turn-Off switching transient of two device series connection

discharging by the current source. However, there are no change in the device current
(74) and drain to source voltage (vgs) of both the series connected devices. Fig[2.13]
shows the equivalent circuit model during the turn off delay time interval, where the
input capacitor starts discharging from both the series connected SiC MOSFETs in
accordance with the applied current source at the gate terminal.

Applying KCL at the gate node of device S3 and S, Eq.(2.44) and Eq.(2.43) are

obtained.

d’Ug s3 dvgdg

Z.g3 - _09837 - Ogd37 (244)
. dvgs dv
igq = —Ogs4d—~‘;4 - Ogd4d—gtd4 (2.45)

Substituting Eq.(2.8) and Eq.(2.9) in Eq.(2.44) and Eq.(2.43), gate voltages of series
connected SiC MOSFETs S5 and S, are obtained as Eq.(2.46) and Eq.(2.47). The
gate can be equivalently represented as a current source connected in parallel with SiC
MOSFET input capacitance (Cj,;). At the end of the time interval(ts;), the device S;

which is turned off earlier than the device S, reaches the Miller plateau voltage(v,;) and
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Fig. 2.13: Equivalent circuit model during delay time

enters into turn off voltage rise interval.

1 t

t
/ igadt (2.47)
0

2.3.2 Voltage rise interval

The time interval ({71 — t¢3) in Fig represents the voltage rise (%) period. At
first, the gate to source voltage (v,43) of S3 reaches the Miller plateau (vy;) at ¢;; time
instant. The reduction in the gate to source voltage (vys3) causes the reduction in the
current flowing through the device. As soon as the gate to source voltage (v,43) reaches
the Miller plateau voltage (v,;), voltage rise (%) of S3 begins. But .S, gate to source
voltage (v454) has not reached the Miller plateau voltage (v,;) due to the delay present
in the applied gate pulse instant. The equivalent circuit model during this region can be
seen in Fig2.14]

Applying KCL at node 1 and 2 is given by Eq[2.42)and Eq[2.43]

4 dvgs dvgs
193 = CissSd—gtS - gdS% (248)
tq = Ten3 + 1odgs 1 icds3 (2.49)
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Fig. 2.14: Equivalent circuit model during voltage rise interval

Taking Laplace transform and further simplification is obtained by Eq[2.50] and

Eq2:5T]

IgB(S) = SOiSS?)‘/QSS(S) - Sng?"/dS?)(S) (250)
Id(s) - 800583%83(8) + (ng - Sng?))‘/gsS(S) (251)

From the outer KVL loop , the i4(s) can be obtained as

Vds3 (S)

2.52
(SLp + ﬁ + Rdson4) ( )

Iy(s) = —

Solving Eq2.50, Eq2.51}, Eq[2.52|and neglecting the higher order s term, the voltage

rise (%) can be expressed as

[(gm3 — $Cga3) + (8*(Lpgms — CpRasontCyas))] Lgs(s)

52 (gm3ng3 + KCdeson4) + S(K + CpCiss3 + gm3ng3> + gmBngS
(2.53)

sViss(s) =

Where K = Cj453C 553 — Cg2d3. The steady state (dii%) can be obtained from above

Eq2.53]

dvdsi’) [ g3
= == 2.54
dt Cla (254)

Similarly at ¢, instant, the gate to source voltage (vys4) of Sy reaches the Miller plateau
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(vp)- Figl2.15]shows the equivalent circuit model, when both the devices enter into the
Miller plateau region. The dynamics of turn off at this interval is same as the voltage
fall interval in the turn on instant of the series connected devices. Here, the equivalent

circuit model represented in the both the conditions remains the same.

1_{;3

1g4

Fig. 2.15: Equivalent circuit model during voltage rise interval

The voltage rise of entire series connected device can be given by

—1L43(5)(5Cyas — Gms) (M2) — Lya(5)(5Cgas — Gma) (M1)

Voor() = ) M) (2 L,Cy + 1) + 3Gy Cron (M) + CooaO)] )
where

M, = sK; + gm3Clas

My = sKs 4 gmaCiyas

K1 = Ciss3C5s53 — ngdg

Ky = Ci554Cos5a — C§d4

The steady state % of the series connected device is given by

dvjtoT _ dchg n d’lc);sz; _ 5223 1 éz; (2.56)

Due to the mismatch in the gate pulse instant from Fig[2.12] it can be seen that there
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exist a finite static unbalance in the steady state voltage balancing. The static imbalance

in the series connected devices can be represented by Eq[2.57]

I I
AV = Vi3 — Vigss = ng t1 — Citz (2.57)
gd3 gd4

where t; = tr3 — 4 and 1o = ty3 — to are the instant at which the channel current
is formed and mainly depends on the applied gate pulse instant. Either the applied
gate current can be controlled or the delay time can be controlled to minimise the static

imbalance in the voltage.

2.3.3 Current fall interval

e

1g3

lg4

Fig. 2.16: Equivalent circuit model during current fall interval

The time interval (t73 — t74) in Fig is termed as the current fall (%) region.
The current fall region begins when the sum of the device voltages exactly equals the
total DC bus voltage. As the bottom series connected device blocks the entire applied
DC bus voltage (Vp¢), the diode changes its state from reverse blocking mode to
conduction mode and starts taking the load current (/;). This initiates the current fall
with reduction in the gate to source voltage(vys) of the device. The equivalent circuit

model during current fall interval is shown in Fig[2.16] The equivalent circuit model

looks exactly same as the current rise interval of turn on transient. The current fall
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expression is given by Eq[2.58]

Cya: Cy
o D)1= ) LG Ky
s d(s) - SQLP(Klgm2+K29m1) + S(Lp _|_ CissaKo + Ciss4Kl> (Ciss3 Ciss4) ( ’ )

Im19m?2 Im19m?2 Im19m2 9m3 gma

where Ky = Cis3C0ss3 — Coyg and Ky = Cig04Coses — Coyy and in the steady state

the (%) of drain current is given by Eq

dig  —(ig3 +iga)

dt - Ciss3 Cissa
gm3 + 9ma

(2.59)

Due to the %, there will be a Lpddlf drop across the parasitic inductance (L,) given

by Eq[2.60] This leads to overshoot in the device voltage during the current fall interval

as shown in Fig[2.12]
Vds3 + Vasa = Vpe + vip (2.60)

Once the current falls to zero and the load current (/1) is completely transferred to the
top diodes, the turn off transient is completed. The gate to source voltage (vy) of the

series connected SiC MOSFETs reach to the negative clamp voltage (—Vgg) as shown

in Fig

2.3.4 Turn off switching transient at lower load current

Fig[2.17) shows the turn off transient of series connected SiC MOSFETS at lower
load current condition. In low load current condition, the channel current reduces to
zero before the current fall region starts. Due to the reduction in the channel current, the
voltage rise entirely depends on the load current flowing through the output capacitance
of the device. This phenomenon can be explained through equivalent circuit model as
shown in Fig[2.18] After the delay time at ¢, instant, the gate to source voltage (vys3)
of S5 reaches the Miller plateau region and the voltage rise %) begins. At ¢y, instant,
the gate to source voltage (v,4.4) of Sy reaches the Miller plateau region and the (%
of S, begins. It can be seen from Figpl_g], the miller current ic4q3 and icyqs take part
of the load current(/;). The other part of the current 7453 and i¢4s4 charge the output
capacitance. Due to this, the channel current i.,3 and i.,4 reduce and fall to a very

low value at the beginning of the voltage rise (%) region. The voltage rise (%), in this
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Fig. 2.17: Turn off transient at lower load current

region can be derived by applying KCL at the drain node.

dvgss d(Vass + Vasa — Vpe)
I; = 0SS
1= Coss=g— TG dt
dvgsa d(Vass + Vasa — Vpe)
I = 0SS
1= Cosa—g= + G dt
Also
dvds?) dvds4
Coss -, = Coss -,
U dt Ydt

(2.61)

(2.62)

(2.63)

From Eq[2.61] Eq[2.62] and Eq[2.63| the voltage rise of the device S5 and device S is

give by
dvgs3 . Iy,
At Coges + Cp(1 + Sos2)

oss4

dvgsy . Iy,
dt Coser + Cp(1 4 g2==2)

(2.64)

(2.65)

Eq and Eq show the voltage rise of device S5 and S;. Voltage rise (4%) of both

devices directly depends on the magnitude of the load current. It is inversely related to

its output capacitance and parasitic capacitance of the top diode. Apart from the input
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Fig. 2.18: Equivalent circuit model at lower load current

gate pulse delay, the capacitance mismatch among the series connected SiC MOSFETs

is critical in determining the slew rate and unbalance during the steady state.

2.3.5 Top diode voltage sharing transient analysis

The top diode is assumed to be ideal in the earlier analysis of turn on and turn
off switching transient. But in the practical condition, top device S; and Sy shown in
Fig[2.T| has different anti-parallel diode parasitic capacitance Cp; and Cp,. Due to the
difference in the parasitic capacitance, voltage sharing of the diodes will have a steady
state voltage difference proportional to the ratio of the capacitance mismatch among the
diodes.

The top diode turn off is induced by the turn on transient of bottom series connected
device S; and S;. The time interval (¢,,; — t,3) is the current rise interval where the
load current (/) is transferred from diode to the bottom series connected devices. At the
end of the interval, the load current is completely transferred to bottom active devices
S3 and S;. The body diode current of S and S; enters into the reverse recovery region.
It appears as the current overshoot for the bottom device current. The time interval
(tns — tnq) 1s the voltage fall region of the bottom series connected device. During this
time the bottom device voltage decreases and the diode enters into the reverse blocking

mode and the body diode voltage increases and blocks the entire Ve voltage. As
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Fig. 2.19: (a) DPT test setup (b) Top diode turn off voltage sharing

mentioned above, the body diode static voltage balancing is mainly decided by the

parasitic capacitance of the top series connected devices.

2.3.6 Simulation results of turn off switching transient

The LTspice environment is used to simulate the transients of series connected
SiC MOSFETs. Fig[2.20] shows the ideal turn off transient of series connected SiC
MOSFETs without gate pulse delay, which is similar to that of single device turn off
transient. Here, each series connected device will be blocking (VLQC) during the steady
state. The power loop inductance(L,) is considered to be 100 nH. In order to simulate
the practical turn off transient, the gate pulse instant of one of the device is delayed by
10ns. Due to the delay time, device (S3) reaches the Miller plateau voltage much earlier
than the device (S5;). The device drain to source voltage (v4s3) rises by the time the other
device gate voltage reaches the plateau voltage. Now, there exists a difference in the
transient rise region which will lead to steady state difference in the voltage. Fig2.21]
shows the simulation result of turn-off transient with delay time. It can be observed a
static difference of 260V in the steady state.

Fig[2.22] shows the turn off transient with lower load current. It can be seen that

as the load current (/1) is low and the voltage rise (%) of the device S3 and S,
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Fig. 2.20: Simulation result of turn off transient without delay(Voltage scale: 140V/div,

Current scale: 4A/div and time scale: 20ns/div)
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Fig. 2.21: Simulation result of turn off transient with delay (Voltage scale: 160V/div,
Current scale: 4A/div and time scale: 40ns/div)

are naturally slowed down as shown from the analysis. The device current (i4) also
reduces in the voltage rise region. The static difference in the steady state voltage
balancing is observed to be 90V. Fig[2.23] shows the body diode voltage balancing. In

order to simulate the practical condition, the parasitic capacitance across the top series
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Fig. 2.22: Simulation result of turn off transient with low current (Voltage scale:
90V/div, Current scale: 3A/div and time scale: 40ns/div)
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Fig. 2.23: Simulation result of turn off transient of body diode (Voltage scale: 180V/div,
Current scale: 6A/div and time scale: 100ns/div)

connected device is added in the ratio of 1:3. This simulates the practical condition
and the body diodes voltage of the device S; and S, are presented. The body diode
capacitance of device 5 is lesser compared to the device S,. The static difference of
140V is observed between vy and vgs9, 24, 1S the current flowing through the top series

connected devices body diode.

24 CONCLUSION

This chapter explains the modelling and analysis of switching transients in series

connected SiC MOSFETs. The simulation was carried out using a series connected SiC
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MOSFET as the Device Under Test (DUT) in a Double Pulse Test(DPT) setup. The turn
on modelling and analysis include gate pulse delay and device parameters mismatch.
A turn on over voltage will be present in one of the series connected SiC MOSFETs.
The relationship between turn on over voltage and input gate current is also established
to gain insight into the over voltage phenomenon. Similarly, turn off modelling and
analysis reveal the voltage imbalance among series connected devices and the variation
of load current influencing the voltage imbalance. Under light load conditions, the
device voltage rise is solely determined by the device output capacitance. In addition,
the equivalent model for the light load condition is also presented. A series connected
SiC MOSFETs body diode voltage imbalance occurs when the complementary switch
in the same phase leg is turned on. As a result, the body diodes that share unequal

capacitance among the series connected devices will exhibit voltage imbalance.
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CHAPTER 3

Active Gate Control Technique for series connected SiC

MOSFETs

3.1 INTRODUCTION

This chapter discusses the control of turn on and turn off transients in series
connected SiC MOSFETs. An active gate driver based gate current control is presented
to resolve the problem of voltage imbalance in series connection. This chapter includes
separate turn on and turn off control for voltage balancing. The proposed control
techniques for voltage balancing require only device drain to source (vgs) voltage
information. The proposed control method achieves the least static voltage imbalance.
A closed loop control technique for varying load current conditions is proposed to
achieve minimum static imbalance among series connected devices operating at low
load current conditions. The voltage balancing of SiC MOSFET body diodes is also
critical for the operation of any converter. A partial turn on based active gate control is

proposed to control the voltage imbalance of the body diode.

3.2 PROPOSED TURN ON CONTROL TECHNIQUE

In order to explain the proposed turn on control, the gate pulse of AG D, is delayed
by t4 with respect to AG D3 in Fig[3.1] Due to this delay in the gate pulse instant, one of
the device Ss3 turns on much earlier than the other device S;. The turn on of device S3
causes the channel to form, which will induce an additional overshoot in S,;. In order
to restrict the voltage rise due to the mismatch in the gate pulse instant, the proposed
control technique consists of three switching stages namely ON Stage-1, ON Stage-2
and ON Stage-3 as shown in Fig[3.2] ON Stage-1 and ON Stage-2 are switched current
source stages driven by S,,; and S, control signals. ON Stage-3 is the switched
voltage source stage driven by S,,3 control signal. I,,; and I, are the magnitude of

the switched current source (ON Stage-1 and ON Stage-2) and R, ., is the resistance of
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Fig. 3.1: DPT setup of series connected SiC MOSFET with delay
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Fig. 3.2: Proposed turn on control stages

of the proposed turn on control.
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the switched voltage source (ON Stage-3) stage. Fig[3.3a]shows the switching transient

Operation during N1 subinterval(t,, —t,,4): Fig[3.3ashows the switching transient
of the proposed turn on control. The load current is assumed to be freewheeling through
the top diode. The AG D5 of device S3 and AG D, of device S, receives the gate pulse

at t,o and t,, instant respectively. Upon receiving the turn on signal, the AGDs start
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Fig. 3.3: (a) Switching transient of proposed turn on control stage (b) Control signal to
the turn on switching stages

charging their respective input gate capacitance (C;,s) with a constant gate current /,;
of On Stage-1 ( t,0 and t,,; instants in FigBT_ﬁ[). At t,5 instant, the device S5 reaches
the threshold voltage, and the device channel current is formed. Due to this, the drain to
source voltage (v4s4) of Sy starts increasing, as explained in the previous chapter. The
increase in drain to source voltage v4s4 of S; causes the drain to source voltage vg,3 of
Ss to reduce (as per the KVL). Also, the sum of the device voltages will always be equal
to the DC bus voltage (Vp¢). The maximum allowable overvoltage mainly decides the
magnitude of 7,1 (V,,0, above the blocking voltage %) across the device. The Miller
charge ()44 is responsible for the overvoltage in this region. Lower ()44 charge results
in lesser overvoltage.

]oanNl = ng‘/;)nov (31)

From the above equation, the time duration of On Stage-1 is controlled by S,,1
control signal as shown in Fig[3.3b] The time duration 7, and maximum allowable

over voltage (V,,,,,) are selected such that maximum delay time is accommodated. The
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magnitude of the current source of On Stage-1 is driven low to limit the overvoltage
caused by the delay in channel current formation. At t,,3 instant, device S also reaches
the threshold voltage and further increases in the device drain to source voltage (vgs4) S
restricted by its channel formation. During this region, both devices are in On Stage-1.
After fixed duration time Tp; shown in Fig[3.3b] the AG D3 of device S; switches to
On Stage-2 at the end of ¢,,4 instant and concludes the operation of N1 subinterval.
Operation during N2 subinterval(t,, — t,s): At t,4 instant, AG D3 of device S3
switches to On Stage-2 with higher current magnitude of /,,2. During this time, the
gate to source voltage v,,3 of S3 increases at a faster rate with applied higher current
magnitude of /,,,. The increase in the gate to source voltage v .3 causes the channel
resistance of device S5 to reduce. However, the device S, has not switched to On Stage-
2 and still has the higher channel resistance and makes the current rise (%) slower in
this delay time ;. After the delay time ¢4, the AGD, of device S, also switches to On
Stage-2 with higher current magnitude of /,,,. The magnitude of [, is selected based
on the required current rise (%) and voltage fall (%) of the device.The gate current

injected by AG D3 of device S5 and AG D, of device S, is given by

Z.g3 - ]onl + ]on2 (32)

Z'g4 = Ianl + ]on2 (33)

The steady state % of the series connected SiC MOSFETs (from chapter 2 turn on
analysis) is given by Eq[3.4]

di i93 + Z.g4
dt ~ Ciwa | Cima (3.4)
gm3 gma

If Cise3 = Cigsa = Ciss and g3 = gma = gm, then the above equation can be

represented as

di

T (3.5)

. .y 9m
= (ig3 + Zgzl)@

During the current rise region, the drain to source voltage (vys) of S3 and S, are
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slightly reduced due to the leakage inductance Lp% drop. At t,5 instant, the device
current reaches the load current /; and top diodes will be entering into the reverse
blocking mode. This will initiate the voltage fall region of the device. The voltage fall
of the device is completed at ¢, instant.

The steady state % of the series connected SiC MOSFETs (from chapter 2 turn on

analysis) is given by Eq[3.6]
dv B (igg + ig4)

- (3.6)

From Eq@] and Eq@] the magnitude of /,,> and time duration 7y is selected to
get the desired current rise % and voltage fall fl—’t’ in the series connected devices.

Operation during N3 subinterval(t,s — t,7): During this subinterval, after the fixed
turn on time duration (72) (On Stage-2 operation shown in Fig[3.3b), the On Stage-
3 which is a switched voltage source is applied for the remaining turn on gate pulse
duration. This stage helps in clamping both the device gate to source voltage (vg;) to
recommended clamping voltage of +Vgg, which in turn helps in reducing the on state

resistance of the device.

3.2.1 Simulation results of proposed turn on control

1.00KV 60A
0.90KV 154A
0.80KV - 48A
v (f 53
0.70KV | / 428
0.60KV. 36
0.50KV / P jr." 130A
2 ¥ 244
0.40KV, Udis4
18A
0.30KV.
128
0.20KV.
L 6A
0.10KV!
L 0A
0.00KV

420ns 450ns 480ns 510ns 540ns 570ns 600ns 630ns 660ns 690ns 720ns

Fig. 3.4: Simulation results of proposed turn on control with lower current (Voltage
scale:100V/div, Current scale: 6A/div and time scale: 30ns/div)

The proposed turn on control technique is simulated using LTspice simulation to
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validate the proposed control technique. The proposed turn on stages are modelled
as ideal current sources. Two cases are considered to ensure validity of the proposed
control technique at all load conditions. In the first case, the load current is set at
15A. In the second case, the load current is set at 25A. From Eq[3.1 Eq[3.5]and Eq[3.6]
the desired %, % is selected to be 1.3A/ns and 21V/ns. Based on this, the average
value of gate current can be calculated. By using the average value, the magnitude for
ON Stage-1 and ON Stage-2 can be selected. Fig[3.4] shows the simulation results of
proposed turn on control with lower load condition. Delay between gate pulse instant
of series connected devices are assumed to be 10ns in this case. As per the proposed
control technique, at first the device S4 turns on. Due to the gate pulse mismatch, the
drain to source voltage (v4s3) of S3 increases. As the turn on stage current magnitude for
ON Stage-1 is kept low (110mA), the drain to source voltage (v4s3) of S5 is also limited
to 60V peak. The second stage, ON Stage-2 is applied with higher current magnitude
(120mA). This current will be responsible for the current rise (%) and voltage fall (%

during the turn on transients.

15V 360mA

13V
11V
-

V4 -

il

v

v
o
840V I

00V - J6A

560V ; / 28

420V Vds3 - - L 20A

280V

140V - 4A

EIV 1 1 I | | 1 I 1 1 |} '4A
350ns 400ns 450ns 500ns 550ns 600ns 650ns T00ns 750ns 800ns 850ns 900ns

Fig. 3.5: Simulation results of proposed turn on control with higher current (Voltage
scale:100V/div, Current scale: 6A/div and time scale: 30ns/div)
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The proposed turn on control achieves total turn on switching time of 45ns. The
simulation results of turn on transient of series connected SiC MOSFET at higher load
current are shown in Fig[3.5] In this case, only the load current is increased while all
other control parameters of turn on stage remain unchanged. The results show that the
peak overvoltage clamping of 60V and the total turn on switching time of 50ns. The
simulation results presented above validate the proposed turn on control technique for

series connected SiC MOSFETs.

3.3 PROPOSED TURN OFF CONTROL TECHNIQUE

m
L,

+
Vds1
NN
Vds2
’83

Vbe (*) ("gn‘..'iJ_ +
= EEE:%::=Fd33

Cdsd

Fig. 3.6: DPT setup of series connected SiC MOSFET with delay

In order to demonstrate the proposed turn off control, gate pulse instant of AG D,
is delayed by time (¢4) as compared to AGDs;. Fig3.6) shows the Double Pulse Test
(DPT) circuit of series connected SiC MOSFETs. Device S; and S, are turned off
simultaneously without any delay. The device drain to source voltage (vys) exactly
blocking at Vg—c In case of ‘n’ devices connected in series, the blocking voltage will
be % Due to the presence of delay in the turn off instant of the device Sy, the

device S; turns off much earlier than the device S, which causes the device S5 to block
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Fig. 3.7: Proposed turn off control stages

higher voltage (more than VLQC ). This can lead to considerable amount of power loss.
The blocking voltage may exceeds higher than the device rated voltage and can lead
to failure. The main objective of the turn off control is to achieve minimum voltage
imbalance in static as well as in the dynamic condition. Also, the proposed control
should limit the device blocking voltage (In case of large mismatch in the gate pulse
instants) well below the breakdown voltage. Fig[3.7]shows the proposed turn off control
stages. They are mainly classified into three sub-control stages namely low frequency

control, high frequency control and diode voltage balancing control.

3.3.1 High frequency turn off control technique

High frequency control stage is delicately used for higher load current conditions
(greater than 5A). The Off Stage-2 and Off Stage-4 are operated together for high
frequency control. The Off Stage-2 is the switched controlled current source. The
magnitude of the current source ¢y, is decided by the device drain to source voltage
(v4s). The Off Stage-4 is the switched current source of constant magnitude I,f¢. The

effective applied gate current during the high frequency control for device S5 and S, is
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given by Eq

where i, for device S3 and Sy is given by

/

Vi Vi
Kp (Uds3 - 1:2)0) for Vds3 = 1:2)0

IKp3 = 3.7

0 otherwise
\

Vi V
K (Vass — ¥8<) for wge > “B<

IKps = (3.8)
0 otherwise
\
igS = —doff1 + Z'Kp3 (39)
tga = —lopp1 + ikpa (3.10)
. Vbe .
g3 = — |Lopp1 — Kp | Vasz — 3 during tp4 <t < tyg
. Vbe .
lga = — -[offl — Kp Va2 — T durmg tf5 S t S th (311)

The high frequency control can be explained from the switching transient of the
proposed turn off control. The turn off transient can be divided into three subinterval
namely F1, F2 and F3 shown in Fig[3.84

Operation during F1 subinterval(t;, — ts4): The AGDj; of device S35 and AG D,
of device Sy receive gate pulses at ¢y, and s, instants respectively. The Off Stage-
2 and Off Stage-4 are simultaneously turned on with S,¢s2 and S,f¢4 control signal
as shown in Fig From Eq it is clear that the i3 and ix,4 current are valid
only if the respective device crosses % Below ‘%C, the value of ¢xp3 and txp4 15 0.
Substituting the value of ix 3 and ik 4 in Eq{3.9)and Eq[3.10} the value of gate current

can be obtained as

igs = —Iospi (3.12)

Z.g4 = —Loff1 (313)
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Fig. 3.8: (a) Switching transient of proposed turn off high frequency control (b) Stage
control signal to the turn off switching stages

From Eq[3.12] and Eq[3.13] it is clear that upon receiving the turn off signal, both
the AGDs start discharging their respective input gate capacitance with a constant gate
current I,y by applying Off Stage-4 (o and ¢y, instants in Fig[3.8a). The device S5
and S, reach the Miller plateau voltage and start experiencing voltage rise at t s, and ¢ 53
instants respectively. The turn off process of S is delayed compared to device Ss, the
drain to source voltage v4s3 of device S3 reaches % at ¢4 instant much earlier than
device 5,. This is the end of F1 subinterval.

Operation during F2 subinterval(t;, — ts): In the F1 subinterval, device S3
reaches % and as per the Eq the Off Stage-2 stage current(ix,3) of device S
is activated. At ¢z, instant, as the device voltage v,53 increases, the Off Stage-2 current
also increases. This results in reduction of net gate current 443 as shown in Eq[3.9] The
steady state relationship between gate current and % from chapter 2 is given by Eq

dv i,

dv _ 14
it~ Cyy ©.19)

From Eq[3.14] it is clear that the reduction in the gate current results in reduction
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on the % of the device voltage v,s3 as shown in Fig At ts5 instant, the device

S, reaches close to % By that time sum of device voltages reach Vp¢, the top
diodes turn on and the current fall region starts. The device S, also enters into Off
Stage-2 stage after crossing % The igps current of device Sy is activated in this
duration. During t;4 — ts¢ interval, both the device gate current are controlled by Off
Stage-2 and Off Stage-4 as given by Eq[3.11] Further increase in the device voltage
is restricted by i, current, injected by both the AGDs. The current fall (%) causes
additional parasitic leakage drop, which appears as the voltage overshoot across the
series connected devices. The value of K, and I,;s; is selected in such a way that it
limits the peak voltage (v4s peqr), and desired voltage rise and current fall are achieved
with voltage balancing. In any given condition, the peak voltage stress across each

switching device is determined by the values of 7,71 and K. The relationship between

Off Stage-2, Off Stage-4, and gate current is as follows.

, Vi
g = — |:]Off1 - Kp (Uds_peak - L2)C>:| (3.15)

As per Eq3.T5] the peak voltage stress vgs peqr OCcurs when the gate current
becomes zero (as vy, cannot increase when ¢, = 0). The value of peak voltage can
be obtained by setting the value of i, = 0 in Eq[3.15] The corresponding expression for

Uds_peak 15 as follows.

I . Vpe
Vds _peak = +
y K, = 2

Using Eq[3.16] the values of 1,55 and K, are selected such that the peak voltage

(3.16)

stress is within the rated voltages of the switching devices. In addition to this, I, and
K, values are also responsible for determining the (%) value during turn off transient

(current fall region). Current fall (%) from steady state relationship is expressed in

Eq3.17}

di  Gmig

— = 3.17
dt Cz’ss ( )

The device drain to source voltage reaches above % during the current fall region

%. The parasitic inductance L, is responsible for the peak voltage as given in Eq
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ig = — [Lofr1 — Ky (Vas_pear)] (3.18)

The relationship between %, off1 and I, values can be expressed in Eq using
Eq3-T7)and Eq[5T8

di i\ Cias
L1 — K, L, <E> = (E) p (3.19)

Using Eq[3.16/and Eq3.19|the values of I, and K, can be estimated.

Ciss (%)

K | 3.20

P 9m (Uds_peak - O-5VDC - Lp (%)) ( )
(4 —

[Offl _ 20135 (z) (vds_peak’ 0-5VDC) (321)

gm (Lp (%) 4+ 0.5Vpe — Vas_peak)

Operation during F3 subinterval(t ;s — t;7): At the end of F2 subinterval both the
device S3 and S, are in Off Stage-2. As one of the device voltage vy,3 decreases due to
Off Stage-2 current, the other device voltage v4s4 increases and helps in balancing the
device voltage. The time duration 7»; and T are selected at least twice the desired
turn off transient duration. At s instant, Off Stage-5 is applied, which will clamp
the gate voltage of both the device to negative voltage (—Vgg) through minimum gate
resistance(Rg_of f). The Off Stage-5 is turned on after 7o duration and kept on till
the end of turn off gate pulse. At higher load currents, the channel current is sufficient
enough and the Miller discharge can be controlled from the gate side. By controlling the
ip current combined with I, ¢, current, the effective gate current can be controlled with
proportional to the device drain to source voltage. The gate current (z,) is controlled
during the transient time hence the control is termed as high frequency control. In this
method, the static voltage difference can exist( i.e. very minimum) in case if large

mismatch in the gate pulse instants occurs.

3.3.2 Low frequency turn off control technique

Fig[3.9] shows the turn off transient with the proposed high frequency control for

the lower load current conditions. In low load current condition, the device S; and
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Fig. 3.9: Switching transient of turn off transient during lower current condition

Sy is turned off at tyy and ¢y instant. The gate capacitor of the individual device
starts discharging and reaches to the Miller plateau voltage. The device S3 reaches the
Miller plateau at ¢ s, instant and device S, reaches the Miller plateau at ¢ ¢3 instant. The
voltage rise (fl—;’) of the device starts increasing and simultaneously the channel current
of the device starts reducing. Due to this, the effective gate current control by the high
frequency control stages (Off Stage-2 and Off Stage-4) does not have much effect in the
lower current conditions. Low frequency control technique is delicately used for low
load current conditions (less than 5A) where the gate does not have tight control over
the device (%). The Off Stage-3 is the switched current source used for low frequency
control, the ., (t) magnitude is decided by the closed loop controller. The controller
senses the static deviation of the device voltage from the reference voltage of (%)
during the turn off steady state condition. The error voltage corresponding to the device

static difference is fed to the controller to compute the i.,(¢) magnitude. Once in
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every switching cycle, the sample voltage is taken and the bandwidth of the system will
be chosen less than the switching frequency. This ensures good steady state response
and the control technique is termed as low frequency control. The control signals shown
in Fig[3.10D] for low load current condition contains the high frequency control signals

and the Off Stage-3 is operated along with the other switching stages.
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Fig. 3.10: (a) Switching transient of proposed turn off low frequency control (b) Stage
control signal to the turn off switching stages

Operation during F4 subinterval(t;, — ts4): The AGDj3 of device S3 and AG D,
of device S, receives gate pulse at ¢ty and ¢;; instants respectively. Upon receiving
the turn off signal, both the AGDs start discharging their respective gate capacitors
with a constant gate current I,¢r; by applying Off Stage-4 at ¢;, and ¢, instant. The
controller computes the static voltage difference in every cycle. Based on the deviation
in the voltage, the controlled current source i.,,(t) is applied in the present cycle for
Tr3 duration as shown in Fig[3.10b] This will effectively increase the gate current of
device S; which can be observed at the beginning of this subinterval. The increase in
the gate current causes the gate voltage (v4,4) of S to reach Miller plateau voltage much

earlier than the gate voltage (vys3) of S3. Due to this, device Sy turns off earlier than the
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device S5 which will eventually helps in balancing the voltages among the devices.
Operation during F5 subinterval(t ;4 —15): Atts4 instant, the device S5 and Sy gate
to source voltage will be reaching close to threshold voltage. The effectiveness of the
Off stage-2 and Off stage-4 has no significant impact in the low current duration due to
the absence of the channel current. At ;5 instant, the Off Stage-5 is applied which will
clamp the gate voltage of both the device to negative voltage (— V) through minimum

gate resistance(Rg_of f).

3.3.3 Closed loop control design

The low frequency control mentioned above is achieved through the proposed closed
loop control. Fig[3.T1] shows the control block diagram of the proposed closed loop
control. G.(s) represents the PI controller transfer function, G,;(s) represents device

transfer function and H (s) represents the feedback gain of the system.

V gref I/r s
- Gols) | Guils) —T—>

H(s) |

Fig. 3.11: Block diagram of the proposed low frequency control

Detailed derivation of the plant transfer function is given in the Appendix A. The
plant transfer function G, () represents the input gate current i, to device voltage v ;s

of SiC MOSFET.

vas(s) a15 +b1s® + 15+ dy
ig(s) a8t 4 byS3 + 952 + dos

where the coefficients of the s terms are given below

a; = —L,C,Cyq
by = LpCpgm

C1 = —Ugya

di = gm

ay; = KL,C,
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by = L,CpgmCoa
ey = Cpliss + K
dy = gmCyq
K = CiosCoss — C2
From the above transfer function, the coefficients of the higher order ‘s’ terms
which are negligible compared to the other coefficient terms are neglected. The transfer

function can be reduced to a lower order which can be used for the simplified analysis.

18+ d1

GUi(S) - dQS

The above transfer function can be modified as

Tm1S + 1
Tm2S

Gm‘(S) =

where 7,1 = C% and 7,0 = Z—f

The PI controller transfer function can be represented as

1+ 79)
TpiS

The sensing or the feedback gain is given by

B 1
147y

H(s)

The stability analysis of the closed loop system is mainly decided by the phase
margin and bandwidth of the system. If the switching frequency of the system is f,
then the desired gain cross over frequency can be chosen as f. = %. The phase angle
at the desired gain cross over frequency of the uncompensated system can be estimated
or selected from the Bode plot. Let T,,(s) = G,;(s) be the uncompensated transfer

function of the plant. The phase margin is given by Eq[3.22]

L = 180° + LT rm (3.22)
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The required phase from the PI controller is calculated by

Loy — 180° = LT, + LG, (3.23)

LG = Loy —180° — LT, (3.24)

The phase of the PI compensation can be calculated from Eq[3.23|
LG, = —90° + arctan wr, (3.25)

Combining the Eq[3.24|and Eq[3.25|the value of 7,; can be estimated from Eq[3.26

Here, w is the required gain cross over frequency.
WTpi = tan(ZLe,, —90° — £LT1,) (3.26)

The value of K, can be calculated by setting the loop gain of the system to be 1 at

the gain cross-over frequency.
G (s)H (s)] = [Teu(s)]|Ge(s)[| H(s)] = 1

Upon solving the above expression the gain K, can be determined as

K = wQTping\/TwQTf (3 27)
p — .
w2 /T P,

The values of K, and 7,,; are used in the controller design to control the Off stage-3

controlled current 7.,,(t). As demonstrated above controlling the Off stage-3 current,
voltage balancing among the series connected devices can be achieved.

Stability of the control loop is investigated in the Matlab simulink environment. The
system switching frequency is set to 5 kHz. The model of the derived transfer function
is imported into the simulink model. The device data sheet gives device parameters
such as input capacitance, output capacitance, and trans conductance (C3M0065100K).

The open loop transfer function is plotted and shown in Fig[3.12] As per the above
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Bode Diagram
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Fig. 3.12: Uncompensated bode plot of open loop transfer function from matlab

Bode Diagram
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Fig. 3.13: Compensated bode plot of open loop transfer function from matlab using PI
tuner

control loop design the required gain cross over frequency is chosen as 500 Hz for
the 5 kHz switching frequency of the converter. The phase margin must be above 45°
to achieve the minimal overshoot and damping. Based on these criteria, PI controller

parameters are tuned to get the compensated Bode plot of open loop transfer function
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Bode Diagram
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Fig. 3.14: Compensated bode plot of closed loop transfer function from matlab using
PI tuner

as shown in Fig[3.13] The compensated system has the phase margin of 71° and cross
over frequency at 513 Hz. This ensures the closed loop system is stable. Above 513

Hz, the controller offers attenuation for high frequency signals.

3.3.4 Diode turn off control technique

Body diode conduction occurs when the load current transfers from the device to
its body diode during freewheeling time. The device is already turned off with the gate
voltage held at a negative maximum. After the dead time, when the other device in the
same phase leg is turned on, the body diodes of the series connected devices will go
to the reverse blocking mode. During this condition, body diode voltages of the series
connected SiC MOSFETSs share unequal voltages. The voltage sharing mainly depends
on the capacitance formation among the series connected string. Fig[3.15a) shows the
diode voltage imbalance due to the different parasitic capacitance c,; and c,» of D; and
D, respectively. Off Stage-1 and Off stage-5 are switched voltage source stages which
are used to actively control the body diode voltage. The proposed diode control can be
subdivided into two region namely D1 and D2 as shown in Fig[3.16a

Operation during D1 subinterval(t,y — tg): At tyo instant, AGD, and AG D, of
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Fig. 3.15: (a) Body diode turn off without control (b) Body diode turn off with proposed
control

the device S; and S, are turned off and the devices start conducting the freewheeling
current through its body diode. At ¢4 instant, the S5 and S, are turned on and the diode
current ¢4, decreases nearly to zero current and enters into the reverse recovery region.

Operation during D2 subinterval(t,, — ty4): At tgo instant, the diode enters into
reverse blocking mode and the diode voltage of device S; and Sy starts increasing
as shown in Fig The steady state voltage of the device vys; and vy, is purely
decided by the ratio of the capacitance formation across the devices. In this case, device
S; is assumed to have lower capacitance compared to device So. The drain to source
voltage v4s; of S7 blocks higher voltage (more than %) than the device v44. In order to
balance the diode voltage, the device v45; and vy, are compared to the reference voltage
%. The device which blocks more than the reference voltage VJ—;—C, is partially turned
on to discharge the excess charge into the channel of the same device. The amount of
charge to be discharged from the output capacitor can be calculated as follows

The charge stored in the capacitor C); can be represented as

Qactual = Cpl Vactual (3.28)
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Fig. 3.16: (a) Proposed turn off control of body diode (b) Control signal for body diode
turn off stage

where (Qqcruqr 18 the actual charge stored in the C); capacitor and Vy,q is the over

voltage experienced by the diode of device 5.

Qrequired = Cpl V;equired (329)

where Q) equireq 1S the required charge in the C); capacitor to maintain or bring the

voltage to V,¢quireq Which is nothing but Vg—c

Qdifference = Qactual - Qrequired (330)

where it ference 1 the charge to be discharged from C),; to bring the voltage from
Vietual(Vgs1) to Vreqm‘red(%)- This extra charge Qg;fference can be discharged through
the device channel by partially turning on the device S;. The channel current of the

device in saturation is given by

lehl = gm(‘/gs - ‘/th> (331)

Similarly, difference in the charge to be discharged in the channel is given by Eq[3.32]
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and Eq
Qdifference = icthDFl (332)

Qdifference = gm(‘/gs - ‘/th)TDFl (333)

The required gate voltage to discharge the excess charge can be calculated from

Eq[3.34]

Qdifference
Vo = Vo il ference 3.34
! " 9mTpr1 ( )

From the Qgifference> the channel current 4., is calculated and using Eq{?f_ﬂ'] the
required V, above the threshold voltage can be estimated from Eq[3.34]. At ¢,3 instant,
Off Stage-1 of S is turned on and at the same time Off Stage-5 is turned-off. The
required v, is applied through V,,;,; voltage for a fixed time duration of 7'pp;. During
this time, the drain to source voltage vy of S discharges to % This automatically
forces the other drain to source voltage vy of Sy to be charged to % by KVL action.

At t4, instant the diode voltages of both the devices are completely balanced.

3.3.5 Simulation results of proposed turn off control

In order to verify the proposed turn off control technique, the simulation in LTspice
environment is carried out. The proposed control stages are realised using ideal current
sources. The simulation results for the proposed turn off control can be divided into
low load and high load current condition. In low load condition, the parameters of Off
Stage-2, Off Stage-3 and Off Stage-4 are decided by the above mentioned conditions.
The parameters also depends on the maximum voltage clamping for the high frequency

control. From Eq[3.14, Eq[3.15} Eq3.19} Eq[3.21]and Eq3.20|the vy, peak at which iy,

reaches close to zero is set at 810V. The required % and % is set at 1.5A/ns and 20V/ns.

By setting this, the Off Stage-4 magnitude can be selected. The value of L, used in
the calculation is 60nH. The control parameters are fixed and the Fig[3.17] shows the
simulation results of turn off transient at lower load current of 5SA. Off Stage-4 has a
magnitude of 190mA. The high frequency proportional controller Off stage-2 is chosen

so that the net current injected to the gate is close to OA at 600V DC bus to clamp the
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device voltage as proposed. However, at lower loads, the high frequency control has
little effect. Off Stage-3, which is carefully designed for low load current conditions,
will inject current to the gate based on the static voltage difference over the switching
frequency in order to minimise static imbalance. Fig[3.18|shows the turn off transient

at low load current condition.

1.00KV

0.90KV 1 10.8A
0.80KV Vds3

0.70KV / - 8-8A
0.60KV+ _—
0.50KV 1 .
0.40KV 1 [ 454,
0.30KV- —_
0.20KV B
0.10KV - L 0.8A
0.00KV -1.2A

420ns  450ns  480ns  510ns  540ns  570ns 600ns  630ns G6Ons  G90ns  720ns

Fig. 3.17: Turn off at lower load current (Voltage scale:100V/div, Current scale: 2A/div
and time scale: 30ns/div)

1.00KV
0.90KV 1 oan
0.80KV 1
1 I 8.8A
Vo
0.70KV 1 ds3
0.60KV 1 6.8A
0.50KV 1
I 4.8A
0.40KV 1
0.30KV 1 2.8A
0.20KV 1
F0.8A
0.10KV 1
0.00KV T T T T T T T ; 1.2A
450ns 480ns 510ns 540ns  570ns 600ns 630ns 660ns 690ns 720ns

Fig. 3.18: Turn off at lower load current with proposed control (Voltage scale:100V/div,
Current scale: 2A/div and time scale: 30ns/div)

Similarly, at higher load current conditions, where the device channel has enough
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Fig. 3.19: Turn off at higher load current (Voltage scale:160V/div, Current scale:
4A/div and time scale: 90ns/div)

current to turn off, the high frequency control is very effective. It is important to note
that both controls are enabled regardless of load current. Fig[3.19] demonstrates the
turn off transient under higher load current conditions. Despite the clamp limit of
690V, the voltage is clamped at 770V due to the faster voltage rise and the propagation
delay of the designed analog stage. The positive current injected into the gate for over
voltage clamping greatly influences the dynamic response of the system. Lowering the

clamping voltage increases damping and switching loss in the system.

3.4 CONCLUSION

The design of current source based gate driving stages for series connecting SiC
MOSFETs is described in this chapter. The driving stages are divided into two
categories namely turn on and turn off control. The turn on control is divided into
three stages ON Stage-1, ON Stage-2, and ON Stage-3. During the turn on transient,
each stage is controlled to achieve lower overvoltage and faster switching speed. The

proposed method uses only two current source stages to limit the excess voltage during
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the turn on transient. Furthermore, simulation results to validate the suggested turn-
on control technique are also presented. Off Stage-1, Off Stage-2, Off Stage-3, Off
Stage-4, and Off Stage-5 are the five stages for proposed turn off control. Off Stage-1
is the switched voltage source stage. This stage is dedicated for body diode voltage
balancing. Off Stage-2, Off Stage-3 and Off Stage-4 are the switched current source
stages dedicated for voltage balancing at light load and higher load conditions. The
Off Stage-5 is the switched voltage source stage responsible for clamping the gate
voltage to a negative value. This aids in avoiding the Miller from false turn on. The
proposed turn off low frequency control as well as high frequency control techniques
are discussed in detail in this chapter. The parameter selection for each control stages
are also derived in this chapter. Low frequency control system modelling are also
presented. The closed loop system dynamics and PI control model are validated through
MATLAB. In addition, simulation results are shown to validate the suggested turn off
control technique. According to the simulation results, the proposed control technique

exhibits less static voltage imbalance and faster switching speed.
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CHAPTER 4

Hardware Implementation of proposed AGD for Series

Connected SiC MOSFETSs

4.1 INTRODUCTION

This chapter will discuss the hardware implementation of the proposed control
technique for series connected SiC MOSFETs. The hardware implementation consists
of an on/off control section, a digital controller (FPGA), and signal conditioning
units. In order to achieve voltage balancing and faster switching speed, the
switching components in each control stage must be selected considering the minimum
propagation delay and the minimum gate charge. This chapter also includes a detailed
procedure for selecting the critical components of the proposed Active Gate Driver
(AGD). The proposed control technique is validated experimentally using a Double
Pulse Test (DPT) setup. The proposed control technique has been extended and
applied to various phase leg configurations, which can be used in any power electronics
converter topology. The first configuration is a chopper mode of operation with two
device at 1.2kV DC bus and three devices at 2.1kV DC bus. The proposed series
connection method is tested for various DC load current operating point. The second
configuration is the high voltage buck converter at 1.2kV DC bus to validate the body
diode voltage balancing. The third configuration is half bridge inverter at 1.2kV DC
bus for two device and 2.1kV DC bus for three device in series connection. This
helps to validate the proposed series connection control at AC load current conditions.
The experimental hardware results are also presented for all the above mentioned

configuration.

4.2 HARDWARE REALISATION OF PROPOSED SERIES CONNECTION
TECHNIQUE

Fig[4.1] shows the functional block diagram of the proposed AGD. The turn on

and turn off stages consist of switched voltage sources and current sources. The



Turn-On Turn-Off
Stages Stages
| |
| |
Protection| Voltage
Stages FPGA Sensing
||
| |
GPIN ADC
& &
FLT OUT DAC

Fig. 4.1: Functional block diagram of proposed AGD

control command for the switching stages are controlled by an FPGA. Apart from the
switching stages, the AGD has voltage sensing section for both protection and closed
loop operation. ADC and DAC sections are used to sense the device voltage and to
control the current reference of current sources respectively. GP IN (Gate Pulse IN) is
used to receive the gate pulse from the central controller and FLT OUT (Fault OUT) is
used to send fault signal to the controller. Finally Protection Stage is used to protect the

device during over voltage and over current conditions.

4.2.1 Design of Voltage Controlled Current Source

Fig. 4.2: Realising voltage controlled current source

The switching stages used in the Active Gate Driver are realised by configuring
NMOS and PMOS transistors in the saturation region to realise the voltage controlled

current source. In Figld.2] NMOS transistor is used to build the voltage controlled

63



current source. If the gate to source voltage (vy,) is greater than the threshold voltage

(vgs > Vi), the drain current of the MOS transistor is given by Eq4.1]
Id = gm(vgs - V;fh) (41)

The value of vy, at steady state can be obtained by applying KVL in the gate loop as
given by
Iy = gu(Vy — L,Ry — I4R, — Viy) 4.2)

Rearranging the terms in Eq4.2]

V, — IR, — Vi
Ij=-tre (4.3)
on T8

where, Rs»gi and steady state gate current I, is 0. Simplifying the above equation, the

drain current is given by Eq4.4]

VeV

14 R

(4.4)

From the above equation, it is clear that the drain current is directly proportional to
the applied gate voltage (V) and inversely proportional to the source resistance (I7;).
The above condition are valid only when the MOS transistor operates in the saturation

region.

4.2.2 Hardware Realisation of Turn On Stage

Turn on control has three stages. They are designated as ON Stage-1, ON Stage-2,
and ON Stage-3 respectively. ON Stage-1 and ON Stage-2 are the voltage controlled
current sources, often referred as switched current source. ON Stage-3 is the switched
voltage source that makes use of a PMOS transistor. In order to control the current rise
(%) and voltage fall (2—7;) during the turn on switching interval, the resistors R; and Ry
are employed to determine the magnitude of /,,; and I,,>. When the SiC MOSFET is
completely turned on, the resistor Rj is utilised to clamp the gate voltage of the SiC
MOSFET to the required gate voltage (+Vsgs) to achieve the lowest possible on-state

resistance. Turn on control signals from the controller (FPGA) are denoted by S,,1,
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Fig. 4.3: Hardware realisation of proposed turn on stage

Son2, and S,,3 respectively. The net propagation delays of the switching stages need
to be kept as minimum as possible to ensure effective performance of the switching
stages. The term "Propagation delay" in the switching stage refers to the time between
the instant switching command is given and the instant switching stage has completed
its switching action. All the switching command signals S,,1, Son2, and S,,3 come
directly from the FPGA via voltage buffer section. This is done to prevent the FPGA
from loading. The voltage buffer (model number SN74LVCIT) was chosen in such a
way that it would have a minimum delay (3ns to 5ns). The control signal is then sent
to the coupling stage, where the control signals are AC coupled to drive the PMOS
transistors. PMOS transistors are chosen such a way that it has extremely low total gate
charge ((),) that needs to be supplied by the gate. At the same time, transconductance
of the PMOS transistor needs to be sufficiently high so that it can switch very quickly.
The part number of the PMOS transistor that was used in the turn on stage are given in

table

Designator Component Part No Main Specification
Q1, Q2, Q3 | PMOS Transistor | BSS84P | Q, = InC at vy = —10V

Table 4.1: PMOS used in the AGD for Turn-On Stage
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4.2.3 Hardware Realisation of Turn off Stage

OFF Stage-1 OFF Stage-2

Soffl Ventri +Vss
Sof2 —»|
> V) isy(t) To SiC Gate

Terminal
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Soffs —»

Tentri(t) Qn

—Vee —VEE GHS—E;;_E

OFFStage-3 OFF Stage-4 OFF Stage-5

OFF Controller

| T Soff1
Soffe
> Soff3

E——Y
- Sof5

Fig. 4.4: Hardware realisation of proposed turn off stage

Turn off control has total five stages. They are referred as Off Stage-1, Off Stage-
2, Off Stage-3, Off Stage-4 and Off Stage-5. The switched voltage source stages
known as Off Stage-1 and Off Stage-5 are used for diode voltage balancing. Off
Stage-2 and the Off Stage-3 are controlled current source stages. Off Stage-3 is the
digitally controlled current source stage. A DAC is employed to control the amount
of current flowing through the MOS transistor. Off Stage-2 is the analog controlled
current source. The current flowing through the MOS transistor is controlled by the
measured device voltage (v4s), which is coupled to the gate bias of Off Stage-2. Off
Stage 4 is a switched current source stage of constant magnitude directly controlled by
the command signal from the FPGA. Following discussion provides a more detailed
explanation of the implementation and operation of each off stage, along with the

proposed control technique.
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4.2.4 High frequency control realisation

Drain tcnpinal (Vds)

—Vig :
V4sSensing

> To SiC Gate
terminal

Gate Pulse OFF oS f1
> Controller :

— Sof_f!')

Fig. 4.5: Hardware realisation of high frequency control stage

The main objective of the high frequency control is to limit the device voltage (vgs).
The control equation from chapter 3 is reproduced here for better understanding. Eq/4.3)

and Eq[4.6|shows relationship between the gate current i, and the control current if,.

tg = —lorp1 +iKp 4.5)

K Vds — Yoo for Vds Z Ypc
iKp _ p ( 2 ) 2 (46)

0 otherwise

The high frequency control consists of two stages. They are Off Stage-2 and Off
Stage-4 respectively. Off Stage-4 is a switched current source stage of magnitude
Ifp1. Q1o is an NMOS transistor used for sinking the current from the gate of the
SiC MOSFET as shown in Figi4.4, The schematic implementation of the i, circuit is
shown in Fig[4.5] In order to realize Eq4.6] the circuit consists of a sensing branch v,
sensing, where R, and Ry, are the sensing resistors that are placed across the device
drain and the source terminal. In order to provide lead compensation, capacitors C;

and C, are kept parallel to R4, and Ry, respectively. The device voltage is connected
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directly to the gate of the ()5 NMOS transistor in Figi4.5] The values of R}, and Ry, are
chosen carefully to ensure the NMOS is biased in the voltage follower configuration.
As a result, the source voltage will follow the gate voltage from the sensing circuit.
The other side of the circuit consists of a ()7 PMOS transistor which is used to set the
reference voltage (i.e Vg—c) through V};,s voltage. The source voltage of a (); PMOS
transistor follows the applied gate voltage, which is denoted by Vj,;,s. The drain of (),
PMOS transistor is connected with gate of SiC MOSFET through diode Dy,. The Qg
NMOS transistor along with the AC coupling network (C, and Ry3) gets connected
to the FPGA control signal S,s2. The effective voltage (K, (vas — Y2¢)) is applied
across the resistor Ry, and the associated current is injected into the gate of the SiC
MOSFET whenever the switch ()¢ is turned on. The diode D, is utilised so that the
gate of the SiC MOSFET receives only the positive current. As the voltage of the device
vy Tises, the capacitor Cy; is connected to supply the lead current. This ensures that the
device has a faster dynamic response. This analog controlled current stage is employed
in conjunction with the Off Stage-4 current stage to restrict the voltage output of the
device to the required level. The transistors are chosen in such a way that they have
an extremely low total gate charge ((),) that needs to be supplied by the gate. At the
same time, transconductance of the transistor needs to be sufficiently high so that it can
switch very quickly. The part number of the NMOS&PMOS transistor that was utilised

in the turn-off stage operation is given in table #.2]

Designator Component Part No Main Specification
Q5, Q6 NMOS Transistor | T2N7002 | Q4 = 0.39nC at vy = 4.5V
Q7 PMOS Transistor | BSS84P | Q, = InC at vy, = —10V

Table 4.2: MOS transistor used in the AGD for Turn-Off Stage

4.2.5 Low frequency control realisation

Figl4.6| illustrates the hardware implementation of the low frequency control
algorithm. To achieve voltage balancing of series connected SiC MOSFET operating
at lower current, the low frequency control technique is used. A switched voltage
controlled current source Off-Stage-3 is used to achieve voltage balancing at lower

load current. The hardware consists of two NMOS transistors, namely ()s and ()o.
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Fig. 4.6: Hardware realisation of low frequency control stage

QQy transistor is used as a switch to connect the Ry resistor to the negative supply
—VEg. Qo transistor gate is biased with an AC coupling network (C's, and Ry») through
FPGA control signal S,f¢3. Assuming the transistor ()9 is turned on, the negative
supply voltage —Vgg gets connected to one end of the resistor R¢3. The other end
of the resistor [2¢3 is connected to the source of ()s NMOS transistor. Through the gain
amplifier and the voltage buffer, the gate voltage of ()s NMOS transistor is connected to
the DAC. Sensing resistors R, and R, are kept across the device drain and the source
terminal with capacitors Cs; and Cj, in parallel to the sensing resistor branch. This
placement helps to realize lead compensation.

The dedicated ADC module is used to sense the device voltage of each SiC
MOSFETs that are connected in series. Sensed voltage is compared to the internal
reference voltage, and the closed loop digital PI controller generates the reference
based on the error to minimise the voltage difference. The reference voltage is fed
directly into the DAC module, and a gain amplifier is used to adjust the calculated
voltage to provide the necessary gain. The device voltage is measured during the
current switching cycle, but any adjustments are made during the next switching cycle.
Ry and Cfy; are connected at the DAC voltage to filter the ripple. DAC controlled

voltage is connected to the gate of (g transistor, and the corresponding current /¢
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flows through the R¢3 resistor. The gate current of the SiC MOSFET is sinked by Qs
NMOS transistor. The propagation delay must be kept as short as possible to ensure
that the low frequency control operates reliably. The crucial parameter is the precise
Start Of Conversion(ADCso¢) instant signal to the ADC module. The delay in the
control signal from the FPGA causes the transistor ()9 to switch on should be as small as
possible. The NMOS transistors are chosen to have an extremely low total gate charge
(Q,) that needs to be supplied by the gate. At the same time, the transconductance of
the NMOS transistor needs to be sufficiently high, so it can switch very quickly. The
part number of the NMOS transistor utilized in the turn off stage operation is given in

table 4.3]

Designator Component Part No Main Specification
Q8, Q9 NMOS Transistor | T2N7002 | Q4 = 0.39nC' at vy = 4.5V

Table 4.3: NMOS used in the AGD for low frequency control Stage

4.2.6 Diode voltage control realisation
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Fig. 4.7: Hardware realisation of Diode voltage control stage

When switching devices are connected in series, the load current can either flow

through the channel or through the body diode. The gate voltages of diode conducted
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devices will remain in the negative clamping voltage range, while the body diode will
continue to conduct until the other switch from the same leg are turned on. As the gate
voltage is already negative, the body diode turn off voltage cannot be controlled. The
switching devices that are connected in series will have imbalance in the voltage. The
reverse capacitance of the diode and the formation of parasitic earth capacitance across
the series connected switching devices solely govern the voltage imbalance in the body

diode. Both of these factors contribute to the voltage imbalance in the body diode.
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Fig. 4.8: Diode turn off detection signal

It is necessary to distinguish the turn off of the diode from the normal turn off to
accomplish diode voltage balancing. Figl.§| shows a timing diagram that illustrates
the differentiation between a regular turn off event and diode turn off. Device voltage
sensing with a comparator and gate pulse information are required to differentiate the
diode turn off event. Normal turn off transient occurs when the gate voltage transitions
from positive(+Vsg) to negative voltage(— V), and the switching device voltage rises
when the gate voltage reaches the Miller pleatue voltage. If the gate voltage of switching
devices is already at the negative clamping voltage (—Vgg). The complementary
switching device in the same leg turns on, the diode voltage rises and enters reverse
blocking mode. When the gate voltage is clamped negatively, the change in the voltage

of the body diode indicates that the body diode is about to turn off. As a result, a v
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sensing circuit is used with the comparator to sense the rise in switching device voltage
to identify the diode turn off event. Figl4.§|shows the comparator signal will go high
whenever the sensed vy, signal crosses the specified reference voltage.

Vis_cmp signal is used by the FPGA to determine the diode event. The control
signal S,r¢1 and S,rs5 are used to control the diode voltage. Off Stage-1 has a ()4
PMOS transistor and the drain voltage V,,;,; is adjusted above threshold voltage of the
SiC MOSFET. This ensures the stage to clamp the gate voltage above the threshold
voltage to turn on the device for diode voltage balancing. Off Stage-5 has a ();; NMOS
transistor and the source voltage is connected to —Vgg voltage. During a diode event,
the Off Stage-5 is turned off first to release the gate from the negative clamping voltage.
Off Stage-1 is turned on to partially turn on the device to control the diode voltage. By
minimising the propagation delay in the switching of Off Stage-1 and Off Stage-5, the
diode control can be used more effectively. The selection of transistors must ensure fast

switching. The below table [4.4] shows the MOS transistor used for the diode voltage

balancing.
Designator Component Part No Main Specification
Q11 NMOS Transistor | T2N7002 | @), = 0.39nC at vy, = 4.5V
Q4 PMOS Transistor | BSS84P | (), = InC atv,, = —10V

Table 4.4: MOS transistor used in the AGD for diode Turn-Off Stage

4.3 HARDWARE SETUP

The proposed series connection of SiC MOSFETs consists of three major hardware
components. They are isolated power supply board, an optical isolator board, and an
Active Gate Driver(AGD) board. One of the most important requirement for series
connection is an isolated power supply. The isolated power supply takes a +15V DC
input and provides +20V, +5V, and -5V output voltages for AGD operation. A fixed
frequency of 50 kHz Half bridge isolated supply with secondary side rectifiers are
designed. The isolation transformer is a critical component of power supply design. The
power supply transformer core is designed to withstand 5kV isolation and has cmmon
mode capacitance of less than 5pF. The power supply is also designed to withstand

maximum power rating of 20W. Fig[4.9)and Fig [4.10]shows the designed power supply.
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Fig. 4.9: Isolated Power Supply for AGD

Transformer Core

Fig. 4.10: Isolated Power Supply transformer core

The isolation of the power supply is primarily required to drive switches with
floating potential. Broadcomm’s optical isolator HFBR is used to provide signal
isolation for gate pulse signals sent from the controller. Fig[.T1| shows the optical
isolator board.

Optical

Isolator

Fig. 4.11: Optical Isolator

Fig[4.12] shows the designed Active Gate Driver. The main components of AGD

are FPGA (MAX 10 from Intel), switching stages and voltage sensing section. The
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Fig. 4.13: Designed load inductor

AGD is made of 6 layer PCB for better signal integrity. The AGD has a 250MHz
onbard clock which provides 4ns time period for the control signals. ADC and DAC
are also provided for the proposed control technique implementation. Figl.13] shows
the designed ferrite core load inductor of value 2.5mH and maximum current rating of
10A. Fig[d.14] shows the assembled hardware setup consisting of AGD board, Power
board, Power supply board and optical board connected. The input DC bus capacitance
of (560uF, 3kV) is placed. The DC link flim capacitor of capacitance (22uF, 3.6kV) is
placed close to the switching devices to provide the ripple current requirement. Lecroy
voltage probe (HVD 3605A) and current probe (N2782B) are used for capturing the

switching transients.
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Fig. 4.14: Series connection Hardware setup

4.4 EXPERIMENTAL RESULTS
4.4.1 Two device series connection results

Chopper mode of operation
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Fig. 4.15: Series connected devices in chopper mode configuration

The proposed control technique can be used for all the converter configuration.

The chopper mode topology is chosen to verify the voltage balancing of the series

connected devices as well as the diodes. Here, the proposed low frequency control
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technique can be easily verified through the experimental results. Fig[4.15] shows the
two device in series connection for the chopper mode converter configuration. The
device S; and S, are the top series connected devices working as free wheeling diode
for the inductor current. The device S3 and S, are the bottom series connected devices
as the main device for load current conduction. The value of the inductor is 2.5mH.
A load resistor R, is placed in series with inductor for loading the converter. The
value of load resistance is changed to vary the load current. Switching frequency of the
converter is kept at 5kHz. The duty ratio is fixed at 30% and the input DC bus voltage
is maintained at 1200V.
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Fig. 4.16: Chopper output at low load current (vgs3-200V/div, v454-200V/div, V_p40-
5V/div and time-500us/div)
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Fig. 4.17: Chopper output at low load current transient (v453-200V/div, v454-200V/div,
Ventri-9V/div and time-100ns/div)

Fig[4.16] shows the chopper mode of operation at a fixed load current of 5A peak.

The initial voltage differences among the switching devices are high as expected in

the low load current conditions. The steady state settling time is mainly determined
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by the controller dynamics. In this case, the PI controller is tuned to achieve the
response time of 2ms. The V,,;; voltage can be seen increasing slowly to reduce the
voltage difference. Fig/. 17| shows zoomed version of turn off transient and the voltage

imbalance among the series connected devices. The voltage imbalance is below 50V.
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Fig. 4.18: Chopper output at high load current (v4s3-200V/div, v454-200V/div, V_p4-
5V/div,I;-10A/div and time-1ms/div)
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Fig. 4.19: Chopper output at high load current transient (v453-200V/div, v454-200V/div,
Veniri-9V/Idiv,I1-10A/div and time-100ns/div)

Fig[4.1§ shows the chopper mode of operation at fixed load current of 15A peak. In
this mode, the load current is high and it is sufficient for the channel formation at the
very first turn off instant. This will enable the high frequency control stage to correct the
voltage imbalance in the very first switching cycle itself. Thus the sensed error will be
very low and this makes the controller output to be low. This means the low frequency
control at the higher load current has very minimum impact. Fig[4.19|shows the turn
off transient at higher drain current. The turn off transient is within 60ns which ensures

fast switching speed of the proposed control.
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Fig. 4.20: Chopper diode voltage balancing (v4s1-200V/div, v452-200V/div, vgs1-
10V/div, vg4-10V/div and time-1ms/div)

Fig. 4.21: Chopper diode voltage balancing transient (vg4s1-200V/div, v452-200V/div,
Vgs1-10V/div, v45-10V/div and time-2us/div)

Fig[4.20[ shows the freewheeling diode voltage balancing of S; and S,. During the
inductor current freewheel time, the anti parallel diode of S and S5 will be conducting.
After the freewheel time, the device S5 and S, will start conducting. Anti parallel diode
of S; and S will be into reverse blocking mode. This event will be detected from the
device voltage sensing as explained in the diode control hardware implementation. As
the gate voltage of the devices is already below the threshold voltage. The proposed
diode control is used to balance the diode reverse voltages. The verification of the
proposed diode voltage balancing technique is shown in Fig[4.20] and Fig/4.21] Here,
the device that crosses the set reference voltage is turned on to discharge the excess
charge into the channel and balances the diode voltage.

In order to verify the low frequency control for the low load current conditions,
the load current is fixed at 5A and duty of the PWM pulse is varied. Figld.22] shows
the chopper mode of operation at 10% duty cycle. Fig[4.23] shows the chopper mode
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Fig. 4.22: Chopper output voltage at 10% duty (v453-200V/div, v454-200V/d1v, V,p,40-
5V/div,I;-10A/div and time-200us/div)
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Fig. 4.23: Chopper output voltage at 50% duty (v453-200V/div, v454-200V/div, V,p,4-
5V/div,I;-10A/div and time-1ms/div)
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Fig. 4.24: Chopper output voltage at 70% duty (v453-200V/div, v454-200V/div, V.-
5V/div,I;-10A/div and time-200us/div)

of operation at 50% duty cycle. Here, the steady state has slight unbalance with small
static difference in some cycles. This is due to the decentralised control from the central
controller. As the gate pulses received by the AGD’s have different clock sampling, the

static difference occurs at some switching cycle even though the steady state is reached.
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DC-DC buck converter configuration
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Fig. 4.25: Series connected devices in buck converter configuration

In order to show that the proposed control technique can be applied for all the
converter configuration, the buck converter topology is chosen to verify the voltage
balancing of the series connected devices as well as the diodes. Figld.25| shows the
two device series connection in the buck converter configuration. The device S; and S,
are the top series connected device and acts as the main device for the buck converter
configuration. The device S5 and S, are the bottom series connected device and acts as
free wheeling diode for the inductor current. The value of the inductor is 2.5mH and
the value of capacitor is SuF. The resistive load R, is placed for loading the converter.
Switching frequency of the buck converter in open loop configuration is chosen to be at
10KHz. The duty ratio is fixed at 30% and the input DC bus voltage is kept at 1200V.

Fig[4.26] shows the voltage balancing of S; and S, in the steady state. The steady
state voltage difference is very low. Figl4.27 and Fig[4.28| shows the turn off and turn
on transient.

Fig[4.29|and Figl.30]shows the steady state and transient voltage balancing of body

diode with the proposed control technique.
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Fig. 4.26: Buck converter output waveform (vgs1-200V/div, v450-200V/div, V-
200V/div, I;,-10A/div and time-1ms/div)
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Fig. 4.27: Turn off transient of series connected devices in buck converter (vgs-
200V/div, v452-200V/div, V,,,,-200V/div, I;-10A/div and time-500ns/div)
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Fig. 4.28: Turn on transient of series connected devices in buck converter (vgs-
200V/div, v442-200V/div, V,,,;-200V/div, I;-10A/div and time-500ns/div)
Half bridge inverter operation

The experiment is extended for half bridge inverter configuration to show the
effectiveness of the proposed control in AC load current conditions. Figl.31] shows

the series connected SiC MOSFET in half bridge inverter configuration. The device
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Fig. 4.29: Anti-parallel diode voltage balancing of series connected devices in buck
converter (vgs3-200V/div, v454-200V/div, V,,,-200V/div, I;-10A/div and
time-500us/div)
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Fig. 4.30: Transient diode voltage balancing of series connected devices in buck
converter (vgs3-200V/div, v454-200V/div, V,,;-200V/div, I;-10A/div and
time-1us/div)

S; and S, represents top series connected device. Device S3 and S represents bottom
series connected device. The DC split capacitor C; and C5 of each 2200uF capacitance
and voltage rating of 1.7kV are used. The RL load of inductance 3mH and resistance of
20 ohm are placed considering the fundamental sine frequency of 300Hz. The switching
frequency and modulation index are kept at 10KHz and at 0.3 respectively.

Fig[4.32] shows the voltage balancing of top series connected devices S; and S,.
The load current /;, varies sinusoidally at 300Hz. During the positive cycle of the load
current, the series connected device will have hard turn off. From Fig@ it can be
seen at zero crossing of the load current, the voltage imbalance is considerably large.
This is due to the fact that the closed loop control has a limited number of switching

cycles available to balance voltages at low load current. As the load current goes to
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Fig. 4.31: Series connected devices in half bridge mode configuration
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Fig. 4.32: Half bridge inverter top series connected devices (v4s1-200V/div, vgso-
200V/div, vgs2-10V/div,I;-10A/div and time-2ms/div)
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Fig. 4.33: Half bridge inverter bottom series connected devices (v4s3-200V/div, vgs4-
200V/div, vgs3-10V/div,I1-10A/div and time-1ms/div)
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Fig. 4.34: Half bridge inverter at S0Hz fundamental frequency (v453-200V/div, vgs4-
200V/div, v4s3-10V/div,I;-10A/div and time-5ms/div)

the positive cycle, the voltage imbalance is corrected by the high frequency control and
voltage difference is very minimum. In the negative half cycle of the load current, the
diode of the top series connected device will be soft turn off and the proposed diode
voltage balancing control is activated for the voltage balancing. Similarly Fig4d.33|
shows the voltage balancing of bottom series connected devices S3 and S,. Figid.33|
shows the experimental result of half bridge inverter with series connected device at

50Hz fundamental frequency.

4.4.2 Three device series connection results
Chopper mode of operation

The proposed control technique can be extended for more than two devices in
series connection. In order to verify that, three devices are connected in series for
chopper mode configuration. The chopper mode topology is chosen to verify the voltage
balancing of the series connected devices as well as for the diodes. Here, the proposed
low frequency control can be easily verified for three device in series connection with
the experimental results. Fig[4.35] shows the three device in series connection for the
chopper mode converter configuration. S, S, and S3 are top series connected devices as
free wheeling diodes for the inductor current. S3, .S, and S5 are bottom series connected
devices for the load current conduction. Value of the load inductor is 2.5mH and the
load resistor Ry, is placed for loading the converter. The switching frequency of the
converter is kept at 10kHz. The duty ratio is fixed at 30% and the input DC bus voltage
is kept at 2.1kV.
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Fig. 4.35: Series connected devices in chopper mode configuration
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Fig. 4.36: Without low frequency control of three device series connection (vgs4-
200V/div, v455-200V/div, v456-200V/div, I -10A/div and time-500us/div)

Fig[4.36] shows the voltage balancing of three devices in series connection. Here,
the low frequency control is disabled at the load current of 5SA. The voltage imbalance
can be seen in the waveform where each device are expected to be sharing 700V for
2.1kV DC bus voltage. Due to the absence of the low frequency control, one of the
series connected device experiences a maximum blocking voltage of 900V.

The low frequency control is activated and shown in Figld.37] The voltage
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Fig. 4.37: With low frequency control of three device series connection (v4,4-200V/div,
Vgs5-200V/div, v456-200V/div, I -10A/div and time-500us/div)

imbalance minimises in the consecutive switching cycles. The steady state settling
time is mainly determined by the controller dynamics. The PI controller is tuned to get
the response time of 1.5ms. After 1.5ms, the steady state voltage unbalance is very low.
Fig[4.37|shows the transient of the steady state voltage balancing.
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Fig. 4.38: With low frequency control of three device series connection transient (vgs4-
200V/div, v455-200V/div, v456-200V/div,I1,-10A/div and time-500us/div)

The higher load current operation is also performed to show the effectiveness of the
proposed high frequency control. Fig/4.39 and Fig[4.40|shows the voltage balancing of
three device in series connection at higher load current. As the load current is high
enough for the channel current formation, the high frequency control takes care of
voltage balancing. The high frequency control stage will correct the voltage imbalance
at very first switching cycle itself. The sensed error will be very minimum and this
makes the controller output to be low.

Fig[4.41]shows the freewheeling diode voltage imbalance of the top series connected
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Fig. 4.39: Three device series connection at higher load current (v454-200V/div, v4s5-
200V/div, v456-200V/div,I;-10A/div and time-1ms/div)
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Fig. 4.40: Three device series connection at higher load current (v454-200V/div, v4s5-
200V/div, v456-200V/div,I;-10A/div and time-1ms/div)
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Fig. 4.41: Diode voltage unbalance of three device series connection (vzs1-200V/div,
Vas2-200V/div, v443-200V/div, and time-500us/div)

devices when diode balancing control is disabled. During the inductor current
freewheeling time, anti parallel diodes S, S2 and S5 will be conducting. Once the
freewheel duration is over, the devices Sy, S5 and Sg will start conducting. Anti

parallel diodes 57, Sy and S3 will be into reverse blocking mode. This event will be
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Fig. 4.42: Diode voltage balancing of three device series connection (vg41-200V/div,
Vas2-200V/div, v453-200V/div,v451-10V/div and time-1ms/div)

detected from the device voltage sensing as explained in the diode control hardware
implementation stage. Since the gate voltage of the device is already below the
threshold level, the proposed diode control is implemented to balance the diode reverse
voltage. For three device in series connection, two over voltage limits are set. The
device which crosses the limit will be partially turned on for active diode voltage
balancing. Figl.42] shows the verification of the proposed diode voltage balancing

technique.

Half bridge mode configuration

The experiment is further extended for half bridge inverter configuration to show
the effectiveness of the proposed control in AC load current conditions. Figl.43|shows
the series connected SiC MOSFETs in half bridge inverter configuration. Device 57,
S, and S5 represents top series connected device and device Sy, S5 and Sg represents
bottom series connected device.

The DC split capacitor C'; and C5 of each 2200uF capacitance and 2.5kV rated
voltage is placed. The RL load of inductance 3mH and resistance of 10 ohm are
used considering the fundamental sine frequency of 300Hz. The switching frequency
and modulation index are 20kHz and 0.3 respectively. Figl4.44] shows the voltage
balancing of series connected devices. The load current I}, varies sinusoidally at 300Hz.
During the positive cycle of the load current, series connected device will have hard
turn off. From the waveform it can be seen at zero crossing of the load current the

voltage imbalance is considerably large. This is due to the fact that very less switching

88



AGD-1

AGD-2

11
J
0O

AGD-3

@
11
J

™

AGD-4

AGD-5

AGD-6

[ 1g
L
i

Fig. 4.44: Half bridge operation of three device series connection (v454-200V/div, v4s5-
200V/div, v456-200V/div, I -10A/div and time-2ms/div)

cycle are available for the closed loop control to balance at the low load current. As
the load current goes to the positive cycle, the voltage imbalance is corrected by the
high frequency control and difference becomes low. In the negative half cycle of the
load current, diode of the top series connected device will undergo soft turn off and
the proposed diode voltage balancing control is activated for the voltage balancing.

Similarly Fig[4.45]and Fig[4.46) shows the transients results.
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Fig. 4.45: Half bridge operation of three device series connection (v4s4-200V/div, v4s5-
200V/div, v456-200V/div,I;-10A/div and time-2ms/div)
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Fig. 4.46: Half bridge operation of three device series connection (vg54-200V/div, v4s5-
200V/div, v446-200V/div,I;-10A/div and time-2ms/div)

4.5 CONCLUSION

This chapter describes the detailed hardware implementation of the proposed SiC
MOSFET series connection control technique. Implementation of turn on and turn off
control, as well as considerations for selecting the component, are also presented. This
chapter also discusses the hardware organisation of the proposed series connection as
well as various hardware interconnections. The implementation is carried out with the
help of an FPGA. The proposed Active Gate Driver has been extensively tested in a
variety of power topologies. The chopper mode of operation is carried out at 1.2kV for
two devices in series and 2.1kV for three devices in series at SkHz. The results show
that voltage balancing can be accomplished with a settling time of 2ms. In 1.2kV DC
bus operation, the static imbalance is approximately 50V. It is less than 5% of the DC
bus voltage. Similarly, steady state voltage difference of 60V is achieved at 2.1kV DC

bus operation. The proposed diode voltage balancing technique also corrects the diode
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voltage imbalance. The steady state voltage difference of the diode is maintained at
20V. The similar operations are carried out for buck converter mode and half bridge
inverter mode. The buck converter operates in open loop configuration with 1.2kV DC
bus and the output voltage is designed at 380V. This chapter presents the experimental
results of the aforementioned operations. The half bridge inverter runs at 1.2kV for
two devices and 2.1kV for three devices. Switching frequency of the converter is set
at 10kHz. Based on the load requirement, fundamental sine frequency is set at 300Hz
for three device in series connection. Results demonstrate the operation of the proposed

control technique under various load current conditions.
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CHAPTER 5

Short Circuit Protection Technique

5.1 INTRODUCTION

Under short circuit conditions, the reliability of SiC MOSFETs is critical for
operation of a converter. Short-circuit withstanding time of SiC MOSFETs are
significantly lower than Si devices. This chapter introduces a new adaptive blanking
time based shoot through detection technique. The proposed method takes advantage
of an active gate driver controller. It requires only device voltage sensing and gate pulse
information as input to determine the shoot through condition. This chapter describes
operation of the proposed shoot through detection method. The proposed technique
reduces fault peak current magnitude with active turn off control by minimising the
shoot through detection time. The proposed short circuit detection technique hardware

results are also presented.

5.2 ADAPTIVE BLANKING TIME BASED SHOOT THROUGH DETECTION
METHOD

The proposed method is based on the fact that the nature of the turn on switching
transient differs from that of a short circuit event and can be easily identified by the
device drain to source voltage transient. The normal turn on conditions and Hard
Switched Fault (HSF) conditions are compared in this section. The HSF event can
be detected simply by examining the HSF transient of the device drain to the source
voltage. Based on this, working principle of the proposed method is explained. Figl5.]|
shows the test circuit in which S; and Sy are two active switches. L, represents the
layout inductance of the power circuit. In order to create the short circuit event, switch
S, is turned on first and after a time delay ¢, the switch S5 is turned on. Thus short-
circuit event during turn on of switch .S, is created. Figl5.2]shows the gate pulse signal
applied to the two switches. Vizpy and Vg po are the two gate pulse signals applied to

switch S; and .S respectively.
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Fig. 5.1: Test condition for proposed protection method
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Fig. 5.2: Gate signal for the switches

Fig/5.3| shows the normal turn on transient where the device current increases first
after the gate voltage crosses the threshold voltage. The voltage fall begins once the
device reaches the Miller plateau voltage and the device eventually reaches to the on-
state drop voltage as the gate increases towards the positive clamp voltage.

However, during the short circuit condition, the device conducts in saturation
and drain current ¢, increases. Due to this, the junction temperature increases and
considerable power loss happens. The increase in temperature further reduces the
channel carrier mobility charges, which slows down the increase of device current and
stays at maximum saturation current. It can be seen that, the device voltage alone is

enough to differentiate the HSF event from normal turn on transient.
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Fig. 5.4: HSF Turn-On switching transient

5.2.1 Working principle of the proposed method

Turn-off
Signal
Generation
Block

Vis Sensing Circuit

SiC MOSFET with Comparator
Ton ‘/cmpl
Fault Generator Adaptive Time
Gate Pulse Block _Tref Generation Block CGate Pulse

Fig. 5.5: Functional block diagram of proposed HSF detection method

The proposed method consists of vy, Sensing circuit with a comparator, Adaptive
time generation block, Fault generation block, and Turn off switching stage signal

generation block as shown in Fig5.5] The vy, sensing circuit consists of a resistor
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divider with a lead compensated capacitor. The gain of the sensing stage can be adjusted
by choosing proper value of R;, Ry and C , C5. The sensed vy, signal is compared
with V,..r1. The V,.s1 selection will be discussed in the subsequent sections. Based on
the comparator signal, adaptive time generation circuit is used to compute the turn-on
switching time 74, at each switching cycle and the reference time 7,.¢. The T,..¢ time
contains the information of the previous turn-on time as well as the maximum allowable

load current change.

COUNTER
\TOTL
on clk || || ||— cLk PATA \
| T
OFF \ ref
—1 Delay1
Gate Pulse
CNT-EN
Reference| T,
ACLR rst
Vempl on A Generator
OFF| f’
Gate Pulse —Ip q
RST
Delay2 CLK
DFF

Fig. 5.6: Functional block diagram of proposed AGD

In each switching cycle, 1) gets updated with the new value of turn on switching
time 7,,. In fault generation block, the turn on switching time 7;,, is compared with
the reference time 7. at the same switching cycle to detect the Hard Switching Fault
(HSF) event. During normal turn on condition, the computed turn on switching time
T,y at that switching cycle will always be lesser than the reference time 7,.¢. In the
case of the HSF event, the computed turn on switching time 7;,, will be higher than the
reference time 7..r. Hence, the fault is generated and the turn off stage is initiated.

The on board FPGA controller is used to implement the Adaptive time generation
block. Figl5.6 shows the computation of turn on switching time 77,, and the reference

time 7,..y. Fig[5.7)shows the typical turn on transient under normal condition. As soon
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as the Gate pulse Vi p is received, the current rise ¢, starts after a turn on delay time
(time interval ¢; to t9) t4on). The turn on delay time Z4(,,) can be expressed by (5.1))
[14].

Vs

td(on) = Tln(m) (51)

Where 7 represents time constant 12;Cj,,. The delayl block shown in Figl5.6| contains
the information of pre calculated turn on delay time 7ge;q,1(as shown in Fig. This
block is used to deduct the turn on delay time 4(,,) from the instant the gate pulse Vip
is received. The time interval ¢ to ¢4 shows the current rise time ¢;. and voltage fall
time ¢, 7. The V,..r; is selected such that the vy, falls below 10% of the DC bus voltage
(Vbe). When vy, falls below the V,..r, the output of the comparator signal V1 (as
shown in Fig[5.5) becomes high. The counter module is enabled at the rising edge of
the gate pulse Vi p and disabled at the rising edge of the comparator signal V,,,,,,;. By
this, the turn on switching time 75, is measured at the each turn on switching cycle.
The counter is cleared at the falling edge of the gate pulse Vi p. This ensures the proper

T, measurement in the next switching cycle (¢, to t4). The reference time 7.y can be

realised as following (5.2).
Tye(N) = Ton(N — 1) + Tiy (5.2)

At any instant, the reference time of the current switching cycle 7,.; contains the
information of previous turn on switching time 75, and the safety factor time 7. Ty
represents the maximum allowable change in turn on switching time from previous
switching cycle to current switching cycle. This accounts for maximum possible
variation in drain current that occurs during consecutive turn on switching cycles. The
computed turn on switching time 7, should be updated to the reference time 7T,.y.
In normal turn on condition, the measured 7,,, time at each switching cycle remains
constant after completion of the turn on switching transient. The D-Flip Flop (DFF) is
used to sample the 7,,, time with Delay2 block. The Delay2 block contains the delay
time Tijejay2 (in Fig higher than the switching transient time (i.e higher than the

reference time). The higher delay time 74,2 1s provided for the proper update of 75,
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switching time to generate 7,..; time for next switching cycle. In case of HSF event,
the 7.5 signal is used to reset to the initial conditions. During the first switching cycle
(N=1 in (3.2))), where T,,(0) represents turn on switching time at OA load current and
it can be pre calculated using data sheet values or it can be measured experimentally at

0A load current.
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S
Vru
id
Vds Vbc t
’Ulp
Vr-ef]_ 10%Vpc
tq on) tir tvf t
‘/cmpl
Cntr } Tieay2 t
Tdelayl F—
refl
Ton

1, 1, & L5l 1 {

Fig. 5.7: Turn on switching waveform with proposed method

5.2.2 Fault generation Block

The Fault generation Block in Fig[5.8| consist of a digital comparator in which the
turn on switching time 7,,, is compared with the reference time 7,..;. If the turn on
switching time 74,, is lesser than the reference time 7., the output of the comparator

becomes low (i.e normal turn on event). If the turn on switching time 7, is greater
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Fig. 5.8: Functional block diagram of proposed AGD

than the reference time 7., the output of the comparator becomes high. It indicates

the current is still increasing and the Hard Switching Fault (HSF) has occurred.
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Fig. 5.9: Turn on waveform with HSF event

Fig/[5.9] shows the turn on switching waveform during Hard Switched Fault (HSF)
condition. In normal turn on switching cycle, the drain to source voltage v, falls
below the Vs and the comparator output goes from low to high, the 77, time is

estimated. The measured 7, time is instantly compared with 7,..; time. During HSF
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event the drain current 7, increases and the drain to source voltage v, will have a higher
conduction drop and never reaches the set reference voltage V,.s1. Due to this, the
comparator output stays at low and the counter used to measure 7,,, time will not be
disabled. As the 7, time increases above the the reference time 7;..r, the comparator
output becomes high and the turn off is initiate. From the Fig[5.9|the time interval ¢, to
t3 shows the computed 7, and at ¢5 instant the 17, time exceeds the 7,..;. The turn off
is initiated at ¢4 instant. Due to the faster detection, the turn off delay time is reduced

and fast turn off can be achieved.

5.3 SIMULATION RESULTS

The proposed method is verified in LTspice simulation environment. Fig[5.10]shows
the Hard Switching Fault result taken at OA load current condition. The practical delays
(Process delay time and Comparator delay) are not included in the simulation. However,
the turn off delay time of the turn off stage is included in the simulation. The current
limit is set at 25A. The total fault handling time is 60ns and the fault peak current is
limited to SOA. Fig[5.11] shows the Hard Switching Fault result taken with varying DC

800V 100A
—11q at 500V Vpco - 80A

600V  70A
500V 60A
L 50A

400V
L 40A
50A

300+ Fault Reference  [30A
200V - 20A
L 10A

100V 0A
60ns 10A

ov I ; ; I ! . ' , ,
450ns 500ns 550ns 600ns 650ns 700ns 750ns 800ns 850ns 900ns

Fig. 5.10: Hard Switched Fault (HSF) Result at OA Load Current (Voltage
Scale:100V/div, Current Scale:10A/div, Time Scale: 50ns)

bus voltage. The lower the DC bus voltage, the lower the fault peak current. As the
DC bus voltage increases, the magnitude of the fault peak current also increases. It

is important to note that, the reference time calculation will also include the DC bus
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voltage variation. The safety factor time 75; can be varied to include the maximum

deviation in the DC bus voltage and the junction temperature. Fig[5.12]shows the HSF

event at different Junction temperature.

800V 100A
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700V A
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Fig. 5.11: HSF Result at varied DC bus voltage(Voltage Scale:100V/div, Current
Scale:10A/div, Time Scale: 50ns)
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Fig. 5.12: HSF Result at varied Junction temperature(Voltage Scale:100V/div, Current
Scale:10A/div, Time Scale: 50ns)

5.4 EXPERIMENTAL RESULTS

The proposed method is tested in Double Pulse Test (DPT) setup at 500V DC bus
voltage as shown in Fig[5.13] CREE make part number C3M0065100K (1000V, 32A)
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SiC MOSFET is used with 130nH layout inductance. The CPLD controller is operating
with a clock frequency of 100MHz. The switching transient of the proposed method
during Hard Switched Fault (HSF) is presented here.

Fig. 5.13: Photo of Hardware test setup

The turn on switching time 7, is pre-calculated by data sheet values or by
measuring experimentally. The calculated value of 7,,,(0) at OA load current is around
20ns. Figl5.14] shows the measured turn-on time for 20A load current is 40ns. From
this, the safety factor time 7 ; can be estimated, which is around 40ns. The safety factor
time includes the maximum change in the load current and the comparator signal delay

time.

—Uds(200V /div) — Vemp1 (5V /div)=—1| 7 (20A /div

Time Scalet 50ns °

Timebase 0.0 ps||Trigger CHEE
200 V/div 5.00 V/div 20.0 A/div "‘P‘ TELEDYNE LECROY 10.0 ps/div| Stop 74V
50.0 ns/div 50.0 ns/div 50.0 ns/div Everywhereyoulook 200 kS 2Gs/s|Edge  Positive

Fig. 5.14: Estimation of Turn-on time

Hence the total reference time T;..; can be calculated as 60ns. Fig[5.15| shows the
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Hard Switched Fault (HSF) Result taken at OA load current. The Fault current limit is
setat 15A. T}, represents the turn-off delay time which includes the comparator delay
time and process delay time for generating the turn-off control signals. Due to the finite
process delay time, the fault peak current is limited to 45A, and the total HSF time is

130ns (detection time, process time, and total turn off delay time)

N

—Vs(200V /diy) — Vgs (BV /div)—1}7(20A /div)
'?%Tdoff I ~ o Time Scale: 1 200ns

f | fh
{ Y A l
[, ”,_d‘l'luf.‘ﬁ.[\/\r\.f\ NP —

R R R N A N A VN N N I N N B
VIRVARY

! : Y f\u/‘k_/\ P N ot

N
130ns

Cc1 [oc] Timebase -176 ns||Trigger CHES

200 Vidiv 5.00 Vidiv 20.0 Aldiv ".‘ IEEED,V“!E LE?BOY 200 ns/div| Stop 72A
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Fig. 5.15: Hard Switched Fault (HSF) Result at OA Load Current
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Fig. 5.16: Hard Switched Fault (HSF) Result at 15A Load Current

/N

The Hard Switching Fault (HSF) event can happen at any load current. In order
to show the effectiveness of the proposed method, HSF event is created at 15A load
current. Fig[5.16 shows the HSF event at 15A load current. The Fault current limit is
changed to 25A. It can be seen that, the maximum fault peak current is limited to 60A
(as shown in Fig[5.17)), which is within the safe operating area of the device. The results

also show that the proposed method does not trigger false trip during the normal turn
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Fig. 5.17: Transient of Hard Switched Fault (HSF) Result at 15A Load Current
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Fig. 5.18: Conventional 2-Level Turn-off

on switching. Figl5.18 shows the proposed method with conventional 2- level turn off
(2LTO) for OA load current. During the turn off transient, an additional voltage level is
introduced at the gate side using this method. The first voltage level is used to limit the
fault current, and the gate voltage is clamped for a predetermined period of time. This
limits the SiC MOSFET channel current and greatly reduces the drain to source voltage
overshoot. The gate voltage is clamped to the recommended negative voltage after the
fixed duration time. The total HSF time is 240ns which is higher than the active turn

off, where the turn off delay time is significantly reduced.
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5.5 CONCLUSION

This chapter explains how the proposed adaptive blanking time based shoot through
fault detection technique. The proposed method only uses device voltage information
to distinguish between a short circuit and a normal operating condition. To compute
the blanking time, the proposed method employs digital logic within the FPGA. A
timer based blanking time calculation logic is implemented inside the controller. This
blanking time varies with each turn on time. This clearly distinguishes the blanking
time required for low load current from that required for high load current. This
eliminates the fixed blanking time present in the conventional desaturation technique
for all load current operations. Both simulation and hardware experimentation are
used to validate the proposed technique. The proposed method was primarily based
on the turn on time that would be fed into the blanking time calculation model. As a
result, before performing the short circuit test, the turn on time must be pre-calculated
or experimentally calculated. The hardware results show a faster detection time of 50ns

and a fault peak current limit of 45A with a total short circuit time of 130ns.
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CHAPTER 6

Conclusion

6.1 SUMMARY AND CONCLUSION

The advantages of SiC MOSFETs over Si devices are well known. There is
a pressing need for series connection for high voltage devices in medium power
conversion. To meet the immediate need, a series connection of several low voltage
SiC MOSFETs can be used instead of a single high voltage SiC MOSFET. On the
other hand, series connection of several low voltage SiIC MOSFETs introduces inherent
difficulty of voltage balancing during turn off transients as well as in the steady
state. The formation of parasitic capacitance in the switching node, as well as part-
to-part parameter variation in SiC MOSFETSs, causes these difficulties. Parasitics
in the converter layout will play a larger role in voltage balancing. These are the
primary drawbacks of series connecting SiC MOSFETs. Many techniques exists in
the literature which takes an unique approach to solve the aforementioned problem.
However, each method has its own advantages and disadvantages. An Active Gate
Driver based approach is presented in this thesis to overcome the difficulties associated
with series connections. Taking the benefits of an active gate driver, the reliability
of SiC MOSFETs are improved by proposing an adaptive blanking time-based short
circuit detection technique. This helps in faster detection of short circuit event in SiC
MOSFET.

In this thesis, problems of series connection of SiC MOSFETs are thoroughly
investigated. The switching transient model is provided for turn on and turn off
transients. Analytical expressions for the series connected SiC MOSFET at turn on and
turn off conditions are presented. In the modelling, the SiC MOSFET gate is assumed
to be driven by a constant current source. If the device has a parameter mismatch or a
gate pulse delay, there is an over voltage period in the turn on transient. Overvoltage
causes more switching loss and can damage the device if it is not limited below the

rated voltage. The turn off transient modelling is presented, and the analysis yields the



voltage imbalance parameters. According to the analysis, load current variation has a
significant impact on voltage balancing. The device (‘2—:) is mainly decided by the gate
current as well as the load current. The lower load current leads to lower ( %) and higher
load current leads to higher (%) for the same applied gate current ¢,. The analysis of
voltage balancing of body diodes due to unequal parasitic capacitance formation is also
presented.

A three-stage control (two switched current source stages and one switched voltage
source stage) has been proposed to independently control the turn on transients. The
first two switched current source stages are operated to minimise the turn on over
voltage. The third stage clamps the gate voltage to the recommended turn on gate
voltage to reduce the on-state resistance. Similarly, the turn off transient is controlled
by five stages. For diode voltage balancing, Off Stage 1 and 5 are coordinately operated.
Off Stage-2, Off Stage-3, and Off Stage-4 are used to address voltage balancing for
varying load current conditions. The detailed design and hardware implementation of
the proposed control technique are also presented. The proposed series connection
control techniques are validated experimentally. Experiment results for two device
series connections at 1.2kV DC bus voltage and three device series connections at
2.1kV DC bus voltage are shown. The experimental results demonstrate the effect of
the proposed voltage balancing control technique under various load current conditions.
At 1.2kV and 2.1kV DC bus voltages, the results shows a maximum static voltage
difference of 50V and 60V. This corresponds to less than 5% of the total DC bus voltage.

In the presence of short circuit conditions, reliability of SiC MOSFET: is critical
for the converter’s operation. SiC MOSFETSs have a significantly lesser short circuit
withstanding time than Si devices. The proposed method takes advantage of the benefits
of an active gate driver controller and requires only device voltage sensing and gate
pulse information as input to determine the shoot through condition. A timer based
blanking time calculation logic is implemented inside the controller. This blanking time
varies with every turn on time. This clearly distinguishes the blanking time required for
lower load current from higher load current. This eliminates the fixed blanking time
present in the conventional desaturation technique for all load current operations. Here,

the reference time is compared with previous calculated turn on time. Based on this,
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shoot through event can be detected instantly. The experimental verification of the
proposed technique is implemented. The hardware results shows a faster detection time

of 50ns and a fault peak current limit of 45A with a total short circuit time of 130ns.

6.2 THESIS CONTRIBUTIONS

The following are major contributions of this thesis.

(a) The thesis provides analytical expressions and switching transient behaviour of
series connected SiC MOSFETs. The analytical expressions are approximated to
second order and steady state terms are also derived.

(b) A separate turn on and turn off control stages are proposed to address the voltage

balancing issues. Each stages are driven to control the %, % of the series

dt> dt
connected SiC MOSFETs with voltage balancing.

(c) A low frequency control for series connection is proposed to address the varying
load current conditions.

(d) Voltage balancing control technique of body diode of SiC MOSFETs are also
presented and experimentally verified.

(e) An adaptive blanking time based shoot through detection technique has been
developed and tested experimentally. The on-board detection uses only voltage
sensing information to differentiate the shoot through from normal operation.

6.3 FUTURE SCOPE AND WORK

The following activities can be considered for continuation of the present work.

* Extending the series connection to multiple device for higher blocking voltage
requirements.

* Extending the AGD to Asymmetric series connection of SiC MOSFETs.
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APPENDIX A

SiC MOSFET Model

The mathematical model of SiC MOSFET presented in Chapter 3 is derived in detail
in this appendix. Fig[A.T|represents equivalent circuit model for SiC MOSFET under

parasitics.

. ) —2 + <1> = Cds Vs
ig Cgs F Vgs )

Fig. A.1: Equivalent circuit of SiC MOSFET

The SiC MOSFET is excited with current source and all the other sources are forced
to zero (Voltage source are short circuited and current sources are open circuited).
L, represents equivalent layout inductance and C), represents equivalent parasitic

capacitance of the diode. The KCL is applied at node 2 to obtain the Eq[A.]]

dvgs

dt

d?}gd

ig = Cys 4

(A.1)

+Cy

The KVL at the outer loop of SiC MOSFET model is given by Eq[A.2]

Vgs = Ugd + Vds (A.2)



Similarly, the KCI at node 1 is given by EqJA.3]

tq = Teh T 1Cgd + tCds (A.3)

Differentiating the EqJA.2]and substituting in EqJA.T]is given by EqJA 4]

ig = s 82— 0y (A4
Applying Laplace transformation on Eq[A.4]is given by
1,(s) = 5Cis5Vys(s) — sCyaVis(s) (A.5)
Eq[A.3]is expanded and Laplace transformation is applied.
14(s) = 8C4ssVas(8) + (gm — 5Cya) Vys(S) (A.6)
From EqJA.5] the expression for v, is given by
Vo(s) = $CyaVas — 14(s) (A7)

SCZ’SS

Upon solving Eq/A.5|and Eq[A.6] The device drain to source voltage (v4,) in terms

of device drain current (¢4) and input gate current (7,) is obtained.

SId(S)Ciss + Ig(s)[gm — Sng]

Vis(s) = A.8
¢ (8) S[SCissCoss + Ogd(gm - Sng)] ( )
The KVL in outer loop is given by
1
Vds(S) = —(SLp + Q)Id(s) (A9)

p

Solving EqJA.9] Eq/A.§] and Eq/A.5] The device input to output transfer function

can be obtained as
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Vas(s) Gm — $Cha + $°gm Ly,Cp — 83 L,C,Coa

— A.l
I,(s) S4KL,C,+ S3C,qL,C, + S?(K + CpCiss) + 59mCya (A.10)

The above transfer function can also be represented as

Goils) a18% + b1s® + 15+ d;
vi\S) =
(98 + bys3 + 982 + dys

where the coefficients of the s terms are given below

a; = —L,C,Cyq
by = LpCpgm

€1 = —ULygd

di = gm

ay = KL,C,

by = LyCpgmCya
ey = Cpliss + K
dy = gmCya
K = CiyCoss — C,
The above transfer function is used in the control modelling to design the PI

controller for the proposed low frequency control operation.
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