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Abstract

Precision current measurement is a critical function that must be incorporated into
modern high voltage and high current power systems. Conventional IGBT current
sensing methods usually employ discrete sensors such as lossy shunt resistors and involve
accessing the high voltage collector load of the IGBT. This would normally present
difficulties for integration. In this thesis, an IGBT collector current sensing technique
which only utilizes the low voltage signal at the gate terminal is presented. This technique
is based on the unique Miller plateau relationship between the gate current and collector
current (/g and I¢) for a particular gate resistance (Rg), and allows for a cycle by cycle
measurement of /o during both turn-on and turn-off transients. This technique is
theoretically verified, experimentally demonstrated and integrated into an IGBT gate
driver IC. The presented gate driver IC has a highly configurable gate driver, an on-chip
CPU for local data processing and an integrated current sensor. This IC is prototyped
using TSMC 0.18um BCD Gen-2 process. A polynomial curve fitting is implemented by
the on-chip CPU to predict Ic based on the digitized I; value. Measurements using a

double pulse test setup at room temperature show that an accuracy of £1 A could be
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ensured with a 2" order polynomial curve fitting, within the current range between 1 to
30 A for turn-on and 1 to 50 A for turn-off. After the temperature effect is analyzed and
factored in, a 3rd order polynomial curve fitting is implemented, an estimated accuracy of
0.5 A could be achieved within the current range of 1 to 30 A for turn-on and 1 to 50 A

for turn-off from 25 to 75 °C.
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Chapter 1

Introduction

Power semiconductor switches are essential components in all modern power electronic
systems which determine the performance, efficiency, size, and the cost of the electronic
systems. Recently, wide bandgap power devices have attracted significant attentions due
to their superior device characteristics. However, these devices are still in early
generations of development and they are intended to replace Si devices in very high
voltage, high frequency and high power applications. Therefore, Si based power
MOSFETs and Insulated Gate Bipolar Transistors (IGBTs) remain dominant in the
landscape from low to medium power conversion applications. As the silicon device
technology evolves to a highly mature state, their performance is already approaching the
physical limits. In order to further exploit silicon power devices, much effort has been put
into the design of smart gate driver ICs to optimize the overall system performance. In
the past decades, various gate drive circuits have been proposed and discussed, with more

and more functions incorporated into the gate driver to make them ‘smart’.

Meanwhile, precision current measurement is a critical function that must be incorporated
into modern high voltage and high current power systems. Accurate measurement of
current flow in power switches such as power MOSFETs and IGBTS is necessary for
output regulation and for safety purposes. However, conventional current sensing
methods for power switches using resistive sensors consume more power, increase
discrete components count and involve accessing the high voltage load side; posing

difficulties for integration into gate driver ICs.
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This thesis focuses on developing a new collector current sensing method for IGBTs and
integrating this technique into a smart gate driver IC. In Chapter 1, a brief introduction to
IGBTs, smart gate ICs and conventional IGBT collector current sensing methods is
provided. This is followed by an overview of the research work. Chapter 2 introduces the
proposed collector current sensing method for IGBTs. A discrete implementation which
demonstrates the ideal is also presented. Chapter 3 describes the gate driver IC design
details with the integrated current sensor. Chapter 4 discusses the experimental setup and
measurements results. Conclusions and suggestions for future work are given in Chapter

5.

In this introductory chapter, the fundamentals on IGBT device structures and applications
are reviewed in Section 1.1. The design trend in smart gate driver ICs for IGBTs is
analyzed in Section 1.2. The conventional collector current sensing methods for IGBTs
and their disadvantages are presented in Section 1.3. An overview of the research work

conducted in this thesis are summarised in Section 1.4.
1.1. IGBT Devices and Applications

IGBT 1is widely used in a variety of power switching applications due to its superior
electrical characteristics. It is basically a merged MOSFET-bipolar power transistor,
synergizing the high-input impedance MOS-gate control with high bipolar current
conduction. The size and complexity of the controlling circuitry is reduced compared to
the power bipolar transistors, hence the overall system size and cost are reduced as well

[1,2].
1.1.1. IGBT Device Structures

Ever since the IGBT concept was discovered and developed in the early 1980s,
breakthrough technical innovations for IGBT structural optimization have been achieved
over the past decades. Basic IGBT structures are derived from replacing the n+ drain with
a p+ layer at the bottom of a vertical power MOSFET. This p+ layer is called the

injection layer which injects holes into the n-drift base region; adding one more
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conducting carrier to increase the device current drive capability. Early generations of
IGBTs feature planar gate and Punch-Through (PT) type bulk structure, as illustrated in
Figure 1.1(a). The PT-IGBT is fabricated by growing the n-epitaxial drift layer on a
highly-doped p+ substrates. This design provides strong hole injection from the collector
into the drift region to achieve high conductivity and hence low on-state voltage drop. At
the same time, the carrier life time control becomes necessary as the injected minority
carriers in the drift region should be removed quickly when device needs to be turned off.
However, device performance would be limited in this case since it is hard to optimize
carrier profile, on-state voltage, and turn-off speed. In addition, PT structure has poor
short circuit capability and is unsuitable for parallel operations due to its negative

temperature coefficient [3].

Emitter Emitter Emitter
Q+ Tub p+ Ty Q+ Tub p+ TW p+ o
n Drift n Drift n Drift

Collector
Collector
Collector
(a) (b) (©)

Figure 1.1: (a) Conventional Planar Gate and Punch-Through IGBT; (b) Planar Gate and
Non-Punch-Through IGBT; (c) Trench Gate and Non-Punch-Through IGBT.

The Non-Punch-Through (NPT) IGBT is developed to solve the aforementioned issues,
as shown in Figure 1.1(b). The NPT bulk is fabricated using the float zone wafers instead

of epitaxial wafers; which results in less crystal defects. The impurity concentration in the
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p+ collector is well controlled in order to suppress the carrier injection volume. As a
result, no lifetime control is required; and positive temperature coefficient is achieved,

facilitating parallel operations for large current capacity applications [2, 3].

The NPT IGBT also has the advantage of higher withstand capability because of the thick
n-drift region. However, there is a trade-off since the thicker n-drift region would reduce
the carrier transport efficiency and increase the on-state resistance. The Field Stop (FS)
IGBT was introduced to further improve the device characteristics. As shown in Figure
1.1(c), there is an extra high concentration field stop n+ layer inserted at the bottom of the
n-drift region. It serves the purpose of stopping the depletion layer, allowing a thinner
wafer to be used for the same high breakdown voltage. With the FS technology, it is
possible to reduce the n-drift layer thickness of the NPT structure by approximately one
third. This translates to less excess carriers and faster switching speed, hence lower

switching loss for IGBT at turn-off [3].

Other than the bulk structure evolution, a new gate structure called ‘trench gate’ has also
been developed for IGBTs. As illustrated in Figure 1.1(c), the gate region is formed by
etching a trench into the upper surface and locating the gate inside the trench with a liner
oxide for isolation from the bulk [4]. When the gate is biased with the proper voltage, a
channel is formed along the vertical wall of the trench perpendicular to the surface of the
chip. This is different from the conventional planar structure where the channel forms
under the gate parallel to the surface of the device. The vertical channel requires less chip
area, allows for substantially higher cell density and reduces the on-state voltage drop of
the IGBTs [5]. Therefore, FS trench gate structure is widely adopted for modern IGBT
designs. Recently more efforts have been carried out to further optimize the trench gate
region design, in order to achieve better short circuit ruggedness [6], lower switching loss

[7] and better di/dt control during IGBT switching transients [8].
1.1.2. IGBT Power Modules

Power Modules were developed to assemble multiple IGBT dies in a single package to

provide complex functionality. The modules usually integrate free-wheeling diodes



(FWD) and IGBTs to provide single or multi-phase output stages for motor drive or
power conversion applications [9]. Basic IGBT power modules usually do not contain
control or protection circuitry inside the modules. They are normally driven by external
gate drivers or controller boards [10]. The cross-sectional view of a basic IGBT power
module is shown in Figure 1.2. The module has a copper baseplate which provides
mechanical support for the module. It also absorbs heat during power transients and then
transmits the heat to the heat sink. On top of the baseplate, a Direct Bonded Copper
(DCB) substrate is attached and the silicon chips (IGBTs and FWDs) are mounted on the
DCB substrate using solder, epoxy or other alloying methods. The DCB substrate
provides electrical isolation of the silicon chips from the baseplate and heatsink.
Therefore, it needs to withstand high temperatures and with low thermal resistance. In
addition, the DCB layer should have similar thermal expansion coefficients to that of
silicon to ensure good thermal cycling performance. In this case, the most suitable
materials for the DCB layer are ceramics such as alumina (Al,O3), aluminum nitride
(AIN), and silicon nitride (Si3Ny) [11, 12].

Cover Plate Plastic Case
Terminal Electrode

SiIicon\Chips Wire Bonds
/
\ / Silicone Gel

| | Ceramic Substrate T\I I
- Base Plate \ "

DCB Substrate
Figure 1.2: Cross-sectional view of a basic IGBT power module.

After mounting the substrate and silicon chips onto the baseplate, wire bonding is
performed to interconnect the chips and connect them to the electrodes of the module.
Aluminum wires are usually used with ultrasonic bonding technology [11]. During the
IGBT thermal cycling, the bonded interface between the Al wire and the metalized Si

chip top experiences repeatedly stress, leading to potential bonding wire damages such as



bonding lifting and cracking. These types of damages were reported as the dominant

failure modes for modern power modules [13].

For the purpose of providing insulation between the Al wires to prevent electric discharge
and also protect the silicon chips from moisture corrosion and contamination, a layer of
encapsulation such as silicone gels is used to fill the empty spaces between all the
interconnects, devices and insulation layers inside the module [14]. Finally, a plastic

case/cover provides protection against any mechanical and environmental abuse [11].
1.1.3. Intelligent Power Modules

In order to provide self-protection and load monitoring capability to the IGBTs, the
concept of Intelligent Power Module (IPM) was introduced in the late 1980s [15, 16].
IPMs incorporate a dedicated circuit board with control and protection functions to

improve their performance and reliability [17, 18].

Gate Drive ICs ’

(a) (b)

Figure 1.3: A Fuji Electric 7TMBP200VEA060-50 IPM module. (a) The driver and control
circuit board, (b) the IGBTs and FWDs on the bottom.

Figure 1.3 shows an off-the-shelf Fuji Electric IPM Module 7MBP200VEA060-50. The
top circuit board serves as an interface between the microcontroller and the IGBTs. It
contains the gate driving ICs and the protection circuits to prevent under-voltage, over-
current, over-temperature, and short-circuit fault conditions. The bottom of the module

are the IGBT and FWD chips with interconnects.
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The IGBT chips installed in [IPMs have different design requirements compared to those
discrete IGBT devices. The most significant one is the short circuit withstand time. The
discrete IGBTs are typically used in power inverters and are expected to survive a certain
time period (usually around 10us) in short circuit operation before the protection circuits
are triggered. Special design techniques are needed to ensure adequate saturation current
during short circuit condition. However these techniques such as regulating the MOS-
channel current would usually compromise the on-state voltage drop in the normal
operating condition of the IGBT [10]. While for the IGBTs in [PMs; these techniques are

no longer necessary because of the fast short circuit protection scheme (usually 2~3pus).

Another important feature of the IGBTs designed for IPMs is the integration of on-chip
current and temperature sensor, as illustrated in Figure 1.4. The Sense-FET structure
directs a small portion of the total collector current for over current protection. The
details of this current sensing method will be discussed in a later section. A simple pn
diode is placed in the center of the chip to monitor the junction temperature of the IGBT

chips [10].

Collector
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Figure 1.4: Photo and simplified schematic of an IGBT chip for IPMs with on chip
current and temperature sensors [10].

The development of IPMs greatly reduces the time-to-market for the products and offers
customers with advantages of reduced design efforts, lower manufacturing costs, and also
improved system performance and reliability [15]. IPMs are now widely used in many

electronic applications.



1.1.4. IGBT Applications

IGBTs have found widespread applications in medium to high power systems. Figure 1.5

illustrates the application spectrum for modern IGBTs. Their characteristics are suitable

for applications with operating conditions of 200V and above, e.g. lamp ballasts,

consumer appliances, and motor drives, etc. Compared to traditional Si-based IGBTs,

SiC IGBTs offer promising characteristics with higher blocking voltages, higher

switching frequencies and better thermal reliability. However, due to the lower wafer

yield and higher cost, Si IGBTs are still the dominant power devices except for special

applications such as smart grid which requires extremely high blocking voltages [1]. The

IGBTSs discussed in this thesis are limited to Si-based IGBTs.
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Figure 1.5: Application spectrum for IGBTs [1].

IGBTs play an important role in the modern transportation sector. They are the most cost-

effective choice for the switches in power electronic systems. More significantly, the

IGBT-based inverters are used in electric and hybrid electric vehicles such as electric



buses, trains, electric trams and trolleys, and subways. The development of IGBT has a
great impact on the industrial sector as well. IGBTs are the dominant power switches
used in industrial motor drives. For all these applications, IGBTs offer many technical
advantages when compared to other power switches including lower component count
and power rating for the driver circuit, lower switching loss and steady state on-state loss,
better short circuit withstand capability, better performance under parallel configurations

and feasibility of higher blocking voltages [19, 20].

IGBTs are also widely used in many modern lighting systems. They enabled the
introduction of the Compact Fluorescent Lamp (CFL) because of their high power
handling capability and monolithic gate driver which makes the control system more
compact. Other applications of IGBTs for lighting include LED drivers, dimmable

luminaries and flash tubes used in digital still cameras [21].

In addition to above mentioned applications, IGBTs are extensively used for the control
of power delivery in major home appliances used by consumers. These major appliances
include air conditioning, heat pump unit, kitchen cooking range, washing machines,
microwave, and refrigerator [22]. IGBTs also found numerous applications in the medical
sector now as they have taken a critical role in the power delivery for major medical
diagnostic tools such as CT scanners, MRI imagers, ultrasound machines, and medical

lasers [23].

1.2. Trends in Smart Gate Driver ICs for IGBTs

1.2.1. Gate Drivers for IGBTSs

Gate drivers for power semiconductor switches are crucial components in power systems.
Investigations on the gate drive circuits for silicon power switches started as early as the
devices were introduced [24]. The basic gate drive circuit for IGBT is simple because of
its MOS-gate structure. The device can be controlled using relatively low voltage

(typically 10-15V), and only transient currents are required to charge and discharge the



MOS-gate which can be delivered using integrated circuits [24]. Common gate driver
topology can be categorized into three groups: voltage source gate driver, current source
gate driver and resonant source gate driver [25]. Simplified circuits describing these

topologies during the charging and discharging intervals are shown in Figure 1.6.

Rs

Re
A ey, —A— AR
Vs \ Cos R,.—§ %/S Cos VSC—D CGST
| | (b)

(a) (c)
Figure 1.6: Simplified circuit for (a) voltage source, (b) current source and (c) resonant
gate driver topologies during charging and discharging intervals [25].

Voltage source topology is the most popular gate driver topology due to its simplicity.
This type of driver operates by charging and discharging the input gate capacitance of the
IGBT (Cgs) with a voltage source through a series resistance Rg. R is a critical factor for
switching speed control. It is normally chosen based on the value of Cgs to make sure
that the charging interval is less than 5% of the entire switching period of the IGBT.
Larger R would inevitably limit the switching speed. However, it would not increase the
power consumption of the gate driver. The energy dissipated in R during charging

process is always equal to the energy stored in Cgg, which is given by [25]:

Considering the same holds true for the discharging process, the power consumed in Rg

for a switching frequency of f; for the IGBT can be calculated as [26]:
P = fSCGsVS2 (1.2)

Equation (1.2) implies that at higher switching frequency, the gate driver power
consumption will become significant enough to affect the efficiency of the system.

Therefore, current source gate driver topology as shown in Figure 1.6 (b) is introduced.
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These gate drivers operate by charging the gate capacitance with a constant current
source, and the charging time is inversely proportional to the charge current /5. It can be
demonstrated that the current source driven gate driver consumes less power than the
voltage source gate driver with proper choice of the passive components [25]. However,
this type of topology is less commonly used as it requires a high efficiency current source
which is more difficult to design. In practical terms, a small inductor is usually
implemented as part of the current source. This approach ventures into the resonant driver

domain [26].

Figure 1.6(c) presents a simple resonance driven gate driver which is the most popular
topology used in high frequency switching applications. In this type of driver, the
resonant current charges and discharges the gate capacitance through the resonant
inductor. There are two operation modes: full resonance and clamped resonance. Under
full resonance condition, the inductor transfers all the energy to the gate capacitance. The
turn-on time and the final gate voltage value are determined by the Q-factor. While under
clamped resonance condition, the gate voltage will be clamped at a given voltage, the
remaining energy in the inductor is then diverted [25]. All the commonly used resonance

gate driver circuits are discussed with their advantages and limitations in [27].

In this research work, the IGBT devices under investigation are switching around 20 kHz
only. Resonance type gate drivers require inductors which is not desirable for space and
cost saving in integrated circuit design. Therefore, the voltage source topology is adopted

for this thesis.
1.2.2. Smart Gate Drivers

In the past decades, various gate drive circuits have been proposed and discussed, with
more and more functions incorporated into the gate driver to make them ‘smart’. These
driving techniques and smart functions can be broadly divided into three categories, as

shown in Figure 1.7.

The techniques in the first category are mainly used to optimize the switching behavior of

the power devices. For example, active gate driving has been discussed extensively in
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literature [28-33], focusing on the turn-on /turn-off voltage and current waveform shaping
for the power devices. The ultimate goal is to ensure acceptable compromise between
switching speed, switching power loss and electromagnetic interferences (EMI). These
are the most important design aspects for smart switching designs. Adaptive driving is an
example of such system where closed-loop analog control is used to adjust the dv/dt and
dil/dt characteristics [28-30]. This control technique usually features simple circuit design,
high dynamic speed and low power consumption. However, the analog control strategy
and analog circuit necessitate major re-design effort for different devices, operating
conditions and processing technologies. Another popular trend is to employ intelligent
digital control to achieve adaptive slope shaping [31-33]. These types of gate drivers have
the key advantage of high flexibility in driving strategies and high configurability for
various design parameters such as gate resistance, gate current and drive stages. Some
works also combine analog feedback and digital control to achieve intelligent switching

[34, 35].

Dead Time Short Circuit
Control Protecion
di/dt and dv/dt Over Current
Control Protection
Over
EMI
G Temperature
£8 S ma rt G ate Protection
Switching D river Over/Under
Power Loss Voltage
Control Protection
Parallel
Current Self Diagnosis
Balancing Current Sensing/ Temperature
Regulation Sensing
Switching Behavior Control Protection Monitoring/Regulation

Figure 1.7: Developed features of modern smart gate drivers for power MOSFETs and
IGBTs.

In the second category, there are various protection circuits for the power switches,

including short circuit protection, over current protection, over temperature protection,
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and over/under voltage protection. All of these are compulsory features for device
reliability and safe operation. These functions have been well developed in the past
decades [36]. Recent effort is to focus on how to make the protection schemes more

robust and with faster reaction time [37].

The techniques in the third category are more for monitoring and regulation, such as
temperature sensing [38], current sensing [39], current regulation and current balancing
in parallel connected topology [40], and self-diagnosis for fault detection [41]. These are
popular new features in smart gate drivers to improve functionality, flexibility and

reliability.
1.2.3. Integrated Smart Gate Drivers

Modern smart gate drivers integrate all the components into a single package, resulting in
a significantly smaller system size and enhanced reliability. The smart gate-driver ICs
also simplify the PCB board layout and reduce design uncertainty. Some of the smart
functions mentioned in Section 1.2.2 were initially implemented using discrete
components and then gradually integrated into the gate driver IC. A generalized block

diagram for recent smart gate driver ICs is shown in Figure 1.8.

Smart Gate Driver IC Power °
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Figure 1.8: Functional block diagram of a generalized smart gate driver IC.

Modern smart gate driver ICs usually rely on an external FPGA or a microprocessor to
provide digital control, such as setting all the configurable parameters for the chip and

PWM (Pulse Width Modulation) control for the driver. Recently, numerous gate drivers
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ICs with digital controlled adaptive driving features were developed. One example is the
segmented and programmable gate drivers [42-44]. Segmented drivers are composed of
several paralleled output stages to achieve variable output resistance. In order to achieve
fast switching speed, a lower gate resistance is needed for large di/dt and dv/dt but this
results in higher EMI. A larger gate resistance could reduce EMI but increase the
switching loss, leading to lower efficiency. The digitally controlled segmented gate driver
could dynamically change the gate driver output resistance to suppress the EMI while
maintaining similar switching speed and switching loss. Furthermore, multiple changes in
the gate resistance during a single turn-on or turn-off transient are possible by
appropriately changing the number of active segments in real time. An algorithm was
developed in [45] to optimize the segmentation process according to the load current, the

operating voltage, the temperature, and other variations in power devices.

Smart gate driver ICs could also process the feedback signals from sensors on the power
switches or the load. These signals can be used to trigger certain protection circuits
directly. In most designs, the processed signals are digitized by an ADC and fed back to
an FPGA or microprocessor. After further processing, the FPGA or microprocessor will
trigger the protection circuits or dynamically adjust the driving control signals to realize
local regulation. A gate driver IC with integrated short circuit protection function based
on a filtered feedback signal is introduced in [46]. A smart driver IC for inductive loads
with self-monitoring capability by using the signals from a resistive sensor on the load
side is presented [47]. Finally, the concept of integrating the di/dt and dv/dt analog
feedback into the gate driver IC is described in [35]. This fully integrated closed-loop

gate driver could provide digital slope shaping based on the analog feedback signals.

Recently, techniques that utilize the gate signal (gate voltage or gate current) to detect
short circuit condition [48-50], to predict device junction temperature [51], to regulate the
imbalance of currents in paralleled IGBTs [52] have been proposed. These types of
techniques only use the low voltage signal on the gate driver, ensuring the feasibility of
low cost integration. As illustrated in Figure 1.8, the diagnostic circuit could process the
gate signal directly instead of monitoring the feedback signals from the high voltage load

side which poses significant voltage isolation difficulties in monolithic integration.
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1.2.4. BCD Process Technology

Whether a certain feature should be integrated is not only dependent on the circuit design,
but also on the integration cost. With rapid advancements in semiconductor fabrication
technology, the cost of gate-driver ICs is becoming comparable to discrete circuits,

making the IC solution even more attractive and feasible for most applications.

Most modern power ICs are fabricated using BCD (Bipolar CMOS DMOS) technology.
It typically offers low-voltage transistors (for digital and analog signal processing), high
voltage power transistors (for output stage), and also diodes, capacitors and resistors in
the same process; with feature size ranges from 0.35 pm to 0.13 pum [53]. A typical cross
section shows the BCD technology with a combination of bipolar, CMOS and DMOS
devices on the same IC are illustrated in Figure 1.9. Robust isolations between low
voltage and high voltage circuitries are required by using deep-trench isolation (DTI) and
highly doped deep buried layers. The deep buried layers could shield any disturbances
coming from the substrate and prevent any parasitic transistors from turning on, while the
DTI technique could ensure great lateral isolation. Compared to previous LOCal
Oxidation of Silicon (LOCOS) and Shallow Trench Isolation (STI) techniques, DTI

technology offers much better physical isolation with increased area density.

Bipolar : cmos : DMOS
(Lateral PNP) I (NMOS) I (N-LDMOS)
Emitter Collector Base | Drain Source Body | Drain Butted Source
® : Gate ® : Gate

p sub

Figure 1.9: Illustration of the BCD IC technology which includes bipolar, CMOS and
DMOS devices on the same IC.
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Another solution with better isolation capability is to use SOI (Silicon-on-Insulator) BCD
[54]. A gate driver IC in SOI technology is presented in [55] which integrates all primary
and secondary side driver functions for a three-phase MOSFET power inverter system on
a single chip. This is possible because the insulated substrate enables full dielectric
isolation for devices operating in different voltage domains. In addition, improved EMC
and robustness could be realized by using SOI technology. However, due to the higher
cost of the SOI substrate, it is usually only employed in high profit margin applications

such as bio-medical and automotive sectors, etc.

1.3. Conventional IC Sensing Methods for IGBTs

Current sensing has always been critical for protection and regulation in modern high
voltage and high current power systems. Different current sensing techniques have been
reviewed in [56-58]. These current sensors include series/shunt resistors or
magnetic/inductive sensors such as Rogowski coils, current transformers and Hall Effect
sensors. Efforts have been made to integrate the above-mentioned sensors to various
industrial power systems to monitor the output currents [59-61]. A few popular current

sensing methods used for IGBTs and IGBT modules will be discussed next.
1.3.1. Current Sensing using Shunt' Resistors

For current sensing in IGBT modules, the shunt resistor sensors remain the most popular
due to their low cost and small size. As shown in Figure 1.10 (a), a low-value ohmic
shunt resistor is inserted between the emitter of the IGBT and ground. The voltage drop
across the resistor will be used by another circuit for monitoring and detection [58, 59,

62].

In order to achive fast response time to potential high-impluse and heavy-surge currents,

coaxial shunts are usually used [63]. Neverthelss, calibrations are still needed when

Shunt resistor is usually placed in series with the load, and a voltage is generated across the shunt resistor
which is proportional to the load current.
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integrating them to different switching systems even for coxial shunts with excellent
frequency response [64]. For highly compact electronic systems, the bulky coaxial shunt
resistors are no longer suitable and Surface-Mounted-Device (SMD) resistors with small
physical dimensions are generally used instead. However, the small size of SMD resistors
causes the parasitic industance become a major concern as the frequency reponse could
be seriously deteriorated. Compensation techniques using filters are sometimes needed to

improve the bandwith for SMD shunt resistors [56].
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Figure 1.10: (a) Traditional IGBT collector current sensing methods using a shunt resistor
(b) shunt resistor current sensing implemented in a 3-phase power inverter.

For either the coaxial shunts or SMD resistors, the resistance values are usually quite
small and in the milli-ohm range. The extracted Vs often needs to be amplified to an
acceptable level before further processing. The amplifer stage may further limit the
bandwith. Morevoer, the induced voltage due to the self-inductance of the shunts and the
parasitic inductance of the contact leads may become comparable to the resistive voltage

drop [65], causing noises on the measurements.

Another major disadvantage of shunt current sensing is its low efficiency. Considering
the fact that IGBTs are usually implemented in high power systems, the power loss
across the shunts can be very high when high currents are being switched. Sometimes a
heat-sink may even be required; the system cost and size are then increased drastically. In
addition, measuring Vg can be difficult as the load side voltage could have a swing of

several hundreds of volts.
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Figure 1.10 (b) shows the application of shunt current sensing in a 3-phase power inverter.
The shunt resistors are placed below the low side switch of each branch for current
monitoring. The sampling technique is critical as the phase current passes through the
low side switch for only a portion of the fundamental cycle. Special algorithms should be
developed and implemented to utilize the available current information effectively, so

that the full output phase current waveforms could be reconstructed accurately [66].

In summary, the shunt resistor current sensing has poor accuracy, consumes too much
power and provides no measurement isolation from load side. The only reason that they

are still widely adopted in low end industrial drives is because of their low cost [59].
1.3.2. Sense-FET Current Sensing

Another common collector current sensing method for IGBTs is to embed a sense
structure inside the IGBT chip. This is similar to the sense-FET used in power MOSFETs
[67, 68], as illustrated previously in Figure 1.4. The small sense current, I, is directly
proportional to the main collector current, /¢, and can be measured though a sense resistor.
Figure 1.11 illustrates a typical application of using Sense-FET for over current

protection.

HV IGBT/Load
VCE

Controller and Driver IC

Digital
Controller

CMP R |
__-ll-_VREF SENSE l Sense

Figure 1.11: Schematic of using a Sense-FET for over current protection.
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Due to the unique characteristics of the IGBT, there are three options for the embedded
current sensor: ‘active current sense’, ‘MOS current sense’ and ‘bipolar current sense’.
The linearity of these sensors has been studied in [69], and it is found that the active
current sensor has the best linearity, while the MOS current sensor has least temperature
dependence. Many steps have been taken to improve the accuracy and robustness of these
integrated sensors through layout optimization [67, 70-72]. However in practical
applications, it is almost impossible to achieve a constant current sensing ratio across all
the entire operating condition of the IGBT. For example, the current sense ratio is
sensitive to the collector emitter voltage Vg, Even special sensing topology is
implemented, the current sensing ratio can exhibit a variation of 5~10% across the

normal operating range of Vg [67, 71].

It is also well known that the current sensing ratio has a great dependence on the actual
collector current Ic. As illustrated in Figure 1.12, the IGBT usually consists of tens of
thousands of small cells connected in parallel, and the sense emitter uses part of these
cells [73]. Ideally the current sensing ratio should be equal to the emitter area ratio. In
reality, there are parasitic resistors at the emitter ends due to the interconnectors and leads.
The values for the sense emitter parasitic resistor RLsg and that for the main emitter RLg
are comparable in this case. Since the current flowing through the main emitter /¢ is
much greater than the current flowing through the sense emitter Ig.,,; the voltage drop
across the sense device Vg sgis much less than Vg g which is the voltage drop across
the main IGBT device. When a shunt resistor is inserted to the sense emitter, the voltage
drop difference across the parasitic resistors may cancel out to certain extent. Therefore
the real current sensing ratio is never just the emitter area ratio. It depends on the
parasitic resistance values and the external shunt resistor value; causing considerable and
nonlinear variations when the main emitter current level changes [73]. Therefore, in
practical applications, it is compulsory to measure the current sensing ratio under actual

use conditions to determine the correct overcurrent limit.
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Figure 1.12: Schematic explaining the effect of residue resistance exerting on the current
sensing ratio variation [73].

Another major drawback of the Sense-FET current sensing is the current overshoot
problem when turning on the IGBT device. During the turn-on transient of the IGBT,
there is normally a large overshoot in /¢ due to the diode drawing reverse recovery
current from the dc supply [74]. Excessive ringing on /- can also be observed during
turn-on when the gate drive resistance is small and the turn-on process is exceedingly fast,
causing undesirable EMI (Electro Magnetic Interference) [43]. Consequently, the sense
current /s, would also exhibit large over shoot and ringing. This could falsely trigger
the over current protection circuity. Therefore, a blanking circuit is normally required for
the protection circuit to have a blocking period during the turn-on transient to avoid any
false triggering. However, the blanking circuit is not desirable and possibly harmful if a

real short circuit condition happens during the blocking time.

Other than the above mentioned disadvantages, the Sense-FET current sensing ratio also
has large dependence on the IGBT junction temperature [67, 72, 73]. This is attributed to
the physical structure and location of the Sense-FET on the IGBT chip. Normally the
Sense-FETs are placed at the side the chip while the temperature sensor is placed in the
middle of the chip. Thus the average temperature of the Sense-FET is usually different

from that the main emitter cells.
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In addition, the sense resistor must be sufficiently small to keep the potential at the sense
electrode to be less than 50mV. As a result, the sensing circuit has poor noise immunity
[36]. Therefore, this current sensing method is widely adopted in IPMs for short circuit

protection only as it lacks the accuracy required for current regulation.
1.3.3. Other Current Sensing Methods

Another IGBT current sensing technique is inspired by the MOSFET current sensing
method using the Rpg (on). It assumes the MOSFET acts like a resistor when it is turned
on, and the drain current can be deduced by measuring the voltage drop across the
MOSFET [75]. International Rectifier extended this application to IGBT current
measurement through measuring the Vg (on) of the IGBT [76]. The accuracy of this
technique depends on the tolerance of the on-resistance of the IGBT. Blanking circuit or
filters are needed to prevent the noisy spikes from false triggering the protection circuits.
Temperature effects are yet to be compensated. Moreover, this approach involves a
HVFET which connects directly to the switching node for Vg sensing; therefore, an

expensive discrete component is necessary.

All the above mentioned current sensing techniques are based on resistive sensing and
involving touching the high voltage power switch or load side which may cause safety
concerns. For this reason, current sensors which are based on in-direct sensing and
provide inherent electrical isolation are normally more attractive for applications where
isolation is required [56]. For example, the Hall Effect sensor, Rogowski coils and

Current Transformers are widely used in power electronic systems for current sensing.

Hall Effect sensor is a popular magnetic field sensor. It predicts the current level by
sensing a voltage caused by the magnetic field. Therefore, it is non-intrusive and power
efficient. It can be used for both DC and AC current sensing up to hundreds of kHz [57].
In addition, it has small and simple structure and can be fabricated using CMOS
technology. However, Hall Effect sensor is usually more expensive than a Rogowski
sensor or a current transformer. Other than the cost, the sensor often exhibits an unstable

offset voltage which may vary over time. Meanwhile, it is also sensitive to temperature
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and external magnetic field which make them less attractive for integrated applications

[56].

Rogowski Coil is an application based on Faraday’s law of induction. It is an air-cored
coil placed around the conductor in a toroidal fashion [57]. The induced voltage across
the coil can be measured to estimate the derivative of the primary current. Simple
integration could then be carried out to predict the exact the current level. Rogowski Coil
sensor has small size, low cost, high bandwidth and excellent linearity. Reference [60]
presents a new power module concept which integrates a tiny PCB Rogowski Coil for
IGBT switching current measurement in a compact converter. However, external

circuitry including an integrator and ADC is needed to process the output voltage.

Current Transformers are widely used for AC current sensing. Similar to the Rogowski
Coils, Current Transformers also exploit Faraday’s law of induction to measure current.
This technique thus provides galvanic isolation and consumes little power. Unlike the
Rogowski Coil technique using an air core, Current Transformer has a magnetic core and
needs to be terminated with a sense resistor. The core material design needs to be
carefully considered as the hysteresis of the core material may degrade the measurement
accuracy. Besides, the core should not be saturated under any condition especially in low
frequency applications. This may lead to increased size and cost. Therefore, the Current

Transformer technique is not suitable for DC current measurement [56-58].

It can be seen that all the non-intrusive current sensing methods either based on Faraday’s
Law or Magnetic field sensing are inevitably making use of external components which
pose difficulties for system integration. These sensors are also sensitive to various
parasitic effects and temperature, making them difficult to achieve high accuracy in

practical applications.

A new current sensing method which involves no external component and can be fully
integrated into an IGBT gate driver IC will be introduced in Chapter 2. This technique is
based on the Miller effect of the IGBT devices, and it allows a cycle by cycle

measurement of the IGBT switching current with high accuracy. A brief Comparison of
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the proposed current sensing technique versus the existing current sensing methods is

listed in Table 1.1 and Table 1.2.

Table 1.1: Comparison of existing current sensing methods and the proposed current
sensing technique

Current Sensin Estimated Power

Methods ° Accuracy Bandwidth Cost Loss Isolated

Shunt resistor Medium DC-10MHz Low High No

Sense-FET Medium <1MHz Medium Low No

VCE (on) low <1MHz Medium Low No

Hall effect sensor Medium DC-1MHz High Low Yes

Rogowski coil High 0.1-100MHz Low Low Yes

Current transformer Medium 0.1-100MHz High Low Yes

Miller Effect (/) High <1MHz Medium Low Yes

Table 1.2: Application hints for existing current sensing methods and the proposed
current sensing technique

Current Sensing - . .
Integrabili T 1 Appl n
Methods tegrability ypical Applicatio
. Industrial applications where low-cost is the
Shunt resistor No . pp
primary concern
Sense-FET No Over current protection in IPMs
VCE (on) No Over current and short circuit protection
Hall effect sensor No Industrial motor drive current sensing
.. Hieh frequency, high current, and non-
Rogowski coil No Lueh ireq y, g
intrusive current sensing
Current transformer No AC current sensing
. Integrated current sensor in gate driver IC to
Miller Effect (1) Yes g . g C
realize on-chip current regulation.

1.4. Thesis Overview

The recent trend for IGBT gate driver IC is to integrate more and more sophisticated
functions to optimize and protect the IGBTs. These include turn-on and turn-off Rg
selection, closed loop di/dt and dv/dt control for optimizing the trade-off between

switching loss and Electro-Magnetic Interference (EMI) [44]. In order to achieve higher
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functionality and flexibility for a wide variety of applications, programmable digital
circuits are incorporated into the gate driver circuits to achieve adaptive switching control
[33, 77]. To add more flexibility, a simple stack based micro-controller named SPRUCE
(Stack PRocessor Unit for Controlling Energy) was proposed in [78]. This embedded
processor in the gate driver IC can provide reconfigurable control algorithm for many
types of closed loop control functions for the IPMs. In this thesis work, an IGBT gate
driver with an integrated collector current sensor and on-chip SPRUCE CPU for digital
control and local data processing is presented. The temperature compensated current
sensing technique monitors only the gate current during the Miller Plateau region to

predict the collector current.

This research work was motivated by the compelling need to find a new technique to
indirectly measure the collector current (I¢) from the gate side using only the gate current
(Ig) or gate voltage (V). The objective is to incorporate this technique into a gate driver
IC chip. At the same time, an on-chip CPU is also desirable for all the digital processing
and achieving high configurability. Therefore in this case, all circuits remain on the low
voltage side in the gate driver. There is no need to touch the high voltage collector
terminal or the load side. Moreover, no extra discrete components are needed and the

IPM functionality is increased.

An analysis is introduced to demonstrate the theoretical basis for using the IGBT gate
current (/) to predict the collector current (I¢) during the Miller plateau region of the
IGBT turn-on and turn-off switching transients. The details are presented in Chapter 2.
Basic IGBT switching characteristics are discussed and the physical relationship between
the I; and I are deduced. This is followed by experimental verification of the proposed
technique by switching a discrete IGBT on and off under different load current and load

voltage conditions. The corresponding /i and I are recorded and discussed.

Chapter 2 also presents the discrete implementation of the proposed current sensing
technique. The prototype circuit board can automatically sense the Miller plateau region

during IGBT switching transient and digitize I during the plateau regions to predict /.
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After the proposed technique is demonstrated with discrete implementation, an integrated
version with on-chip gate driver, SPRUCE unit and a current sensing system is designed
and fabricated using TSMC’s 0.18um BCD GEN2 process. Chapter 3 provides the details

of each circuit block in the gate driver IC chip with simulation results.

Chapter 4 describes the test setup for the gate driver IC chip, followed by the presentation
of the experimental results. Since the proposed current sensing technique is sensitive to
temperature. The temperature effect is also presented and analyzed. A compensation

technique is also proposed and verified.

Finally in Chapter 5, the conclusion and future work to further extend this topic are

presented.
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Chapter 2

Proposed IGBT Collector Current
Sensing Technique and Discrete
Implementation

As reviewed in Chapter 1, the conventional collector current sensing methods for IGBTs
which utilize resistive sensors such as shunts and Sense-FETs reduce the system
efficiency and normally suffer from poor accuracy. The inductive and magnetic current
sensing approaches are usually expensive and bulky, causing difficulties for integration.
These problems could be eliminated if a measurement technique is available to monitor

the low voltage and low current waveforms directly at the gate driving circuits.

This chapter introduces the proposed current sensing method which is based on the Miller
Effect during the IGBT switching transients. The theoretical background of the proposed
current sensing method is described and verified experimentally. This Chapter is
organized as follows: Section 2.1 reviews the basic switching transients of the IGBT,
models the behavior during the Miller plateau region and deduces the relationship
between I and Ic. Section 2.2 presents the simulation and experimental results on the
relationship between I and /¢ during the Miller Plateau. The discrete implementation of
an automatic current sensing system is introduced in Section 2.3. A brief chapter

summary is provided in Section 2.4.
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2.1. Proposed Current Sensing Method

It is well known that for IGBTs, the gate-emitter voltage (Vg) exhibits a Miller plateau at
both turn-on and turn-off [79]. During this plateau, Vg is effectively clamped due to the
charging (discharging) of the gate-collector capacitor (Cg¢) during turn-on (turn-off). The
voltage at which the Vg plateau occurs is determined by the I- waveform [80]. The
proposed technique utilizes this phenomenon and its effect on the IGBT gate current (/)
to indirectly measure Ic. In this case, I is measured by monitoring the voltage across the

gate drive resistance (Rg).
2.1.1. Basic IGBT Switching Transients

Since the proposed current sensing method depends on the IGBT’s gate charge transfer
characteristics during the switching transient, it is necessary to examine the IGBT’s basic
switching behavioral. IGBTs are commonly used to drive inductive loads such as the
winding of motors, where the load inductance is sufficient to maintain nearly constant
current flow throughout the switching cycle. This could be simulated by using the

“Clamped Inductive Load”, as illustrated in Figure 2.1 [74].

Voo

<
Gate Driver I Cse | !

+
| /\/\/\/ T —I l /C VCE
T Re 7 Cee 1 ‘ :
JL Vorwe Vee L1

Figure 2.1: Test bench schematic for IGBT switching transient analysis with inductive
load.
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The IGBT device is connected in series with an inductive load and the DC power supply,
with a high side free-wheeling diode connected across the load to re-circulate the current
flow when the IGBT device is off [81]. In practice, a switching voltage source is usually
applied to the gate of the IGBT device through a gate driver and a discrete gate resistor.
The gate driver works as a power amplifier which amplifies low voltage digital input
from a microcontroller and produces high current drive output to drive the power switch
gate. Noting that power switches such as IGBTs usually exhibit large gate-emitter
capacitance (Cgg), thus gate drivers are required to ensure proper driving strength and
ensure reasonable switching speed. Typical gate driver design options have been
discussed in Section 1.2.1. The gate resistor Rg provides an extra degree of freedom for
switching speed tuning. However, it should be carefully selected for switching behavior

optimization. This will be explained later in this section.

The switching behaviour of an IGBT is also strongly related to the stray and depletion-
layer capacitances of the device, especially the Miller capacitor Cgc. The idealized turn-
on and turn-off switching waveforms of a typical IGBT are shown in Figure 2.2 and
Figure 2.3. These can be obtained by using the test bench schematic in Figure 2.1 with
the inductor substituted by a current source. This current source is acting as the inductor

which carries a constant current [ in this case.
Turn-on

IGBT is operating like a MOSFET driving a PNP transistor. By virtue of the IGBT’s
MOS gate structure, the turn-on process of an IGBT is quite similar to that of an
MOSFET. As plotted in Figure 2.2, the turn-on process can be divided into four distinct
time intervals. At time #;, a positive voltage is applied to the gate resistor (Rg). During
time interval 1, current begins to flow into the gate and charge up Cgg. At time 1, Ve
reaches the threshold voltage. During time interval 2, Vg increases exponentially with a
time constant equals to [Rg X (Cgr + Cac)]. Ic begins to increase as Vg continues to rise.
At the same time, the current in the high side freewheeling diode decreases. However, the
diode is still forward biased. Therefore, a non-zero Vg still exists across the IGBT during

time interval 2. During time interval 3, the Miller capacitance is being charged. The gate
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voltage remains almost constant as the gate current begins to charge Cge. This
phenomenon occurs as Vg continues to decrease. This drop in Vg voltage causes an
increase in the effective Cge capacitance. The magnitude of this increase in capacitance
can be as much as two to three times when Vg becomes very low [82]. At time 4, the
gate-source voltage plateau ends and the gate source voltage increase exponentially
during time interval 4. Vg reaches its final value at 5 at which point the IGBT achieves

full conduction [74, 80].
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Figure 2.2: Typical turn-on waveforms for IGBTs.
Turn-off

Unlike the turn-on process which is a majority carrier phenomenon, the turn-off process
is more dependent on the PNP transistor characteristics. The turn-off sequence (as shown

in Figure 2.3) is essentially the reverse of the turn-on process and can also be defined
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using four time intervals. During time interval 5, Vg falls to a level determined by the ¢
DC transfer characteristic. The Miller plateau is reached during time interval 6 as the gate
current discharges Cgc. At ts, when Vg has increased to Vpp, I¢ starts to drop rapidly.
However, this rapid reduction in /¢ is followed by a long current tail due to the minority
carrier recombination phenomenon in the long drift region. The charges recombine at a
rate mainly determined by the carrier lifetime, less influenced by the charge being

removed from the gate [74].
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Figure 2.3: Typical turn-off waveforms for IGBTs.

With proper selection of R, the Miller plateau can be easily identified and measured for
both turn-on and turn-off of the IGBT. If R is too small, the gate charging/discharging
current will be too large and the plateau will be difficult to identify from transient
waveforms. In addition, the fast charging rate at turn-on may cause /¢ overshoot which

may cause significant conducted EMI and reduce the lifetime of the IGBT [43]. However,
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if Rg is too large, the rate of gate charging/discharging will be too slow, potentially

increasing switching loss in the IGBT.

As the Miller plateau phenomenon is caused by the influence of Ic on Cgc, the value of
Ve for the Miller plateau should exhibit a distinct relationship with I¢c. Therefore, I can
be obtained by measuring the plateau value of Vg or by measuring I, which should also
become constant at the Miller plateau. Practically, it may not be possible to measure Vg
directly as the emitter of the IGBT may not be connected directly to ground. Especially
for those IGBT modules, there is a large parasitic inductor between the IGBT emitter and
ground which is mainly contributed by the large inductance of the lead pads. Therefore,
in this work, the proposed measurement technique involves an indirect measurement of /¢

by measuring /.
2.1.2. IGBT Modeling

To understand the theoretical relationship between I; and I¢, the following analysis is
carried out based on the basic IGBT modeling. Figure 2.4 (a) shows the cross section of a
typical trench gate field-stop IGBT, which is the most popular IGBT structure with short
turn-off time and low on-state voltage drop [4].

Figure 2.4 (b) shows the simplified model of the IGBT which is a MOSFET driving a
wide based PNP transistor. The physical locations of the MOSFET and the PNP transistor
in the trench gate field-stop IGBT is shown in Figure 2.4 (a). In this IGBT, the electron
current (/,) flowing through the MOSFTE serves as the base drive current for the PNP
transistor. Therefore, the hole current (Z,) flowing through the PNP transistor is [83]:

(94
1, =Ppypl, =| —— I, 2.1)
1 =apyp

where [pyp denotes the common emitter gain of the PNP transistor; and apyp is the
common base gain. The emitter current of the IGBT, /¢ can be obtained by adding up the

electron and hole currents as:

Iy=1+1 =—"1 (2.2)
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Figure 2.4: (a) Cross section of a typical trench gate field-stop IGBT, (b) a simplified
IGBT model, (c) typical IGBT symbol.

Due to the high input impedance of the MOS gate structure, the gate current, I 1s zero in
steady state. Even during switching, the charging and discharging gate currents are much
smaller than the emitter current. Therefore, Iz is approximately equal to the collector
current, /c. The electron current, 7, is in fact the drain current of the MOSFET. Therefore,
Ic and Ip can be related as shown below:

Ip

IC_

= (2.3)
1=apyp

Suppose a voltage source, switching between Vpgve and ground, is applied to the IGBT,
as illustrated in Figure 2.1. During the turn-on process, the gate current /; of the IGBT

(also the MOSFET) and drain current of the MOSFET (Ip) can be expressed as:

IG — VDRIVE _VGE (24)
R
G(ON)

8Em (VGE —Vin )
2

I, = (2.5)
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Combine equations (2.4) and (2.5):

VDRI VE — VTH

I, = Em (2.6)

RG(ON)

Substituting (2.3) into (2.6), the relationship between I¢ and I is given by:

Reon)8m 7 8mVorive —Vrm)

I.=—
‘ 2(1-atpyp) ¢ 2(1-ctpyp)

(2.7)

where g, is the transconductance of the MOSFET. It is related to the transconductance of

the IGBT G,, by [84]:

G ——8m 2.8)

"
— Qpnp

During the turn-on transient, /¢ can be determined by:

R G, G, -V
Io=- G(ON) I+ ' (VDRIVE TH) (2.9)
2 2
A similar derivation for /¢ can also be applied to the turn-off process:
R G,
Io=— G(Og Ry G'"ZTH (2.10)

where Rgon) and Rgorr) are the turn-on and turn-off gate resistance. Vg is the threshold
voltage of the IGBT. Rg, Vprive and Vg are usually constants. G, of the IGBT can be
found from the I versus Vg transfer curves in the device data sheet. Therefore, there is
indeed a relationship between the gate current, /g and collector current, /c. This is a
unique relationship for a particular IGBT structure and is only affected by temperature
and process variations. The temperature compensation method will be introduced in
Chapter 4. However, this relationship is only valid in the Miller plateau region where the

device is in saturation mode. In practical applications where on-the-fly computing should
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be minimized, it is easy to model this relationship by a simple lookup table or curve

fitting.
2.2. Demonstration of /; and I relationship

Based on the theoretical derivations, physical experiments have been carried out to
demonstrate the relationship between I and /¢ during the Miller plateau under different

conditions.

Figure 2.5 shows a schematic of the experimental test-bench. Infineon IGB30N60H3
IGBTs are used to construct a power inverter. The high-side IGBT is disabled (Ve = 0)
throughout the experiment and only the freewheeling diode (FWD) can be turned on. I is
obtained by measuring the difference between Vpg;yr and Vg, and then divided by Rg.
The inductor current (/1) is determined using a TEKTRONIX TCP312 current probe.

Measurement of /; allows for an easy determination of /¢ just after turn-on or just before

turn-off.
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Figure 2.5: Experimental test bench schematic IGBT model: IGB30N60H3).

An Altera Cylcone Il FPGA is used to generate the input signals for the gate driver. A
double pulse experiment was employed whereby the gate driver turns on and off the low-
side IGBT twice in quick succession. The length of the first turn-on period is adjusted in

order to control I¢c. The I and I measurements are performed during the rising and
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falling edge of the second turn-on period. Both the turn-on and turn-off I values were
measured as I was varied. Figure 2.6 shows several signals of interest for the

aforementioned double pulse technique.
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Figure 2.6: Sample waveforms for Vpgive, Vee, Vorive-Vee and I,

The turn-on and turn-off behavior of /s was recorded for several Vpp voltages ranging
from 25V to 250V. Several I; waveforms for different /¢ values during turn-on and turn-
off for Vpp= 25V, 100V and 250V are as illustrated in Figure 2.7 to Figure 2.9. I~ was
varied from 1A to 30A. From these waveforms, it is evident that the Miller plateau
behavior is consistent across low and high Vpp conditions. Furthermore, the plateau

region is always explicitly visible.
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Figure 2.7: Measured I; waveforms for different /c when Vpp =25V at (a) turn-on and (b)
turn-off.
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Figure 2.8: Measured I; waveforms for different Ic when Vpp = 100V at (a) turn-on and
(b) turn-off.
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Figure 2.9: Measured I; waveforms for different Ic when Vpp = 250V at (a) turn-on and
(b) turn-off.

The impact of changing /¢ has on I for each Vpp condition is obvious from Figure 2.7 to
Figure 2.9. For the turn-on transient, higher Ic leads to lower I; plateau value.
Considering the constant Vpgye as in Figure 2.5, lower I in the plateau region means
higher Vg. This is expected from the gate transfer characteristics of the IGBT, where I¢
increases with gate bias voltage V. For the turn-off transient, since Vpgve is essentially

zero, higher I will translate to higher Vg and thus higher /.

For the same Vpp voltage level, the I plateau length varies less than 5% when I changes
from 1A to 30A in this case. Intuitively, the gate-drain capacitance Cgp is dominated by

Vpp instead of Ic. Nevertheless, the variation of /¢ would slightly change the on-state
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voltage drop across the IGBT, therefore, the Cp as well as the required gate charge to
fully turn-on the device will also vary to certain extent [85]. However, the plateau length

change due to /¢ is much smaller compared to the impact of the Vpp change.

It can be seen that the plateau length of /; increases prominently for comparable /- values
when Vpp increases from 25V to 250V. This is mainly due to the high initial DC voltage
drop across the collector and emitter ends of the IGBT; which requires a much longer
charging time to provide increased gate-drain charge Qgp. Meanwhile the plateau level of

I sustains the same for a give I no matter how Vpp changes.

In Figure 2.10, the Miller plateau values for /; during turn-on and turn-off were extracted
and plotted against /¢ for difference Vpp voltages. It clearly shows that the measurement
results remain consistent regardless of different Vpp levels. These measurements are in
good agreement with the simulation results discussed above. Furthermore, these results
demonstrate a clear relationship between I¢c and I regardless of the Vpp voltages. The
plateau values of I; was extracted by averaging all the values during the plateau interval,
and the worst case maximum discrepancy between the actual value and the average value
is 1.5% for turn-on plateau and 1.8% for turn-off plateaus. The main source of
discrepancy comes from the fact that /- always changes slightly during the short plateau
region (/¢ is not constant during the double pulse test), causing the /s plateau to tilt

slightly as well.
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Figure 2.10: Measured I¢ vs. I for (a) turn-on plateau values (b) turn-off plateau values.
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Therefore, the experimental results show that the idea of measuring the IGBT collector
current /¢ indirectly using its gate current /g is feasible. It is observed that the proposed
technique could be used for voltage up to 250V and currents up to 30A with 2%

inaccuracy.

It was also found that the proposed technique is subjected to temperature change. The
examination of the temperature influence on the technique and the temperature effect

compensation will be discussed in Chapter 4.

2.3. Discrete Implementation of an Automatic I
Current Sensing Circuit

Now we have the I; and I¢ relationship demonstrated; it can still be problematic to
extract I during the plateau region in practical applications. Proper signal processing
techniques need to be implemented such that /5 can be extracted automatically and

accurately in order to predict /.

Before integrating this technique into a gate driver IC, a discrete version of the automatic
I¢ current sensing was designed and tested. Figure 2.11 shows the block diagram and
testing configuration of the current sensing circuit. A gate driver is used to control the
low side the IGBT and a Field Programmable Gate Array (FPGA) is implemented to
provide all the digital control and processing. The I sensing circuit can be divided into
two blocks, the Low Voltage portion (3.3V) and the High Voltage portion (15V). The
Low Voltage circuit senses the time period for the turn-on and turn-off plateau, and
feedback the signal to the FPGA for digital processing. The FPGA generates a pulse that
matches the Miller plateau region. This pulse will trigger a fully differential high voltage
integrator that integrates the voltage difference across the gate resistor Rg during the

plateau region. According to

ViN_DiFF . I; XRGt
RC RC

Vour _pirr = 2.11)
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RC is the time constants and is known through the components selection, ¢ is the
integration time which equals the pulse width. In this application, a fixed time integration
is used and will be explained in detail later. The fully differential input voltage Viy pirr
can be expressed as I times Rg. This resistance should also be fixed in real application.
The fully differential output voltage Vour pirris digitized by an ADC at the end of the
integration time. Equation (2.11) shows the relationship between I; and I¢, based on
which we could expect there exists a similar relationship between Voyr pirr and Ic
Therefore, a lookup table is constructed between the digitized Vouyr pirrand the collector
current /c. For each cycle’s turn-on and turn-off transients, /¢ could be deduced by

examining the digitized output of Vour pirr.
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Figure 2.11: Block diagram for the discrete implementation of the current sensing circuit.

The reason for using an integrator instead of sensing the gate voltage directly is due to the
fact that the plateau region is usually very short and noisy. In addition, as mentioned in
Section 2.2, I; may tilt slightly during the plateau region. Therefore, the integration
provides an averaging function that filters out the change in Iz and also strongly
suppresses noise. Another reason for the integration is the fact that the change in gate
current is relatively small when compared to the changes in the collector current (as it can
be seen from Figure 2.10). Therefore, the integrator can amplify the changes in gate

current to provide higher sensitivity and higher accuracy.
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2.3.1. Experimental Test Bench Setup

The experimental test setup used to verify the current sensing circuit is shown in Figure
2.12 (a). Three levels of customized PCBs are cascaded onto the base level of a Fuji
TMBP200VEA060-50 IPM module. The power module contains a three phase output
stage using six IGBTs and six freewheeling diodes, as previously shown in Figure 1.3 (b).
The first level PCB only contains connection headers which allows for easy addition and
removal of the control and current sensing circuits. The second level PCB allows access
to an FPGA board that plugs directly onto the board. It includes the segmented gate
drivers constructed using discrete components. It also provides access to important nodes
via the third level PCB that contains all the analog components. The third level board is
the actual I¢ current sensing system, which is connected to the second level PCB via

headers to provide access to the FPGA digital control and gate signal generation circuits.

PCB Level 3 Ic Sensing Circuit

FPGA
PCB Level 2 Segmented Gate
Drivers

PCB Level 1 Connectors to Fuji’s IPM Module

1o Wy CoreEP3C16 JTAG [

[’

Figure 2.12 (b): First level PCB with connectors to the module base (left) and 2" Jevel
PCB with an FPGA and segmented gate drivers (right).
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The same double gate pulse technique is used to first set the collector current of the IGBT.
The IGBT turn on and off transients are then measured as illustrated in Figure 2.13.
Measurements are performed at the rising and falling edge of the second gate pulse. The
width of the first gate pulse is adjusted in order to set the level for Ic. The voltage at the
switching node, Vgw is the pulse used to trigger the fully differential integrator. It is
basically a representation of the turn-off Miller plateau of the IGBT. The ADC samples
the output of the integrator near the end of the Miller plateau. The output of the ADC can
be read directly through the SPI interface of the oscilloscope.
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Figure 2.13: Typical waveforms for Varg, Ic, Vsw (um-of) and digital outputs.
2.3.2. Turn-on and Turn-off Plateau Sensing

The Miller plateau sensing block is designed based on a passive band pass filter. Figure
2.14 illustrates the schematic for the turn-on Miller plateau sensing block. A high pass
filter is used to sense the gate node of the IGBT, where the time derivative of the plateau
region equals zero. This is followed by a low pass filter which filters out the high
frequency noise. The resulting Vgc is then amplified and compared with a constant
reference voltage. The digitized Vegeppack 1s sent to an FPGA for digital processing. The
FPGA uses a state machine and a fixed time integration block to generate Vsy which
corresponds to the plateau regions. To sense the turn-off plateau, a similar circuit is used

except that Vg needs to be inverted, as shown in Figure 2.15.
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Figure 2.15: Schematic for the turn-off Miller plateau sensing circuit.

The high pass filter followed by a low pass filter results in a bandpass filter with
frequency response peaks around 700 kHz for turn-off and 2.4 MHz for turn-on. The
output of the filter needs to be within the input range of the amplifier stage afterwards.
The amplifier and the comparator should have wide enough bandwidth for the signal. A
high speed comparator is used to avoid excessive delay between the plateau start and the
triggering for the integrator. Figure 2.16 shows the typical waveforms for the turn-on and
turn-off Miller plateau sensing. The Vgw o signal is state machine output which will be
further processed by the fixed time integration block to generate Vsy. Vsw corresponds to
either the turn-on or turn-off Miller plateau of the IGBT, and is the triggering signal of

the integrator.
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Figure 2.16: (a) Sample waveforms for sensing the turn-on Miller plateau. (b) Sample
waveforms for sensing the turn-off Miller plateau.

2.3.3. Integrator Design and ADC Interface

The fully differential integrator is used to integrate the voltage across the gate resistor Rg
during the IGBT turn-on and turn-off plateau period. The schematic for the integrator is

illustrated in Figure 2.17.
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Figure 2.17: Schematic for the fully differential integrator.

The two inputs of the integrator are supposed to connect to the two ends of the gate
resistors. However, two high voltage buffers (BUF634 from Texas Instrument) are
inserted here to make sure that the integrator would not interfere with the gate drive
circuit. After the HV buffers, two analog switches (DG468 from VISHAY) are used to

connect and disconnect the integrator. The analog switches can sustain up to 15V while
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be controlled using low voltage digital logic. Moreover, they feature reasonable
switching action time (around 100ns) to minimize the delay between plateau sensing and

integrator triggering.

The common mode voltage needs to be carefully selected to accommodate both the
common mode input range of the integrator Op Amp as well as the ADC. The integrator
R and C values are determined based on the integration time ¢ in order to obtain
reasonable resolution from the output voltage. The value for C should be no less than 200
pF to avoid excess charge injection from the reset switches. Therefore, R is selected to be
10 k€ and C is 390 pF. The integration time ¢ is between 2us to 3us and is determined by
the fixed time integration block. The trigger signal and output waveforms for the fully

differential integrators during turn-on and turn-off are shown in Figure 2.18.
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Figure 2.18: (a) Output waveforms of the differential integrator during turn-on; (b)
Output waveforms of the differential integrator during turn-off.
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The Analog to Digital Converter (ADC) is a 12-bit SAR ADC (AD7322 from Analog
Devices). It is configured to accept fully differential inputs in the range of +10V
(resolution is 2.441mV) for turn-off and 5V (resolution is 1.22mV) for turn-on. This is
based on the fact that the effective plateau length for turn-on is shorter than turn-off for
the same R¢ value. Therefore, the £10V input range setting could not provide enough

resolution for the turn-on plateau sensing.

Figure 2.19 illustrates all the interfacing signals of the fully differential integrators with
the ADC for turn-off. It shows that error may result if Vgy o is used directly as the
integrator triggering signal. The ADC samples Voyr: and Voyr. signals when the chip
selection signal Vg goes low and needs 16 clock cycles to complete the conversion. Vg
is set to be enabled at the first rising edge of a clock cycle after the falling edge of Vgw 0.
However, Vg o is the state machine output and is not synchronized with the clock signal
which generates Vs. Therefore, the sampling point of the ADC could vary, and may

cause Crror.
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Figure 2.19: Switching waveforms of Vgare, Vsw, Vours, Vour. and Vour pirr during turn-
off.

2.3.4. Fixed Time Integration

In order to eliminate the error source mentioned in the previous section, a fixed time
integration method was proposed and tested. Based on extensive testing results, it is
found that this fixed time integration could achieve much higher accuracy. The signal Vgy

is generated from Vgy (o through a chain of D Flip-Flops as shown in Figure 2.20. This
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fixed time integration method ensures that a multiple cycle of the master clock (8§ MHz)

are used. The integration time is determined based on the graph in Figure 2.21; where I

is plotted as a function of time for different I~ levels and with V¢g. In practical

applications, Vg is normally fixed at very high voltages. When Vg is higher, the plateau

length will be slightly longer, as demonstrated in Section 2.2. In this case, the plateau

length varies from 2.7 to 2.75 us when /¢ changes from 2 to 30 A with Vg at 20 V. The

variation is less than 2%. Therefore, the fixed time integration is practical and the time

should be chosen to be as long as possible but shorter than the minimum plateau length.

In this case, the integration time is chosen to be 1.6 us for turn-on and 2.4 us for turn-off.
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Figure 2.20: D Flip-Flop chain for fixed time integration.
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Figure 2.21: I as a function of time at different /¢ levels for turn-off when Vg =20 V.
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Figure 2.22 (a) and (b) illustrate the switching waveforms for the fixed time integration
for turn-on and turn-off. The gate signal at turn-on is purposely zoomed in to show the
initial ringing at the plateau region which is due to the Electromagnetic Interference of
the switching. Therefore, the starting point of the Vgy signal for turn-on is purposely

delayed for several clock cycles.
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Figure 2.22: (a) Typical waveforms illustrating the fixed time integration for turn-on and
(b) turn-off.

The extracted /¢ versus ADC digital output for both turn-on and turn-off are as shown in
Figure 2.23, matching the previously obtained I vs. I relationship very well. A
regression analysis is performed on the actual /- and the ADC outputs in order to
evaluate the accuracy of the technique. The maximum deviation is less than 0.8 A for

both turn-on and turn-off over the entire testing range, as shown in Figure 2.24. Therefore,
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it is demonstrated that the IGBT collector current can be measured digitally from the low

voltage gate drive circuit.
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Figure 2.23: (a) I¢ vs. digital ADC output for turn-on. (b) I¢ vs. digital ADC output for
turn-off.
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Figure 2.24: Deviation of the measured /¢ to the regression fitted curve vs. /.
2.4. Chapter Summary

In this chapter, a unique method is introduced to measure the IGBT collector current (/¢)
indirectly from the gate node. The proposed technique leverages the Miller effect to allow
the monitoring points to be entirely in the low voltage gate drive circuit. The basic IGBT

switching behavior is modelled and analyzed in order to explain the physical relationship
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between I; and Ic. It is theoretically verified that there is a relationship between the
Miller plateau gate current, /g and collector current, /¢, This relationship is unique for a
particular IGBT structure and is only affected by temperature and process variations. As
this measurement can only take place at turn-on and turn-off, this technique allows for a

cycle-by-cycle measurement of /.

An experiment is carried out to demonstrate the feasibility of this technique. It is
observed that the proposed technique could be used for voltage up to 250V and currents
up to 30A with 2% inaccuracy. In addition, increasing the load side Vpp (or Vg of the
IGBT) will only increase the Vgr or I plateau length without changing the plateau level.
Therefore, the proposed technique is quite robust considering the possible fluctuations of

Vpp or Vg in real applications.

An automatic gate current sensing system implemented with discrete components was
constructed and tested. A Miller plateau sensing circuit has been designed such that I
can be measured in the plateau region during the turn-on and turn-of phase of the IGBT.
The value of the /s is integrated and digitized using an ADC. A regression analysis is
performed on the actual /¢ and the ADC outputs. It shows the maximum deviation is less
than 0.8 A for both turn-on and turn-off over the entire testing range. The testing results
show that the maximum deviation is +0.8 A within the range of 1~25A for turn-on and

1~30A for turn-off.

Since this technique utilizes only the measurement of low voltage signals. It is suitable
for integration into a gate driver IC. This not only reduces the system cost but also
provides a platform for applications which could utilize this technique such as current
regulation. The next chapter presents the design of an IGBT gate driver with an
integrated collector current sensor and on-chip SPRUCE CPU for digital control and

local data processing.
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Chapter 3

Integrated IGBT Collector Current
Sensing with Gate Driver and CPU

This chapter introduces the details of the IGBT gate driver IC design with /¢ current
sensing. It was demonstrated in the previous chapter that the proposed I sensing
technique using discrete components. However, discrete components greatly increase the
system complexity, cost and size. Therefore, it is not a very practical approach.
Considering the fact that the proposed current sensing method only uses the low voltage
gate signals, integrating the current sensing function into an IC chip is completely
feasible. However, the integrated current sensing design is challenging as it involves
complicated mixed signal processing. Moreover, this chip should not rely on an external
FPGA to provide digital configuring and processing. An on-chip intelligent stack-based
CPU could function as a programmable digital controller. The interface between the CPU

and the current sensing needs to be carefully designed for performance optimization.

This chapter is organized as follows: Section 3.1 provides a system design overview of
the gate driver IC chip. Section 3.2 briefly introduces the SPRUCE CPU design. Section
3.3 presents the gate driver topology and characteristics. Section 3.3-3.8 discusses all the
sub-module designs in the /¢ current sensor, which include the input stage, the plateau
sensing circuit, the switched-capacitor integrator, the sample and hold circuit, and the
Delta-Sigma (AY) ADC. The system integration is addressed in Section 3.9. Section 3.10

summarizes this chapter.
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3.1. Design Overview

The block diagram of the proposed gate driver chip is shown in Figure 3.1. It includes a
segmented IGBT gate driver, a SPRUCE (Stack Processing Unit for the Controlling of
Energy) unit and the collector current sensing circuit. There are three voltage domains in
the gate driver IC: 1.8 V for the CPU core and gate driver logic control; 3.3 V for the
CPU /O and the current sensing circuit block; and up to 20 V for the gate driver output
stage. All the current sensing function is realized within the low voltage gate driver chip
block. No sensing circuit needs to access the IGBT’s high voltage load side which could

easily be a few hundreds of volts.

| |

| LV Gate Driver IC : HV Switching Node

|

| (Up to 20V) " BT

| |

| Gate Driver Veare | |

I (1.8v->20V) 4 | FWD

| RG le |

[ —W\— |

[ HV Resistor |

[ Divider |

: PWM ctrl Segment ctrl ! : le

I _ I

I config Ic Sensing Circuit | ! —

: “ 8\-°;PRUC53C:\;JVO) ” > (3.3V) : HV IGBT and Load
.8V core, 3. M °

I A/D Output : (Up to 1000V)

.

Figure 3.1: Block diagram of the proposed gate driver IC with current sensing.

The block diagram of the /¢ sensing circuit is shown in Figure 3.2. First a high voltage
resistor divider network scales the Ve to below 3.3 V in order to be compatible with the
signal processing circuit. A plateau sensing circuit block is then used to produce timing
pulses that indicate the turn-on and turn-off of the plateau. These pulses serve as the
triggering signals for the switched-capacitor (SC) integrator, which accumulates the
voltage difference across Rg (represented by the voltage across the input and output of

the gate driver with selectable output segments) inside the plateau. The sample and hold
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(S/H) circuit maintains the integrator output until the next cycle. This provides sufficient
time for the delta sigma (DSM) ADC to perform 100x over sampling. The output from
the 1-bit DSM is fed back to the on-chip SPRUCE unit. It performs digital
averaging/filtering before producing the actual ADC output.
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VGate_piv
o 3.3V (Turn-on)
© GND (Turn-off)
Buffer Buffer
Kvin_n Kvin_p Feedback
st
: 1 orc!er Vsc F »| comparator VCMP' Logic Vsw o SC Integrator VOUT_DIFF' s/H VS/H' A/D
-|HPSC filter iy

Ic Sensing Circuit (3.3V)

Figure 3.2: Block diagram of the /¢ sensing circuit.

3.2.  Embedded SPRUCE Processing Unit

Compared to conventional smart gate driver ICs, this chip does not require an external
FPGA or microprocessor. The on-chip CPU could provide all the digital configuration
and digital signal processing. The CPU is a simple stack based machine with a codename
called SPRUCE. This process was designed by Andrew Shorten (PhD student in our
group) and has been reported extensively in [78]. SPRUCE is a simple micro-controller
that provides reconfigurable control functions. It also features small die area, low power
consumption and ease of programming. This CPU is capable of achieving many types of
closed loop control for IGBT based IPMs. In this particular design, the SPRUCE unit
provides all the dynamic controls for the gate driver, all the configuration bits control and

digital filtering for the DSM (Delta Sigma Modulator) output.

The block level diagram for the SPRUCE unit and its peripheral digital modules are
illustrated in Figure 3.3. Included in this module are a CPU module, a SPI controller and

a main memory composed of 1024 x 20 bits of memory. Several memory mapped
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modules are controlled by the SPRUCE unit. They are the DPWMs (Digital Pulse Width
Modulator), the gate driver and current sensing circuitry configuration bits, 20 GPI
(General Purpose Input) registers and 20 GPO (General Purpose Output) registers for I[/O
interfaces, and a 100 bits shift register to temporarily store the DSM outputs for digital
processing. All these modules are pre-mapped into dedicated memory locations and can

be easily configured and accessible by the CPU.
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Figure 3.3: The block level diagram for the SPRUCE unit and its peripheral digital
modules on the gate driver IC.

The SPRUCE unit is a simple stack machine in that the operations are performed by
manipulating a stack of data. Figure 3.4 illustrates the block diagram of the SPRUCE
core architecture. This CPU is different from traditional CPUs which use registers to
store data being operated on. Moreover, SPRUCE differs from traditional stack machines
that the stack used by SPRUCE is internal. The main advantage of this approach is a
significant reduction of memory accesses performed by the CPU. For a given operation,
once the operands have been loaded, no data memory access is needed until data is stored
back into memory. Hence, the CPU processing speed is improved [78]. The stack in this

prototype IC is constructed using D flip-flop registers, 20-bit wide each with a depth of
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10. The 20-bit word length is selected based on power converter requirements for digital
control, where typically 10-bit DPWM and ADC are required. Simulations also
demonstrated that the depth of 10 is more than sufficient for different power converter
applications. The SPRUCE unit is implemented using 4-bit instructions. Every five
instructions can be packed into a 20-bit word. Table 3.1 documents each of the 16

instructions that SPRUCE uses [78].
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Figure 3.4: Block Diagram of the SPRUCE architecture [78].

Other than the internal stack, there are also an arithmetic logic unit (ALU), a Program
Counter (PC), an instruction register and a memory MUX inside the CPU module. The
ALU takes the top two elements of the stack and preform operations including ADD,
SUB, NAND and SHR. The operands are then popped and the results pushed back to the
top of the stack. The Program Counter holds the address of the instruction to be executed
and is incremented after fetching another instruction. The instruction is stored in the
instruction register and is unpacked by 4 bits at a time. A dedicated state machine

controlled by the memory MUX is implemented for the instruction decode process.
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Table 3.1: SPRUCE Instruction Set [78]

Binary

Encoding Description

Name

SWP | 4°b0010 Swap the top two elements of the stack

DUP | 4’b0011 Push a duplicate of the top element onto the stack

POP | 4°b0100 Pop the top element of the stack

MUL | 4’1000 Multiply top two elements of stack, pop operands, push result

ADD | 4’b1001 Add top two elements of stack, pop operands, push result

SUB | 4’b1010 Subtract top two elements of stack, pop operands, push result

NAN | 4’b1011 Logical NAND top two elements of stack, pop operands, push result

Bit-Shift second element of stack number of spaces specified in first element of

SHR | 4’b1100 stack

JME | 4’b1101 Jump to addressed stored in top of stack if second and third element are equal

Jump to addressed stored in top of stack if second element is greater than third

JMG | 4’b1110
element

JIMP 4’bl111 Unconditionally jump to addressed stored in top of stack

STR 4’0101 Store data in second element of stack to address stored in top element of stack

LOD | 4’b0110 Load data at address stored in top element of stack

PSH 4’0111 Push the data stored in the next word of memory after the current program counter
END | 4’0000 No Operation
PPC 4’0001 Push the program counter onto the stack, can be used to build sub-routines

The purpose of the SPI controller in Figure 3.3 is to provide an external method by which
the memory space may be programmed and read. Also, the behavior of SPRUCE can be
monitored for testing purposes. The SPI protocol used is as described in Figure 3.5. The
conventional 4-wire serial buses are implemented here: SPI_EN, CLK, MOSI and MISO.
The SPI word length is 7 bytes long: 3 bytes for an address, 3 bytes for data and 1 byte
for the command to be performed by the interface. There are only two SPI commands

available: read or write.

Under normal operation for the SPRUCE unit, the "hold" line is kept low and SPRUCE
operates as the memory master using the protocol described in Figure 3.5. During this
operation, program data is loaded from memory into the instruction register starting from
address 0 and progressing linearly through memory unless jump instructions are
encountered. However, when the "hold" line is brought high, control of the memory

interface is passed from SPRUCE to the SPI interface.
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Figure 3.5: SPRUCE SPI Communication Protocol.

The SPRUCE unit can operate across a wide range of power supplies and clock
frequencies. Under the power supply of 1.8V, SPRUCE could achieve stable operation
with clock frequency up to 120 MHz. In this particular application, SPRUCE is running
at 100 MHz. SPRUCE has been taped out and tested previously, as reported in [78]. The
main change in this version is the memory size and memory map. The memory map for
this chip is listed in Appendix A. The technique of using the CPU to do digital filtering
for the DSM is discussed in Section 3.10.

3.3.  Gate Driver Design

The gate driver uses a voltage driven topology, containing a chain of inverters with
selectable output driver segments. Figure 3.6 illustrates the general schematic for one
segment of the gate driver circuit. The push-pull complementary output stage is
controlled by two non-overlapped signals. This is to minimize any potential overshoot
current in the output stage. The inverter chain is carefully sized in order to achieve
desired driving speed for the IGBTs, which typically exhibit an input capacitance of 1nF
to 10nF. The digital control circuit of the gate driver circuit utilizes 1.8V low voltage
devices. The actual gate drivers are operating at 3.3V to drive the gate of IGBTs. Level

shifters are required to convert the 1.8 digital signals to 3.3V signals.

Figure 3.7 depicts a simplified diagram for the segmented gate driver. There are 8 output
segments for pull up and pull down strength variation; ranges from 0.35 Q to 41.9 Q.

This output stage has been implemented and characterized previously [42]. The designed
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gate resistance value and the actual measured values are listed in Table 3.2. In this case,

no external discrete gate resistor is needed for the IGBT.

The driver is highly configurable using the intelligent SPRUCE control, which includes
output segments selection, PWM control and dynamic switching. The gate driver’s

performance can be easily optimized.

In this particular application, the PWM control is used to implement the “Double Pulse
Technique” for the functionality test of predicting /. While the output segment selection
function is used in order to find the appropriate gate resistance value. The desired gate
resistance value should produce in a reasonable gate plateau length during the IGBT

switching transients.

EN

Gate Driver
Ouput Node

Rou t

Figure 3.6: General schematic of each gate driver segment [86].
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Figure 3.7: Simplified diagram for the segmented gate driver [44].
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Table 3.2: Gate driver output resistance for each segment.

No. of Active Designed Rour Measured Royr
Segments (Q) (Q)
0 41.9 41.6
1 21 21.6
2 10.5 11.1
3 5.26 5.77
4 2.81 3.17
5 1.41 1.71
6 0.7 0.88
7 0.35 0.46

3.4. I- Sensing Input Stage

The I sensing input stage consists of a high voltage resistive divider and an analog input
buffer. The resistor divider is used to bring down the voltage level at the IGBT gate from
10V~15V to below 3.3V for compatible signal processing in the /¢ sensing circuit. As
illustrated in Figure 3.2, the resistor dividers are needed before the switched-capacitor
filter and integrator. However, an analog buffer is inserted between the HV resistor and
the switched-capacitor circuits to make sure the the current sensing circuitry would not

interfere with the gate driver circuit itself.
3.4.1. High Voltage Resistor Divider

The schematic of the high voltage resistor divider is depicted in Figure 3.8. The high
voltage resistor divider is made configurable with high voltage (20V) NMOS transistor
switches. Drivers are needed to control the HV NMOS transistors as they have relatively
large input capacitor. Inverter chains are implemented to make sure reasonable turn-on
and turn-off speed. Note that the switches are set before the startup of the /¢ sensing

circuit, therefore the driving speed for the NMOS switch is irrelevant.
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The Vour/Vin ratio can be configured with different combination of RC<3:0>. With the
default setting, only RC<2> is on; and the ratio is 15 kQ/51 kQ = 0.294. The initial turn-
on voltage for the high voltage side is pinned at 10V as a safety precaution. Therefore,
the maximum voltage for Voyr is only 2.91V. RC<3:0> can be configured using the

memory mapped device in the CPU module directly.

The resistors selected for the IC implementation are high voltage N-well resistors. The
resistance values are selected so that the resistor network would not draw too much
current, while the current level is enough for subsequent signal processing. The top 36
kQ resistor is in fact twelve 3 kQ resistors connected in series. Therefore the whole
resistor divider has eighteen 3 kQ resistos in total. The layout is carefully designed to
ensure matching for the resitor network, as N-well resistors usually exibit large variations
in resistance values. The layout for the HV resistor divider network is shown in Figure

3.9.

3kQ

3kQ

3kQ

3kQ

3kQ

RC<1>|: II: RC<1>|: II: RC<2>|: II: RC<3>|: |

— T am-an—

il
|

- 2

-

Figure 3.8: High voltage resistor divider network.
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HV NMOS
Drivers

HV NMOS

Figure 3.9: HV resistor divider layout. The total area used is 440um x 270um.

3.4.2. Input Analog Buffer

The design focus for the analog input buffer is to ensure fast output response speed and
good linearity especially around the plateau voltage level. A simple two-stage op-amp is
designed and used as a unity gain non-inverting configuration to realize the input buffer.
The two-stage op-amp schematic is shown in Figure 3.10 with all transistor sizes and

passive components values labeled.

The input signal to the input buffer is the output of the HV resistor divider, basically a
scaled version of the switching IGBT gate signal. The intrinsic IGBT switching
frequency is low, only around 20 kHz in this case. However, it is mandatory to preserve
the waveform around the turn-on and turn-off plateau region where the signal is going
through fast transient. The amplifier design should maintain signal fidelity at the
frequency of interest and therefore the targeted unity gain bandwidth for the op-amp is
above 25 MHz. The target open loop DC gain for the op-amp is above 70 dB to ensure

that the close loop gain error is less than 0.03 %.

Considering the subsequent stage after the input buffer is either the SC filter or SC

integrator, and different loading capacitors will be introduced to the input buffer. As will
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be discussed later, the input capacitor of the SC filter is estimated to be around 800 fF,

while that of the SC integrator is around 200 fF. The input buffer itself is loaded with a

capacitor of 4.5 pF. Figure 3.11 shows the open loop frequency response of the input

buffer when it is connected to the SC filter; the obtained DC gain is 77 dB and unity gain

frequency is 31 MHz. Figure 3.12 shows the open loop frequency response when

connected to the SC integrator; the DC gain is 77.7 dB and unity gain frequency is 32.3

MHz.
Voo
V] e M5 < M6
10/1 :"; —20/1 ﬁt 30/1
G)SOMA
M1 M2
°‘||: 20/1 20/1 :II"’ Re Ce
- 15kQ 0.8pF
AN —
m3 J—— M — M7
4/1 :I L_' 4/1 I'_' 12/1

1

Figure 3.10: Schematic of the two-stage op-amp used as the input buffer. The transistor

size unit is in pum.
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Figure 3.11: Input buffer open loop frequency response when connected to SC filter.
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Figure 3.12: Input buffer open loop frequency response when connected to SC integrator.

The transient simulation result for the input buffer is shown in Figure 3.13. The resistor
divider output is the input for the buffer. The input is purposely set to a have large swing
range to demonstrate the output swing limit of the input buffer. However, the system
performance would not be affected even if the input is slightly over this range, since we
only need the signal to be accurate around the plateau region. The voltage level should be
only around 1~2V. In practice, the input is controlled to be within the acceptable swing

range of the input buffer. This can be realized through the configurable resistive divider.
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Figure 3.13: Transient simulation results for the input buffer block.
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The layout for the input buffer block is shown in Figure 3.14. All the capacitors used in
this chip are the MIM capacitor between M4 and M5.

Loading Cap

Figure 3.14: Layout for the input buffer block. The total area used is 125um x 185um.

3.5. Plateau Sensing Circuit Block

The plateau sensing circuit consists of a switched-capacitor (SC) filter, a comparator and
a logic block. The SC filter is used to catch the plateau region during turn-on and turn-off
switching transients. The filter output will be digitized by a comparator. A logic block is
employed to implement the fixed time integration technique as introduced in Section

2.3.4.

The design and target specifications of the plateau sensing circuit block are based on the
previous discrete implementation. In order to accommodate the integrated design, the
continuous time filter is changed to switched-capacitor filter. This is because it is difficult
to have high precision resistors and capacitors in the IC environment. The switched-
capacitor circuits could achieve higher accuracy as long as the matching between
capacitors is properly managed in the layout design. In addition, the sensitivity of
temperature change on the filter characteristics is greatly reduced compared to continuous

RC filter, where both the resistor and capacitor are sensitive to temperature change.
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3.5.1. Switched-Capacitor Filter Design

Referring to the discrete design, the desired filter is a bandpass filter. However, the
classic switched-capacitor bandpass filter design is usually two-stage and the design
procedure can be complicated. Therefore, it was decided that the bandpass filter should
be realized as a first order high pass filter, with the loading capacitor made relatively
large and the sampling switch made relatively small. The first order high pass filter is
constructed based on the typical first order switched-capacitor filter circuit as shown in
Figure 3.15. This is a single ended implementation. The final design is fully differential

with the same transfer function but better performance in terms of common-mode noise

rejection.
P1 P1 P1 P1
£ £ 1 £
i | Il L 1
=T T T
P1b PZ%I{ PFF’Z Pib | P1b P24lJ1 PFPZ P1b
Ca
{1
G
Vi(z) I

Vo(2)

+
Sample at P1

Figure 3.15: A typical first order switched-capacitor filter [87].

The general transfer function for the filter shown in Figure 3.15 is [87]:

=@ __(€+C2-C,

(3.1)
V(z) (C,+C,)z—C,

Equation (3.1) contains one zero and one pole. The zero is found by equating the

numerator to zero, which results in:

Z,= (3.2)

The denominator is found by equating the denominator to be zero, which results in a pole

location, given by:
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7 = (3.3)

Recall from Section 2.3.2 that the bandpass filter in the discrete design has a frequency
response that peaks at around 700 kHz for turn-off and 2.4 MHz for turn-on plateau
sensing. For this high pass filter, we need a pole at around 1.5 MHz. In addition, the
desired gain at DC should be zero. This means placing a zero at 1 in the z-domain. The
sampling frequency is chosen to be 15 MHz. Considering the frequency warping between
the s-domain and z-domain, where

jo

e’ —1 0]
§=——=— = jtan(— 3.4
el el 1Y) G

and a pole of 1.5 MHz with a clock frequency of 15 MHz, this translates to an ® of 0.2n

rad/sample. Therefore:

0.27
2

Q= tan(%) — tan(==%) = 0.3294 (3.5)

This means that in the continuous time domain, we have the pole at:
P, =-0.3249 (3.6)

Mapping this pole back to the z-domain:

1+ P
Z, = ? —0.5095 3.7
P1-p .7)

P

Therefore, the transfer function of this filter is given by:

k(z—1)

Hz)=——"1_
)= 05095

(3.8)

Only moderate gain is needed for this filter, and k is thus determined by setting the gain
equal to about 20 when the frequency in the continuous time domain is 3 MHz (this

translates to the z-domain value of 0.7265). In this case, k is chosen to be 8.

65



Equating the coefficients of Equation (3.8) to (3.1), this results in:

-8C,

a0

(3.9)

2

0
C,

D
Il

Note that C; is negative. While in fully differential implementation, the effective negative
capacitance can be realized by interchanging the input wires [87]. The value for capacitor
Cy is determined to be 100 fF. The final filter schematic and capacitor sizing are shown

in Figure 3.16.

C, o P1 ICP C:=0.8pF
Vine— 1 1 vy
39 oor C5=100fF
=
=
P1 CA=100fF
Vine— I JS —1— Vour+
G Ca 10 ICP Cp=2pF

4

I .0
p1 p2 WS7 Sg( p2 p1
— 1| —
53 C; S
Figure 3.16: Switched-capacitor filter schematic.

The switches are mostly realized using transmission gates to allow signals passing
through with a wider swing, except those with one end connected to the ground are
realized using NMOS only. The switches are sized such that the settling time of the RC
components are much less than half of the switching period, 33.33 ns in this case (15
MHz sampling frequency). Table 3.3 lists the sizes and properties for all the switches
shown in Figure 3.16. For each transmission gate, The NMOS and PMOS are designed to

have the same size for better charge injection cancellation.
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Table 3.3: Transistor sizes and properties for the switches in the SC filter.

Switch S1, S2, S3, S4 S5, S6, S7, S8 S9, S10
Type Transmission Gate NMOS Transmission Gate
. W/L = 5/0.6 WIL = 5/0.6 WIL = 5/0.6
iﬁe (wm) | NMOS (500 Q) (500 Q) (1.26 kQ)
R PMOS WI/L = 5/0.6 WI/L = 5/0.6
oN (12kQ) (3 kQ)

The sampling capacitor (Cp) and sampling switch (S9 and S10) form a low pass filter
with a corner frequency at around 40 MHz. The overall frequency response of the SC
filter is simulated using Spectre PSS analysis and the result is shown in Figure 3.17. The

frequency response peaks at around 3MHZ with a moderate gain of 18 dB.
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Figure 3.17: Switch capacitor filter frequency response using Spectre PSS analysis (with
real transistors for the op-amp).

For the transient analysis of the SC filter, the scaled IGBT gate signal is applied to the
filter at K,;, , while K,;, , is grounded, the output waveform is a series of weak analog
double pulses where the time in between correspond to the Miller plateau region during
turn-on and turn-off, as illustrated in Figure 3.18. The filter output is fully differential
with a common mode voltage of 1.65V, where the positive output (Vsc r (tum_on)) 18 for
turn-on plateau sensing and the negative output (Vsc rum_ofp) 1 used for turn-off plateau

sensing.
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Figure 3.18: Simulated response for the Miller plateau detection at the output of the high
pass (HP) SC filter (with real transistors for the op-amp).

Both Figure 3.17 and Figure 3.18 are simulation results with real transistor models. The

op-amp design for the SC filter block is discussed in the next section.
3.5.2. Folded-Cascode Op-amp Design

The op-amp design for the SC filter requires large DC gain to achieve high DC accuracy.
In order to save the design effort, the same op-amp is used in the SC integrator and also
the AX ADC. The SC integrator is also switching at 15 MHz and the AX ADC has a
system sampling clock at 10 MHz. Therefore, this op-amp should have relatively larger
input and output swings to accommodate signals at different conditions. Based on all
above considerations, the gain-boosted folded-cascode topology is employed for the op-
amp. The design targets for this op-amp are a DC gain larger than 70 dB, a unity gain
frequency great than 100 MHz, and an output swing larger than +1.2 V. The power
consumption should be less than 15 mW with a Vpp of 3.3 V.

The schematic for the main branch of the folded-cascode op-amp is shown in Figure 3.19.
The op-amp is designed such that 49% of the current will go through the output branch,
and the remaining 51% of the current will go through the input differential pair branch.

During a slew rate event, the output branch would still have current flowing to help the
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transistors to get out of the triode faster. Table 3.4 lists the transistor sizes for the main
branch of the folded-cascode op-amp. All the transistors are implemented using the 5V
devices in TSMC’s 0.18 um BCD Gen2 technology, where the minimum gate length for
the NMOS is 0.5 pm and for PMOS is 0.6 um. In order to achieve higher speed, all the
transistors (both NMOS and PMOS) are set to have channel length of 0.6 pm for

simplicity.

The PMOS input pair is chosen over NMOS-input pair as PMOS input pair has better
phase margin, lower flicker noise and can accommodate lower input voltage level. Both
the common mode input voltage and the common mode output voltage for the op-amp is
set to be 1.65 V. Since this op-amp has a differential output, the dynamic common-mode
feedback (CMFB) circuit is needed to maintain the output common mode voltage in all

situations. The detailed CMFB circuit will be introduced later.

VDD

me J—24 I w7

Booster

N

Voo
ms |l | VL
Vemes—[T M1
“Vourt
y M10 <! I M1

Vine A= M2 M3 I Vi ,

Booster

wa 22 s m12 25— i3

L L

Figure 3.19: Schematic for the gain-boosted folded-cascode op-amp.
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Table 3.4: Transistor sizes for the folded-cascode op-amp.

Transistor W/L Fingers
Ml 12um/0.6um 20
M2, M3 12um/0.6pm 20
M4, M5 Spum/0.6um 10
M6, M7 12um/0.6pm 10
MS, M9 12um/0.6pum 10
M10, M11 Sum/0.6um 10
M12, M13 Sum/0.6um 10

The schematic for the op-amp biasing circuit is shown in Figure 3.20. Wide swing

cascade current mirrors are used to generate the bias voltages for the cascode devices.

Table 3.5 lists all the sizes for the transistors in the biasing circuit. In order to minimize
the current consumption, all the transistors are having a single finger. The biasing circuit
is designed such that all the transistors in the main op-amp and gain boosting amplifiers
are biased in saturation region with desirable input and output swing range. The obtained

biased voltage levels are listed in Table 3.6.
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Figure 3.20: Schematic for the op-amp bias circuit.
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Table 3.5: Transistor Sizes for the Op-amp Bias Circuit

Transistor W/L Fingers
M1, M2, M3 15 um/0.6 pm 1
M4, M5, M6, M7, M8 6 um/0.6 um 1
M9, M10 6 um/0.6 um 1
Ml11, M12, M12, M14, M15 15 pm/0.6 pm 1
M16, M17 12 um/0.6 um 1
M18, M19, M20, M21 6 um/0.6 um 1

Table 3.6: Bias voltage levels for the op-amp.

Bias Voltages Voltage
Vbl 1.12V
Vb2 1.74V
Vb3 1.50V
Vb4 2.19V

There are two gain-boosting stages shown in Figure 3.19. Without the gain-boosting, the
op-amp’s low frequency gain is only around 40dB. This would introduce significant third

harmonic distortions into the switched-capacitor circuits.

The NMOS input gain booster (n-booster) is used to handle the higher voltage inputs.
The schematic is shown in Figure 3.21 and the transistor sizes are shown in Table 3.7.
The PMOS input gain booster (p-booster) is employed to handle the lower voltage inputs.
The schematic for the p-booster is shown in Figure 3.22 and the transistor sizes are listed
in Table 3.8. The gain-boosting technique basically amplifies the output resistance of
transistors M8, M9, M10 and M11 in Figure 3.19. Therefore, the final DC gain the op-

amp can be increased substantially.

Stability analysis needs to be carried out to demonstrate the loop stability of the gain
boost circuits. The AC analysis results for the n-booster and p-booster are presented in
Figure 3.23 and Figure 3.24, respectively. In order to stabilize the loop, a compensation
capacitor (C¢) of 100 fF is added in the n-booster and a C¢ of 50 fF is added in the p-
booster. It should be noted that the unity gain frequency of the gain boost circuit should
be much larger than the unity gain bandwidth of the main op-amp without the gain

boosters.
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Figure 3.21: Schematic of the n-booster circuit (a) main circuit branch (b) CMFB circuit.

Table 3.7: Transistor Sizes and Properties for the Switches in the n-Booster

Transistor W/L Fingers
M1, M2 15 um/0.6 um 2
M3, M4, M5, M6 12 um/0.6 um 2
M7, M8, M9, M10 15 um/0.6 pm 2
MI11, M12, M13, M14 6 um/0.6 um 2
M15, M16 16 pm/0.6 um 1
M17, M18, M19, M20 8 um/0.6 um 1
M21, M22 6 um/0.6 um 1
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Figure 3.22: Schematic of the p-booster circuit (a) main circuit branch (b) CMFB circuit.

Table 3.8: Transistor Sizes and Properties for the Switches in the p-Booster

Transistor W/L Fingers
M1, M2, M3, M4 15 um/0.6 pm 4
M5, M6 6 um/0.6 um 2
M7, M8, M9, M10 15 um/0.6 pm 2
MI11, M12, M13, M14 6 um/0.6 pm 2
MI15, M16 15 pm/0.6 pm 2
M17, M18, M19, M20 6 um/0.6 um 1
M21, M22 5 um/0.6 um 2
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Figure 3.23: Stability analysis result for the n-booster.
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Figure 3.24: Stability analysis result for the p-booster.
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CMFB circuits are needed for both the main op-amp and the gain boosters as they all
have fully differential outputs. For the gain boosters, the CMFB stages are continuous
time circuits. This is because the output swings of the boosters do not vary that much.
Therefore, continuous CMFB should be sufficient. The CMFB loop stabilities for the

both gain boosters are also verified through simulations.

P1 P2 P2 P1
T 1 al gl
Vem 13 13 Vours Vour 13 13 Vem
T T T T
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P1 P2 P2 P1
2 2 2
T T1 Vewrs 11 11
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T T T T
P1b P2b P2b Plb

Figure 3.25: Schematic of the switched-capacitor CMFB circuit.

For the main op-amp, the CMFB circuit should allow much larger output swing.
Therefore, a dynamic switched-capacitor CMFB topology is implemented, as illustrated
in Figure 3.25. When clock P1 is on, the voltage differences between the reference
voltages Vey and Vi is stored in capacitor C,. When clock P2 is on, the reference
voltages controls the output dc levels through C;. The value for C; should be reasonably
sized as it would overload the output nodes, degrading the op-amp performance.
However, smaller C; may cause the common mode voltage to deviate from the desired
level due to charge injection. Minimum sized transmission gates (for both NMOS and
PMOS are W/L = 1 um/0.6 um) are used in the CMFB circuits to alleviate the charge

injection effect.

The SC CMFB circuit needs to be driven by non-overlapping two-phase clocks. Inside
each op-amp, there is a clock generator which serves the SC CMFB only. When the op-
amp is put inside the SC filter, SC integrator or the DSM, the clock of the CMFB circuit
must be synchronized with the switched-capacitor system clock. This is to minimize any
distortion during the sampling point resulted from the CMFB circuit settling. In addition,
the CMFB clock does not need to operate as fast as the system clock in order to save

power. For example, in the SC filter block, the system clock is 15 MHz. The CMFB
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clock is set to be 4 times slower with a clock divider, which is 3.75 MHz. Figure 3.26
illustrates the transient response of the CMFB circuit when a 100 mV common mode step
disturbance is applied to the input of the op-amp. It can be seen that the settling time of
the CMFB circuit (from Vpp to the common mode) is around 1 ps with a CMFB clock
frequency of 3.75 MHz. In addition, both the op-amp outputs are plotted to show that the

common mode disturbance would not result in any differential signal drift.
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Figure 3.26: Transient response of the CMFB circuit with a 100mV common mode input
step disturbance.

For the loop configuration and loading condition in the SC filter, the AC amplitude and
phase response of the final op-amp is shown in Figure 3.27. The CMFB circuit is
replaced by an ideal CMFB circuit with equivalent resistive and capacitive loading for
the AC simulation. The low frequency DC gain is 79.3 dB, and unity gain bandwidth is
161 MHz with a phase margin of 84°. The loading conditions used here is when the op-
amp is put in the SC filter at P1 state. At P2 the open-loop gain bandwidth will be 120
MHz and phase margin is 88°. No extra compensation capacitors are needed for the SC
filter case. The bandwidth and phase margin are over designed to allow enough margins

for the mismatches in the layout and fabrication processes. When the op-amp is used in
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the SC integrator and DSM, the loading conditions are slightly different and the AC

simulation results will be discussed later on.

Other than the AC simulations, all the remaining characteristics of the op-amp are

simulated with the real CMFB circuit. The simulation results are summarized in Table

3.9. The maximum output swing that could be achieved is +1.4V, wider than the required

+1.2V range.
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Figure 3.27: Amplitude and phase response of the folded cascode op-amp.

Table 3.9: Summary of the Simulation Results for the Folded Cascode Op-amp

T R | LR | T
107 103 104
fr

AL | ALY | L | T
10°  10° 107

eq (Hz)

i
108

Parameters Simulation Results
Supply Voltage 33V
Power Consumption 13.2 mW
Low-Frequency Gain 79.3 dB
Unity gain Frequency 161 MHz
Phase Margin 84°
Output Swing +1.4V
Slew Rate 680 V/us
Settling Time (0.05%) 3.7 ns
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The layout of the designed op-amp is shown in Figure 3.28. In order to minimize the
offsets, all the transistors are carefully laid out using interdigitated patterns with dummy
transistors laid at the edges. The CMFB circuit layout is symmetric for both the
transistors and the capacitors. Figure 3.29 shows the actual SC filter layout for this op-

amp.

N-booster

x 152pum.

Folded Cascode Op-amp

Cap Array & Switches

Figure 3.29: Layout of the designed SC filter. The total area used is 606 pm x 260 um.
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Comparator Design

The comparator used in the plateau sensing circuit is to digitize the SC filter output. The
clocked comparator is chosen over the continuous time comparator as it is faster and can
be synchronized with the SC filter output. The design of this comparator is based on the
comparator presented in [88]. The complete schematic of this comparator is shown in
Figure 3.30. It consists of a preamplifier, a strong-arm latched decider and a conventional
SR latch stage to hold the output. All the transistor sizes for the comparator are listed in

Table 3.10.

Voo clko—|| M9 M10j|— —||:IM11 M12 z||-o clk
’—|E‘M1 M2 :]|—><|E< M3 M4}j|—‘ Voo [ $ Rb Vop
Vout-— ¢ o  Vout+ kol s :"— —||: s el clk

Vin+ [ ms M6 b Vin-

17HA

M7 _|——| s

(a) (b)
Voo
A m20 m217| [ m22 m23 |+
Sb Q Qb Rb
M24:|I II:MZS
—ll__.‘MZG M27r__||—
1
()

Figure 3.30: Schematic of (a) the preamplifier used in the comparator, (b) the strong-arm
latched decider, (c) the conventional SR latch.
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Table 3.10: Transistor Sizes for the Comparator

Transistor W/L Fingers Transistor W/L Fingers
M1, M4 | 2 um/1 pm 2 M9, M10, M11,M12 | 2 um/0.6 um 2
M2, M3 | 2 um/1 pm 1 M13, M16 2 um/0.6 pm 2
M5, M6 | 2 um/1 pm 4 M14, M15, M17,M18 | 2 um/0.6 pm 1

M7 2 um/1 ym 2 M19 2 um/0.6 pm 2
M8 2 um/1 pm 4 M20~M27 1 um/0.6 pm 1

The preamplifier using Bult’s topology [89] provides higher resolution for the
comparator while preventing any charge kickback effect. The preamplifier is designed to
have a moderate gain (6.3 V/V) and reasonable unity gain bandwidth (around 100MHz).
The latched decider is clocked at 15 MHz and sampled at Ph2 of the system clock;
meanwhile the SC filter output is sampled at Phl and would remain constant at Ph2. The
transistors M10, M11, M14 and MI15 in the decider form a positive feedback latch as
back-to-back inverters. A minuscule difference in the current flowing through the
positive feedback paths can cause the output node to either go high or low. The result of
this decider is then fed to the SR stage which would maintain the output when the
comparator clock is off. The simulation results of this comparator are summarized in
Table 3.11. The hysteresis of the comparator is simulated with one input set to 1.6V, the
other slowly sweeping up and then down. The offsets during the output transitions for
both rising and falling are around 38.2 puV. Thus the total hysteresis is 76.4 uV. The
sensitivity level is found with one input set at 1.6V, and the other input is set close to
1.6V and with very small increments. The output fails to resolve when the other input is

higher than 1.5997V. Therefore, the sensitivity of this comparator is found to be 0.3 mV.

Table 3.11: Summary of the Simulated Performance for the Comparator

Parameters Simulation Results
Supply Voltage 33V
Clock Frequency 15 MHz
Power Consumption 1.93x107'® J/conversion
Hysteresis 76.4 uv
Sensitivity 0.3 mV
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Figure 3.31 shows the transient response of this comparator after the SC filter stage. The
resultant waveform Vewp um_on) 18 a single pulse while Veap (ium_of 1S @ double pulse. This
is due to the fact that the charging process after the turn-on plateau is slow, causing the
second analog pulse of the filter output having small amplitude. The reference voltage for
the comparator is purposely set a bit higher (1.8 V compared to the common mode
voltage of 1.65 V). This is to make the comparator immune to the potential ringing noise
from EMI during the turn-on plateau. The comparator output only gives the starting range
for the plateau sensing. The exact integration durations for both turn-on and turn-off
transients are determined from experimental data and realized using the subsequent fixed

pulse width modulation block.
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> — VSC_F (turn-off)
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0.5 1 Ve (turn-off)
0.0 -

4 6 8 10 12 14 16 18 20
Time (us)
Figure 3.31: Simulated transient response for the Miller plateau detection at the output of

the comparator.

3.5.3. Logic Circuit for Fixed Time Integration

The logic block for fixed time integration is designed based on the discrete version
implemented using FPGA. Some modifications have been made to improve

configurability and to be more appropriate for the integrated design.

Figure 3.32 illustrates the simple logic circuit which is used for the turn-on and turn-off

plateau start detection. It should be noted that only the first pulse for the comparator
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output is important. This logic circuit will generate a pulse with its rising edge
corresponds to the falling edge of the first pulse which is roughly the desired starting
point of the Miller plateau.

D
>
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Vewmp (turn_on) f

Vewme (turn_off)

D l— Vpsp (turn_on) VCMP(turn_on) VCMP(tum_oﬁ)
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]
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VeGare Vpesp (turn_on) Vrsp (turn_off)

Figure 3.32: Simple logic circuit for turn-on and turn-off plateau start detection.

The exact start and end point of the plateau sensing output is then determined by the fixed
pulse width modulation block. The circuit implementation and sample waveforms are
illustrated in Figure 3.33. This block is composed of a chain of D Flip-Flops and two
MUXs for the selection of the exact rising and falling time. The MUX is implemented to
provide programmability for different IGBT modules, and can be configured by the
SPRUCE unit. This block ensures that the output is always an integer multiple of the

master clock and the obtained pulse is always well within the Miller plateau region.

The fixed time integration method could greatly improve the accuracy of this technique.
Since the integration time is now immune to any EMI noise which would potentially
impact the comparator output and cause the integration time to vary. The exact
integration time is chosen to be as long as possible but shorter than the minimum Miller
plateau length. This fixed integration time is determined by the lower bound Vg value as
explained in Section 2.3.4. The input clock for this block is 3.75 MHz and is obtained
from the 15 MHz system clock through a clock divider. The system clock

synchronization will be further discussed in Section 3.9.1.

Figure 3.34 shows the simulated transient response of this logic block. It can be seen that
the output signals Vswiwm-on) and  Vswium-of correspond to the turn-on and turn-off
plateaus, respectively and are well within the plateau regions. These two signals will

serve as the triggering signals for the SC integrator.
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Figure 3.33: Circuit implementation for the fixed pulse width modulation.
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Figure 3.34: Simulated transient response for the Miller plateau detection at the output of
the fixed time integration block.

Figure 3.35: Layout of the fixed time integration block. The total area used is 285 pm x
80 um.
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3.6.  Switched-Capacitor Integrator Design

The SC integrator employs a parasitic-insensitive and delayed topology, as shown in
Figure 3.36. The capacitance for C; is 6 times larger than that for C;. This means that the
output decreases by 6 times for each cycle. The same switching frequency of 15 MHz is
used. The exact integration time (f) can be determined based on experimental data and
adjusted through the previous fixed time integration block. Therefore the transfer

function of the integrator for one cycle can be expressed as:

t 1
Vout_diﬁ = (Vin_diﬁ‘ _Vref_diﬁ) X (1/1566) Xg

(3.10)
This subtraction and amplify stage could increase the sensitivity of the gate current to the
collector current relationship, and reduce the accuracy requirement for the ADC. The
reference voltages are supplied using off-chip adjustable LDOs. The output of the
integrator is carefully controlled to be within the desired input range for the ADC (+1.2
V). The integrator resets every cycle and the outputs would go to the common mode

voltage, to get ready for the next cycle.
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Figure 3.36: Schematic of the SC integrator.
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All the switches in the SC integrator are realized using transmission gates except the two
switches connected to the common-mode are implemented using NMOS. The
transmission gates are sized with both NMOS and PMOS having W/L=5 um/0.6 pm, the
same holds for the NMOS switch as well. This sizing makes sure reasonable settling time

for the capacitors while minimizing the charge injection effects.

The op-amp presented in Section 3.5.2 is re-used in this SC integrator. The open loop AC
simulation results of the op-amp with the loading condition in the SC integrator at P1
state are presented in Figure 3.37. At P2 state the AC simulation results remain similar

with slightly larger unit gain bandwidth at 160 MHz.
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Figure 3.37: AC simulation results for the op-amp in the SC integrator.

During the turn-on Miller plateau, the integrator accumulates the voltage difference
between 3.3 V and the scaled gate voltage (common mode voltage is around 2 V). During
the turn-off Miller plateau, it accumulates the voltage difference between the scaled gate
voltage and ground (common mode voltage is around 1 V). The simulated FFT plots for
the SC integrator for turn-on and turn-off are shown in Figure 3.38 and Figure 3.39,

respectively. The input signal is around 1 MHz with 2 V peak to peak, where the output
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is in the desired range of £1.2 V. The worst case SNDR (Signal to Noise plus Distortion
Ratio) is 64.3 dB.

SNDR: 64.25dB

0 Fundamental
— Noise and Distortion
— DC (excluded)
m -50|-
°
o
S
(@]
o
-100
-150 - - - - - - -
0 1 2 3 4 5 6 7

Frequency (MHz)

Figure 3.38: Simulated FFT plot for the SC integrator showing the SNDR
performance for turn-on.
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Figure 3.39: Simulated FFT plot for the SC integrator showing the SNDR
performance for turn-off.

Figure 3.40 illustrates the transient response of the SC integrator in the current sensing
circuit. The Vour pirr level after the plateau region is an analog representation of the
collector current /c. It will be sampled and fed to the ADC to get a digital interpretation
of Ic.
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Figure 3.40: Simulated Voyr pirr waveform. This voltage is an analog representation of
the collector current.

Theoretically, Vgw should be the triggering signal for the discrete SC integrator. However,
this is not a continuous time integrator and non-overlapping clock phases are needed as
depicted in Figure 3.36. Vs is generated from the fixed integration time logic block with
a clock frequency of 3.75 MHz. Therefore, it should be an integer multiples of the system
clock which is 15 MHz. However, due to delays caused by all the previous blocks, Vg
may not be synchronized with the system clock any more. Therefore, extra

synchronization block is needed for the SC integrator.

As illustrated in the simulation results shown in Figure 3.41, Vsy is no longer
synchronized with the system clock V¢ix;. However, it is now possible make the
triggering signal to synchronize with Vik;, which is the complement of V¢ig;. Post
layout simulation is also carried out to demonstrate that the layout does not add
noticeable delay. In this case, Vsy is made in conjunction with Vg, to form the Vg crx
signal. Then Vg ¢1x goes through another non-overlapping clock generator inside the
integrator block to generate the corresponding clock phases to operate the SC integrator.

The system clock synchronization technique will be further discussed in Section 3.9.1.
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Figure 3.41: Synchronization for the SC integrator triggering clocks.

The layout of the SC integrator is shown in Figure 3.42. The capacitors are carefully laid
out using common centroid technique to cancel out the charge injections as much as

possible.
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i::]  Folded Cascode Op-amp
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Figure 3.42: Layout of the designed SC integrator block. The total area used is 725 um X
247 pm.
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3.7.  Sample-and-Hold Design

The sample-and-hold block implements the non-inverting topology with clock-
feedthrough cancellation technique [90]. The schematic is illustrated in Figure 3.43 (a).
This is a single ended topology, therefore two sample and hold blocks are needed for the
fully differential integrator outputs. Figure 3.43 (b) shows the digital circuit used to
generate the triggering signal for the sample-and-hold block. V¢yk is synchronized with
the system clock (15 MHz) but four times slower, thus is 3.75 MHz. Vs is the triggering
signal for the integrator. Vsu gy (S1) 1s the output of the logic circuit which is used to

activate the switches in the sample-and-hold circuits.
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Figure 3.43: (a) Sample-and-hold schematic (b) Logic for the sample-and-hold triggering
signal.

As depicted in Figure 3.44, Vsy gy is triggered shortly after Vgy to ensure that the correct
integrated output is sampled and held until the next cycle. The output serves as the input
to the subsequent DSM (Delta Sigma Modulator) stage. The pulse width of Vsy gy is
twice the period of V¢yk, which is 533 ns. This provides time for the sample-and-hold

block to settle.
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Figure 3.44: Transient simulation shows the sample-and-hold enable signal (Vsy gv) and
output waveform (Vsy our) in the I¢ current sensing circuit.

The functionality of the sample-and-hold circuit is demonstrated by feeding it with a slow
sinusoidal wave with peak to peak amplitude of 2.4 V, as illustrated in Figure 3.45. The
maximum offset is observed when Voyr prrr 1s around 1.2 V, where the offset is around 2
mV. The switching frequency can go as fast as 20 MHz; while the offset level remains

almost the same.
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Figure 3.45: Transient simulation shows the functionality of the sample-and-hold circuit.
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The layout of the sample-and-hold circuit block is shown in Figure 3.46. Since two single
ended sample-and-hold circuits are used for a fully differential signal. The layout is
designed to be symmetric along the middle horizontal line. Post layout simulation for this

block shows a worst case offset less than 2.2 mV.

Logic Circuit

Figure 3.46: Layout of the designed sample-and-hold block. The total area used is 285
um x 240 um.
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3.8. Delta-Sigma ADC Design

The reason for choosing a delta-sigma ADC to digitize the output is because the input
signal is relatively slow (20 kHz for a typical IGBT module), allowing a high over
sampling ratio (OSR). In addition, the DSM has simple architecture and good tolerance to
analog component inaccuracy, but requires additional digital processing which could be

handled by the on-chip SPRUCE unit.
3.8.1. Architecture Modeling using MATLAB

In the previous discrete implementation, the ADC (AD7322) has 12-bit resolution with
input range selection of +10V. The I¢ testing range was up to 30A only but it already
used the full 12-bit resolution in order to achieve an accuracy of +1A. The main reason is
that the signal processing level in the I sensing circuitry was kept at above 10V,
meanwhile there was no subtract/amplify stage in the integrator, causing the integrator

output to have high voltage level and small variation across the /¢ testing range.

In the integrated design, the target /¢ testing range is further extended to SOA with the
same accuracy requirement of £1A. Due to the lower signal processing level (3.3V) with
configurable integration time and adjustable integrator reference voltage, the estimated
resolution requirement of the ADC is around 10 mV to 20 mV. With a supply voltage of
Vpp = 3.3 V, this translates to an Effective Number of Bits (ENOB) for the ADC to be
between 8 bits (3.3/256 = 12.89 mV) to 9 bits (3.3/256 = 6.45 mV). In order to leave
some margin for the design and make the gate drive IC more adaptive for other IGBT
devices, the target ENOB for the ADC is 10 bits (3.3/1024 = 3.22 mV). It should be
noted that for Delta Sigma ADCs, the final ENOB is more dependent on the digital filter
design. In this case, SPRUCE can be used to implement a highly re-configurable digital
filter. However, a higher ENOB could also be achieved if the digital processing speed is

relaxed. These details will be discussed in Section 3.8.4 and Section 4.4.
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For design simplicity, linearity and easier interfacing with the CPU, a 1-bit quantization
implemented with one comparator is chosen. In order to obtain a 10-bit ENOB (SNR =
6.02 ENOB + 1.76, equivalent to 62 dB) with a 1-bit quantizer, a MOD 2 topology and
an OSR of 100 are chosen for a theoretical 86 dB peak SQNR [91], taking into account of
thermal noise, layout mismatch and process variations. The Delta Sigma Tool box by
Schreier et al. is used to synthesize, simulate and construct the topology of the DSM [92].
Figure 3.47 depicts the expected SQNR versus the input signal level. It can be observed
that the SQNR peaks in the vicinity of -1.6 dBFS; and then drops abruptly as the input
amplitude approaches full scale. In order to maximize the SQNR and also leave margin
for all the non-idealities which may cause the modulator to go unstable, the input signal
level is chosen to be around -2.5 dBFS. Therefore, with a desired input range of 1.2 V,

the full input range of the DSM is +1.6 V.
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Figure 3.47: Simulated SQNR of MOD2 with OSR=100.

A behavioral model of the MOD2 DSM is constructed and simulated using MATLAB
Simulink. Dynamic scaling is performed to the coefficients so that the output signals of
each stage would be in the desired range. Figure 3.48 shows the second order modulator

structure with the coefficients after dynamic scaling.
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The minimum sampling is 2 times the OSR and the input frequency. The input frequency
in this case is the same as the IGBT switching frequency at 20 kHz. The minimum
sampling frequency is 4 MHz. In order to allow better margins for digital processing, a
10 MHz clock is chosen. Simulink simulations were carried out to demonstrate that with
the ideal model the SQNR could reach 82.7 dB with a -2.5 dBFS and 12.5 kHz input, as
shown in Figure 3.49.
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Figure 3.48: Designed MOD2 AX ADC modulator.
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Figure 3.49: The output power spectral density with ideal MATLAB modeling.

3.8.2. Circuit Implementation

The real MOD2 DSM circuit consists of a 2-stage SC integrator, one comparator for the

1-bit quantization, a clock generator which generates the 2-phase non-overlapping clock
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signals and an SC feedback DAC which converts the digital output of the modulator back

into analog form and compared to its analog input.

2-Stage Integrator Design

The 2-stage SC integrator is implemented with the capacitors sized according to the

coefficients (g; is neglected as it is too small to realize with real capacitors), as shown in

Figure 3.50.
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Figure 3.50: Circuit diagram of the MOD2 DSM.

D

DB

C,=422.4fF
C,=1.9pF
C3=160fF
C4=100fF
Cs=1.16pF

The input capacitor size is determined mainly by the input referred noise power for the

first stage. The in-band noise of the second integrator is greatly attenuated by the first

stage gain. In order to have an estimated SNR of above 90 dB with —3 dBFS input signal

for the first stage, the input signal power is calculated as:

J— 2
V2 =%XA7 =0.64V>

N
The in-band noise power is:

V2 g = 0.64x107V?

n,in—ban
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The input referred noise for the first stage becomes:

Vi=VZ , xOSR=64x10"°V? (3.13)

Jin—

For a single input capacitor C;, at Phase 1, the input referred noise is K7/C;. Assume
Phase 2 will introduce another equal noise of K7/Cj, and then the total input referred
noise for C; is 2 KT/C;. Considering that this is a fully differential stage, the total input

referred noise for the first stage is estimated as 4 K7/C.

Therefore, the minimum size of C; should be:

=259 fF (3.14)

The final value for C; is selected to be 422 {F to simplify layout and to provide a modest
amount of margin for the design. It is realized through 8 units of 52.8 fF capacitors (7 um
x 7 um square) connected in parallel. The rest of the capacitor sizes are listed in Figure
3.50. Both the input and output common mode input voltages for the 2-stage SC
integrator are set to be 1.65 V. Since the full input range is 1.6 V, the positive reference

voltage is set to be 2.5 V and the negative reference voltage is set to be 0.8 V.

In order to minimize the delay and offset in signal introduced by the real switches:
switches that are connected to the 1.65 V common mode nodes and the 0.8 V reference
nodes are NMOS transistors. Those connected to the 2.5V reference are PMOS
transistors. The rest of the switches are transmission gates. The switches sizing procedure
is similar to those for the SC filter and SC integrator. The delay is minimized while the
voltage should settle to its final value within half of the switching period. The final sizing
for all NMOS and PMOS transistors are W/L = 8§ um/0.6 um, including the NMOS and

PMOS in the transmission gates.

The op-amps used for the 2-stage SC integrator are the same as the ones presented in
Section 3.5.2. For the first stage, the op-amp is compensated with 2pF loading capacitors,

and the worst case happens at state P2 which has an open-loop bandwidth of 154 MHz
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and phase margin of 83°. For the second stage, the op-amp is also compensated with 2pF
loading capacitors and the worst case condition is at P1 state which has a unit gain

bandwidth of 161 MHz and phase margin of 82° in the second stage.

Clock Generator Design

The two-phase non-overlapping clock generator is designed to incorporate clocks with
proper dead time; as well as having delaying clocks to counter the charge injection error.
The schematic of the clock generator is shown in Figure 3.51. The logic gates are
carefully sized in order to achieve desired delay time, dead time and also appropriate
diving strength for the transistor switches. The transient simulation results of the block
are presented in Figure 3.52. The dead time between P1 and P2 is 2.3ns. The delay time
between P1 and P1D, or P2 and P2D are around 600ps.

- DD

CLK_IN

CLK_IN
P2D

P1D
S N S

Figure 3.51: Schematic of the non-overlapping clock generator.
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Figure 3.52: Transient simulation results of the clock generator in the AX ADC.
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Comparator Design

The DSM does not have high requirement for the resolution of the comparator as it serves
the purpose for quantization only. However, it still needs low hysteresis. Therefore, a
reset function is necessary. Figure 3.53 shows the schematic of the dynamic latched
decider and the SR latch stage. There is a preamplifier before the decider which uses the
same design as presented in Section 3.5.3. The dynamic decider features high speed, low

offset and low power consumption [93].

The clock signal (reset signal) of this comparator is the P2 clock in the ADC system.
When the clock goes low, transistor M1 and M4 are turned on. Both outputs Sb and Rb
go high. Meanwhile M5 and M6 are turned off, and nodes A and B discharge to ground
through transistors M8 and M9. When the clock goes high, charging current flows from
the PMOS transistors to NMOS transistors. The difference between the input voltage
pairs is quickly amplified through the latches. This results in a voltage swing nearly equal
to Vpp at Sb and Rb. The signals Sb and Rb are fed to another latch stage as shown in
Figure 3.53 (b). The transistor sizes for the decider and the SR latch are summarized in

Table 3.12.
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M4 _ e clk

clko-||: M5 M6 jl—o clk
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Rb —!>0L||: M19 Mzo___||—50<}— Sb

M21’:"— —lE‘MZZ

(b)
Figure 3.53: Schematic of the (a) fully differential dynamic latched decider (b) SR latch.

Table 3.12: Transistor Sizes for the Comparator in the DSM

Transistor W/L Fingers
M1, M2, M3, M4 4 um/0.6 pm 1
M5, M6 1 pm/0.6 ym 1
M7, M8, M9, M10 1 um/0.6 pm 1
Ml11, M12, M13, M14 1 um/0.6 um 1
MI15, M16 1 um/0.6 pm 1
M17, M18, M19, M20 2 um/0.6 um 1
M21, M22 2 um/0.6 um 1

The SR latch shown in Figure 3.53 (b) is an improved SR latch stage as presented in [94].
Compared to conventional SR latch, it is symmetric, and with reduced delay and

improved driving capability.

The transient simulation results for this comparator are shown in Figure 3.54. The input
signal is a pair of slow sine wave with 0.4 V peak to peak, which is the actual input signal
range of the comparator in the DSM. With a latch clock frequency of 10 MHz, the

maximum observed comparator decision time is 1.8 ns.
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Figure 3.54: Functionality simulation for the comparator in DSM. From top to bottom:
two input signals, latch clock, comparator final output.

DAC Design

The DAC is designed to deliver the desired feedback charge to the SC integrators. The
schematic is depicted in Figure 3.55. The input and output signals correspond to the
signals are labeled in Figure 3.50. The logic gates are carefully sized to achieve proper

delay and driving strength for the switches.

D {>c {>cP1 VB_B (PMOS) {>°_ p1VB (NMOS)
o8 {>¢ {>c P1V_B(PMOS) {>o_ F——

p2

D Dc D" P2V _B (PMOS) DO— P2V (NMOS)
0B Dc D‘:PZVB_B{PMOS) DO— P2VB (NMOS)

Figure 3.55: Schematic for the DAC.

p2
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3.8.3. DSM Top Level Verification

The transient simulation results of the MOD2 DSM are shown in Figure 3.56. The
simulation was conducted with a low input frequency of 12.5 kHz and an amplitude of
1.2V. The input frequency is purposely set lower than the actual operating frequency so
that we can observe the third harmonic distortion of the system. The fist SC integrator
stage output is within the range of +1.2 V, and the second stage output is within £0.3 V.

Both are well within the output swing range of the op-amp.

1 5T R_dr

W2 (m)

-4 T T T T T T
1] 25.0 50.0 75.0 100.0 125.0 150.0
time (E-B1

Figure 3.56: Transient simulation results of the DSM block. From top to bottom: 12.5
kHz input sine wave, first SC integrator stage outputs (X1), second DC integrator stage
outputs (X2), DSM final 1-bit output.

The DSM final output is sampled at P1 and extracted for the SNDR plot. The final SNDR
result is simulated to be 77.9dB based on 4800 sampled data points as illustrated in
Figure 3.57.

The layout for the DSM block is depicted in Figure 3.58. The analog circuit (including
the op-amps, 2-stage switched-capacitor integrators, comparators and bias current circuit,
etc.) and the digital circuit (including the clock generator and DAC) are separated using
different isolation rings and powered with different power supplies to avoid noise

coupling.
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Figure 3.57: Final SNDR simulation results with -2.5dBFS and 12.5 kHz input.
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Figure 3.58: Layout for the DSM block. The total area used is 722 pym x 490 pm.
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3.8.4. SPRUCE Implemented Decimation Filter

The digital filtering for the designed DSM block is implemented by the SPRUCE unit.
The interface between the DSM and SPRUCE is illustrated in Figure 3.59. The 1-bit
output of the DSM block is clocked into a 100-bit shift register which is memory mapped
to 5 words (length is 20 each) in the main memory. The corresponding memory location
can be found in the memory map in Appendix A. The DSM could be started and stopped
via the GPO controlled oscillator. It is triggered after the plateau region when the
integrator finishes integrating and the sample hold block settles. The DSM is allowed to
run free for a short time to allow initial settling of the switched capacitors. Then the last

100 bits of data are stored in the shift registers.

These 100 bits of data go through a SPRUCE implemented digital filter for noise
suppression. It is required to have -62 dB of stopband rejection and also have enough

attenuation for out-of-band quantization noise. The digital filter consists of a 3 order

CIC (Cascaded Integrator-Comb) filter and an FIR filter.

A 4

1
DSM 100-Bit Shift Reg

Q

204 204 204 204 204

OSC A 4 A 4 A 4 A 4 A 4

(— SPRUCE

Sinc3 Filter | | FIR?
D=16 M=32

Input — — Qutput

Figure 3.59: The interface between the DSM and SPRUCE (upper) the architecture of the
digital filter implemented by SPRUCE (lower).

The architecture of this CIC filter is depicted in Figure 3.60. It includes three integrator
stages and three comb stages. The z-domain transfer function for the CIC function is

given by:
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(- 7716y

H(z)=>~_%2 /)
() 1-z 1y

(3.15)

The frequency response of this CIC filter is shown in Figure 3.61.

Integrators

Input — -+

Figure 3.60: The 3" order CIC (Cascaded Integrator-Comb) filter.
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Figure 3.61: Frequency response of the 3" order CIC filter with D=16.

The FIR filter after the CIC filter is implemented with a 3-stage moving average filter to
further suppress the noise. Each moving average filter is with an order of 32 and the

overall transfer function is:
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The frequency response for this FIR filter is shown in Figure 3.62.
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Figure 3.62: Frequency response of the 3-stage moving average filter.

With the data stored in the shift registers in the SPRUCE unit, both the CIC filter and FIR
filter perform the arithmetic logic using the ALU. Every shift register is 20-bit wide and
the SPRUCE unit is operating at I00MHz. After the 100-bit of data are fed through the
filters, the outputs reach its final peak value at the 118" output. Therefore, the outputs are
counted, and the 118" output is sampled and stored. In order to avoid integer overflow,
the outputs at each stage of the filter are scaled by the gain of the filter. (The gain for the
CIC filter is 4096, and the gain for each moving average filter is 32). The final result is

stored in a specific memory address for further use.

The final FFT plot for the ADC after the decimation filter is illustrated in Figure 3.63.
The input given is a slow sine wave with frequency of 7.3 kHz (3x10’ /4096 Hz) and
amplitude of £1.2 V. The sampling data are divided into 100 points per group and fed
into the designed decimation filter. With 4096 ADC output codes, the obtained SNDR is
61.3 dB. This translates to an ENOB of 9.9 bits. This is slightly below the design target

(10 bits) but the resolution is more than enough for this application.
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Figure 3.63: Final simulated SNDR plot after the decimation filter based on 4096 ADC
output results.

The linearity of the ADC is determined with a histogram test as illustrated in Figure 3.64.
The histogram of the 16384 output codes are recorded for a large number of samples for a
slow input sinewave (1/0.16384 = 6.1 Hz) in one cycle. The results are compared with the
number of samples from the theoretical sine-wave probability density function. The
simulated static linearity performance for the AX ADC is shown in Figure 3.65. The

specifications and simulation results for the AX ADC are summarized in Table 3.13.
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Figure 3.64: Histogram for the ADC linearity test.
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Figure 3.65: Simulated static linearity of the AX ADC.

Table 3.13: Summary of the specifications for the AX ADC.

Parameter Value
Vbp 33V
Quantization 1 bit
Technology 0.18um HV
Architecture 2" Order
OSR 100
Input Signal Frequency 20 kHz
Clock Frequency 10 MHz
Input / Output Common Mode Voltage 1.65V
Full Input Range +1.6 V
Peak Input Amplitude -2.5dBFS (#1.2V)
DAC Reference Voltages 08V,25V
Simulated SNDR for the DSM 77.9 db
Simulated SNDR for the ADC 61.28 dB
Simulated DNL +0.5 LSB
Simulated INL +0.5 LSB
Power Consumption 71.4 mW
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3.9. System Integration

3.9.1. Clock Synchronization

The Ic sensing circuitry involves several switched-capacitor circuit blocks and also
clocked logic blocks. Therefore the system clock synchronization is of great importance.
The system clock tree for the /¢ sensing circuit is presented in Figure 3.66. There is only
one input clock which is 15 MHz. It would go through a clock generator and generate
two pairs of non-overlapping clock outputs. Phl_a and Ph2_a are slightly advanced clock
outputs compared to Phl and Ph2 in terms of timing. The architecture of the clock
generator is similar to the one used for the AX ADC. The simulation results for the system
clock generator are shown in Figure 3.67. The clock output Phl then goes through a
clock divider to generate a synchronized output CLK?2 of 3.75 MHz, which is 4 times

slower.

— Phl_a
—> Ph2_a
CLK1 —> | Clock Generator
(15 MHz) —> Ph1 —>| Clock Divider —> CLK2
(3.75 MHz)
— Ph2
l Ph1_a, Ph2_a l Ph2 l CLK2 l SI_CLK l CLK2
SC filter » Comparator > Logic » SC Integrator » S/H

Figure 3.66: System clock tree for the /¢ sensing circuit part.

The SC filter uses Phl_a and Ph2_a as the two non-overlapping input clocks directly
(they correspond to the P1 and P2 switching signals in the SC filter schematic in Figure
3.16). The subsequent comparator block samples the SC filter output at Ph2 when the SC
filter output is stable. The slower CLK2 is used for the logic block for the fixed time

integration and also the sample-and-hold block. In addition, the SC common mode
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feedback circuits in the op-amps in the SC filter and SC integrator are using the 3.75
MHz CLK2 as well, since they do not need to operate as fast as the main circuits. The
synchronization for the input clock of the SC integrator is processed separately as

described in Section 3.6.

3.54/Fhla .
3.0
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0(627.6ps, - 24.15u%)

M2(673.5ps, 190.4uV)
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T T T T
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Figure 3.67: Transient simulation results of the system clock generator.

The AX ADC has a sampling clock frequency of 10 MHz. It samples the sample-and-hold
block outputs which are held constant for almost the whole cycle. Therefore, the ADC

clock does not need to be synchronized with any other clocks in the system.

The CPU is operating at 100 MHz. It only provides initial configuration for the /¢ sensing
circuitry and takes in the DSM outputs for digital filtering. Therefore, the CPU clock is
standalone and is not necessary to synchronize with the ADC clock or the /- sensing

circuit clock as well.
3.9.2. System Configurability

Since the proposed current sensing method relies on the Miller plateau characteristics

which may vary for different kinds of IGBTs, the chip is designed with high
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configurability via the SPRUCE unit. In addition, the configurability could potentially

improve the chip performance and overcome any process variations and mismatches to

certain extent. The configuration bits with their default values for the /- sensing circuit

are listed in Table 3.14.

Table 3.14: Summary of the configuration bits for the /¢ sensing circuitry.

pin_name function default
CB<3:0> bias control 0011
EN_PA<1:0> | comparators enable 10
ON_EN integrator input selection bit 0
OFF_EN integrator input selection bit 1
S<5:0> fixed time integration block configuration 0
SW_EN<3:0> | external signals option for functionality test 0101
MUX<3:0> integrator configuration 0110
RC<3:0> resistive divider control 0100
EN BUF output buffers enable 1
ADC_S<1:0> | adc input selection 10

There are 29 configuration bits in total. Some are used to prevent unexpected process

variations such as RC<3:0> illustrated in Section 3.4.1. They are used in the HV resistive

divider network. Similar design is used for the bias current generator as depicted in

Figure 3.68. With default setting, CB<0> and CB <1> are on. This results in an output

current of 17 uA for all the output branches.
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CB<3> —| cB<2>— CB<1>— cB<0>—]

Figure 3.68: The configurable bias current generator for the /¢ sensing circuit [88].
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This chip needs to be configured differently for turn-on and turn-off testing, parameters
including ON_EN, OFF_EN, and MUX<3:0> are set for this purpose. The S<5:0> bits
used in the fixed time integration block are to improve the flexibility of this chip to adapt
to different IGBT modules as explained in Section 3.5.4. Parameters SW_EN<3:0> and
ADC_S<1:0> are used to make sure some of the key blocks including the SC filter, the
SC integrator and the ADC can be tested separately for certain functionality evaluation.
The remaining configuration bits EN_PA<1:0> and EN_BUF are used to shut down

certain blocks when not in use to save power.

The configuration bits can be configured by SPRUCE directly by pushing the “on” or
“off” (i.e. 1 or 0) instructions into the corresponding memory locations. The memory
locations for these bits can be found in the memory map in Appendix A under X-Config
section. Level shifters are needed between SPRUCE and the I sensing circuit, as

SPRUCE is operating at 1.8V and the /¢ sensing circuit is 3.3V.

Another way to set the configuration bits is to use a chain of shift registers as illustrated
in Figure 3.69. There are four external pins, including clock, data, update and reset.
Theoretically they can be used for unlimited number of configuration bits, but more bits
would take longer time to program. With each clock cycle, each bit of data is shifted one
block further into the chain of shift registers. After the last bit of data has been shifted in,
the update signal will change all the configuration bits all together. The reset signal can
reset all the shift registers to their default settings and the configuration bits will all go to

their default values.

Outputl Output2

Data_in ﬁ 44|—{> | Data_out
D Q D Q —D Q D QJ
cee
—>Ra —>R6 —>Ra —>R6
I | )i | RST
Update

Clock_out I I eee (Clock_in

Figure 3.69: Shift registers used for the configuration bits.
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3.9.3. Final Chip Layout

The final chip area is 5 mm x 5 mm. Based on the bond wire connection plan, the top
level layout blocks were placed as shown in the micrograph of the chip in Figure 3.70.
The SPRUCE unit is placed in the center of the chip to facilitate easy control access to
the upper gate drivers (with selectable segmented output stage and PWM control) and the
lower Ic sensing circuit (with configurations, ADC, and decimation filter, etc.). The
output buffers (including digital output buffers and analog output buffers) surrounded the

¢ sensing circuit are connected to the output pins for output probing purpose.

'r...-....,

Resistive Divide

Delta Sigma
ADC
Output Buffer

Figure 3.70: Micrograph of the gate driver IC, fabricated using TSMC’s 0.18 pm BCD
Gen-2 process (chip area 5 mm x 5 mm).
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The package chosen for this gate driver IC is QFN100 due to the number of pins required
to perform all the functionality tests. The bonding diagram of packaged IC is shown in

Figure 3.71.
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Figure 3.71: Bonding diagram of the gate driver IC chip in QFN 100.

3.10. Chapter Summary

This chapter presents the IC design information for the gate driver chip with integrated ¢
current sensor. It is demonstrated with simulation results that each sub-block can meet the
required design targets. Therefore, it is expected that the designed gate driver chip can
perform I current sensing during turn-on and turn-off switching transients with an
accuracy of +1A at room temperature. Chapter 4 will discuss the testing setup and testing
results for this gate driver chip. Due to the temperature sensitivity of the proposed current
sensing method, extensive tests are also carried out at different ambient temperature

conditions. Compensation techniques for the temperature effect will also be discussed.
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Chapter 4

Results and Discussion

This chapter presents the testing results of the designed gate driver IC chip. The PCB
board design and test setup is described in Section 4.1. Section 4.2 presents and discusses
the functionality test results at room temperature. Section 4.3 includes the setup for the
temperature effect testing, analysis of test results under different temperature conditions
and the proposed technique for temperature effect compensation. Finally, Section 4.4

summarizes the results and issues encountered.

4.1. Test Setup

The fabricated gate driver IC is housed in a QFN100 package and mounted on a custom
PCB plugged directly on top of a modified Fuji Electric 7TMBP200VEA060-50 IGBT
module, with the original driver board removed. The experiment test setup is shown in
Figure 4.1. The setup is similar to the discrete implementation. Below the top level PCB
is the PCB “Level 17 with only connectors as shown previously in Figure 2.12 (b) in
Section 2.3.1. The bottom of the setup is the power module base with six IGBTs and six

freewheeling diodes (FWDs) as shown in Figure 1.3 (b) in Section 1.1.3.

The test PCB board on the power module is designed to drive one of the low-side IGBTs
in the IPM as illustrated in Figure 4.2. The PCB includes LDOs for the power supplies
and reference voltages, oscillators for the clock inputs, a connector to a Raspberry Pi for

initial CPU programming, and a 4 digit LED display connected to the SPRUCE GPO
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(General Purpose Output) to provide the ADC output (from O to 1024), or to provide the
instant readout for the turn-on and turn-off /¢ level. The LED display has a built in driver
and a serial interface, simplifying the connection to the CPU. The pull-up and pull-down
resistors next to the connector for the Raspberry Pi are used to hold the output states of
the output pins. Thus once the initial programming of the SPRUCE is done, the
connection to the Raspberry Pi can be shut off, and the system can still run on its own
without any external micro-controller. Detailed list and descriptions of the components

for this PCB are provided in Table 4.1.

LED Display with
built in Driver

Main Power [ S IEES =T ) N By Connector to the

Supply to l Raspberry Pi
Gate Driver &

Pull-up and Pull-
down Resistors

Main LDOs Reference Voltage LDOs

Figure 4.1: Experimental test setup for the gate driver IC with real time collector current
display.

An Intelligent Power Module

Load

Segmented gate !
driver including the 1
CPU and current

sensing circuit

!
— — 0~ — 0~

Figure 4.2: The proposed gate driver IC is intended to be incorporated into IPMs.
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Table 4.1: Component List for the Gate Drive IC test PCB

Component value NO. Model number Description
Oscillator 10MHz 1 XLH335010.0000001 Sampling clock for the ADC
Oscillator 15MHz 1 SG-210STF 15.0000ML I¢sensing circuit system clock
Oscillator 100MHz 1 KC3225A100.000C3GE00 | SPRUCE CPU clock
LDO 1.8V NCP1117ST18T3G S;glind gate driver digital power
Gate driver power supply
LDO 3.3V 3 NCP1 17S?ST3GOSCT_ I sensing circuit analog power supply
I sensing circuit digital power supply
LDO 2.5V 1 LD39015M25R Virers for DSM
LDO 0.8V 1 LD39015MO8R Virer. for DSM
Vzer for common mode voltage
Vrer for comparator at turn-on
LDO Adjustable | 4 LDCLO15MR Vger for comparator at turn-off
Vr¢er, for SC integrator
Vrzer. for SC integrator
LDO 5V 1 NCV4264-2ST50T3G Power supply for the LED
LED 4-bit 1 LTM-8328PKR-04 4-bit LED display

The simplified test bench schematic is depicted in Figure 4.3 (a). The same double pulse
test setup is used to turn the low side IGBT (device under test) on and off. The high side
IGBT is always off. The current flows through the inductor and the high side FWD when
the low side IGBT is off. The minimum turn-on current flowing through the low side
IGBT is set by the first pulse width (for minimum turn-off /¢, the second pulse width also
plays a role). The supply voltage Vpp is increased step by step until /¢ reaches its full
testing range. The measurements are performed at the rising and falling edges of the

second gate pulse, as shown in Figure 4.3 (b).

Compared to the discrete implementation where the double pulse test was controlled by
an external FPGA, all the digital programming for this test is provided by the internal
SPRUCE unit. The basic timing diagram of the testing procedure at the turn-on of the
IGBT is illustrated in Figure 4.4. First, the SPRUCE unit sets all the configuration bits for
the /¢ sensing circuitry. This is followed by the double pulse test. The turn-on Miller
plateau sensing circuit generates a pulse that is inside the Miller plateau region and with a

fixed pulse width. After the plateau sensing, the integrator integrates the voltage
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difference between Vpp and Ve during Vsy. After the second pulse, the SPRUCE unit
takes the DSM output and performs digital filtering, and sends the output results to the
LED display.

Voo
2500 2 200w 3 i 0k 60.00%! Stig
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Figure 4.3: (a) The double pulse test bench schematic, (b) Measured waveforms for Vge
and /;, during the double pulse test [Vg: 2.5V/div, I¢c: 2A/div].
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Figure 4.4: Timing diagram for the sensing of /¢ during turn-on.
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4.2. Functionality Test Results

The basic functional test for the IC chip is first performed at room temperature for
simplicity. All the configuration bits are set properly for the test setup. The gate driver is
designed with 8 output segments to provide different gate resistances, ranging from 0.35
to 41.9 Q as listed in Table 3.2 in Section 3.3. The resistances for the pull-up and pull-
down segments are selected to be 5.26 Q and 13.99 Q, respectively. The 13.99 Q is
obtained by turning on both the 21.0 Q and 41.9 Q segments which are connected in
parallel. The selection for the gate driver segments is based on the requirement for the
minimum plateau length during switching transients. With the selected segments, both

the turn-on and turn-off plateau durations are around 2 ps.

Figure 4.5 shows the measured waveform of the IGBT gate node and the output
waveform of the high voltage resistive divider. It can be seen that the voltage level is
brought down from above 10 V to below 3.3 V for compatibility with the signal
processing circuit for /¢ sensing. With the default configuration of the resistive divider set
to 0100 for RC<3:0>, the measured output to input ratio is around 0.266, less than the
calculated ratio of 0.294. However, this kind of deviation is expected due to the large

process variation for the typical n-well resistance and this would not impact the system

performance.
250V 2 3 250V 4 15808 10004  Stop
Y }
{ 1
{ }
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o ==
[
V ) | TS
r ks
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Figure 4.5: Measured waveforms for Vg and the HV resistive divider output Vgg prv
[VGEI 2.5 V/le, VGE?DIV: 2.5 V/le]
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After the input resistive divider and buffer stage, the measured output waveforms for the
SC filter are shown in Figure 4.6. The outputs are fully differential; with the time
between the weak analog double pulses correspond to the Miller plateau region during
turn-on and turn-off. The outputs are then fed to the comparators for the plateau sensing.
The common mode voltage for the SC filter outputs is 1.65 V. It is the same for the

subsequent fully differential stages.

2800 2 20280y 4 Za0v/ 75.80% 10.00%/ Stop

|
| Mlller e e
Plateau T]\\\ Y

VSC F (turn on)

A

v VSC_IF (tur? off) f

Figure 4.6: Measured waveforms for Vg and the SC filter output Vse r [Vge: 2.5 V/div,
Vsc r 0.25 V/div].

The output waveforms from the comparators for turn-on and turn-off are shown in Figure
4.7 and Figure 4.8, respectively. It should be noted that Vyp is a single pulse for turn-on
while for turn-off it is a double pulse. This is because the reference voltage for the
comparator is purposely set high for turn-on to increase the immunity to gate ringing at
high current levels, as explained in Section 3.5.3. The measured waveforms match with
the simulated results as well. The comparator Vggr for turn-on is set at 1.8V and for turn-

off is set at 1.7V.

The logic block output Vsw, serves as the trigger signal for the SC integrator. It is clearly
shown that the triggering signal is well within the plateau region for both turn-on and

turn-off.
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Figure 4.7: Waveforms for Vg, the comparator output, Veyp and the logic output, Vy for
turn-on transient [Vgg: 5 V/div, Veyp: 5 V/div, Vgy: 5 V/div].
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Figure 4.8: Waveforms for Vg, the comparator output, Veyp and the logic output, Vsy for
turn-off transient [Vgg: 5 V/div, Veyp: 5 V/div, Vew: 5 V/div].

Figure 4.9 and Figure 4.10 show the waveforms at the integrator output for turn-on and
turn-off. For the room temperature testing, the integration time is fixed at 2.1 us, while
the Vger pirr of the integrator for turn-on is set to be 1.35 V and for turn-off is 1.85 V.
This combination is to maximize the range of the integrator output to achieve better
resolution. Meanwhile the outputs are still within the desired input range of the

subsequent ADC stage.
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Figure 4.9: Waveforms for Vg, Vsw and SC integrator outputs, Voyr, and Voyr. for turn-
on transient [Vge: 5 V/div, Vgw: 5 V/div, Vours and Vopr.: 2 V/div].
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Figure 4.10: Waveforms for Vg, Vs and SC integrator outputs, Voyry and Voyr. for turn-
off transient [Vgg: 5 V/div, Vgw: 5 V/div, Vours and Voyr.: 2 V/div].

After the SC integrator stage, the sample-and-hold block maintains the integrator output
until the next cycle. The DSM is enabled shortly after the sample-and-hold block settles.
It keeps sampling the output and the last 100 bits of the quantizer output is fed back to the
CPU. The CPU performs digital filtering and produces the final ADC output. The ADC
outputs are displayed on the 4-digit LED, and are recorded as Ic is varied across the
entire testing range. Figure 4.11 and Figure 4.12 show the ADC output codes as a

function of I for turn-on and turn-off. The experiment is carried out using three different
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IGBTs in the same IPM and the results exhibit a small device to device variation. A
quadratic fit is used to compensate this variation as it is easy to implement in the on-chip

stack-based CPU.
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Figure 4.11: ADC output vs. Ic for three different IGBTs during turn-on at room
temperature.
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Figure 4.12: ADC output vs. Ic for three different IGBTs during turn-off at room
temperature.

Repetitive double pulse testing on the three different IGBT devices is carried out to

demonstrate the accuracy of this technique. As shown in Figure 4.13, the displayed /¢ (on
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the LED mounted on the PCB board) and the measured /- (using the current probe)
values are both recorded for the turn-on and turn-off transients. The deviation of the
displayed Ic versus the measured /¢ are well within £0.9 A range for both turn-on and
turn-off with 80 data samples for each condition. Therefore the targeted +1 A accuracy is

achieved within the current range of 1 to 30 A for turn-on and 1 to 50 A for turn-off.
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Figure 4.13: Deviation of the displayed /¢ to the probed /.

In fact, the relationship between I and I¢ (as described in equation (2.9) and (2.10) in
Section 2.1.2) does not follow a second order polynomial relationship. Therefore, the
resolution could be further improved if higher order of polynomial curve fitting is
implemented. A lookup table of the /- values versus the ADC codes with enough data
points may also improve the accuracy substantially, and the SPRUCE unit has enough
memory space to store the data. However, before too much effort has been made for data
processing, the temperature sensitivity test for this technique needs to carried out and the

temperature effect should be compensated first.
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4.3. Temperature Testing and Compensation

As it is knows that the proposed current method is sensitive to temperature change. The
IGBT module and driver board are put in a climate chamber for temperature sensitivity
test, as shown in Figure 4.14. Beside the chamber, the remaining test setup is the same as
in the room temperature functionality test. The testing procedure also remains the same.
The Raspberry Pi is needed for the initial programming of the SPRUCE unit. However,
the digital cables are not pulled off during the testing as it is difficult to pull the cables

from the board inside the oven.

TN ET F I =
Power Supply Current Probe
IGBT Module and g 7'”:_ = |
Gate Driver Board : |

Oscilloscope

Raspberry Pie

Figure 4.14: Experimental test setup for the gate driver IC in the oven.

The same double pulse test is performed at different temperatures. Slower pulsing rate is
implemented (i.e., the interval between each double is more than one second) to avoid
self-heating of the IGBT device. The fixed integration time is shortened to 1.33 us

compared to the previous 2.1 ps in the room temperature testing. In addition, the
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Vrer pier of the integrator for turn-on and turn-off are changed to 1.4 V and 1.8 V,
respectively. This is mainly because the temperature effect would increase the integrator
output range. The integration time and Vggr of the integrator are adjusted accordingly to
make sure that the output of the integrator is within the desired ADC input range of +1.2
V. Figure 4.15 and Figure 4.16 show the ADC output codes as a function of /¢ for turn-on

and turn-off transients at different ambient temperatures from 25 to 75 °C.
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Figure 4.15: Measured ADC output vs. I¢ at different ambient temperatures during turn-
on.
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Figure 4.16: Measured ADC output vs. I¢ at different ambient temperatures during turn-
off.
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The experiments are also carried out using three different IGBTs at different ambient
temperatures (at 35, 55, and 75 °C), as shown in Figure 4.17 and Figure 4.18. The results
exhibit a small device to device variation. However, it clearly shows that the proposed

technique is sensitive to temperature variations.
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Figure 4.17: Measured ADC output vs. /¢ at different ambient temperatures during turn-
on for three different IGBTs.

1200
® |GBT 1 Temp=35°C
© |GBT 2 Temp=35°C
1000 + ® |GBT 3 Temp=35°C
A |GBT 1 Temp=55°C
A |GBT 2 Temp=55°C
5 800 1 A |GBT 3 Temp=55°C
o2 B IGBT 1 Temp=75°C
=2 @  IGBT 2 Temp=75°C
O 600 - ®m  IGBT 3 Temp=75°C
a
]
< 400 CCog iy g,
® oeil, :]-
og “a
200 co
0 T T T T T T T

-10 0 10 20 30 40 50 60 70

Figure 4.18: Measured ADC output vs. /¢ at different ambient temperatures during turn-
off for three different IGBTsS.
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Referring to Equation (2.9) and (2.10) in Section 2.1.2 which describe the relationship
between Iz and Ic during turn-on and turn-off, both G, and Vj of the IGBT are
temperature sensitive parameters [95]. Therefore, the Miller plateau voltage value which
corresponds to a specific /- would change with temperature. Furthermore, the R realized
using power MOSFETSs segments are also subjected to temperature variation, this may
also impact the driving strength of the IGBT and hence the Miller plateau voltage to

certain extent.

Figure 4.19 and Figure 4.20 depict the extracted gate voltage in the Miller plateau versus
I¢ for turn-on and turn-off transients at different ambient temperatures. It demonstrates
that the gate Miller plateau voltage changes with temperature for a given /¢ value. This is

the main reason for the variations of the ADC readouts versus /¢ with temperature.

It is also verified that the relationship of the integrator outputs (Interpreted from the ADC
readouts) and the Miller plateau voltages match Equation (3.10) in Section 3.6 (which
describes the relationship between the Miller plateau voltage and the integrator outputs)

quite well for both turn-on and turn-off transients.
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Figure 4.19: The extracted gate plateau voltage vs. I at different ambient temperatures
during turn-on.

127



8.0

]

5 7.5 o
g £
= 7.0 -
o
S 65 o  Temp=25°C
- = Temp=35°C
% 6.0 | v Temp=45°C
g e Temp=55°C
35 . ¢ Temp=65°C

= & Temp=75°C

5.0 T T T T T T T

-10 0 10 20 30 40 50 60 70

Figure 4.20: The extracted gate plateau voltage vs. I at different ambient temperatures
during turn-off.

For the /¢ sensing circuitry, the main circuit blocks are mostly switched capacitor circuits
(filter, integrator and also DSM) that are insensitive to temperature change. Simulation
results show that for a given Miller plateau voltage, the ADC outputs would change by

less than 2% when temperature changes from 25 to 75 °C.

Considering the fact that IGBT is usually operating in high temperature conditions,
temperature compensation is necessary for this current measurement technique. A 3™
order polynomial curve fitting is carried out using MATLAB for /¢ versus ADC output
codes and the ambient temperature, as depicted in Figure 4.21 and Figure 4.22. The
residues across the full testing range are within +0.5 A. Compared to the curve fitting for
the room temperature test, there are two inputs (the ADC codes and ambient temperature).
This makes the lookup table option impractical since too many measured data points are
required to ensure proper accuracy. Therefore, polynomial curve fitting is preferred in
this case. In addition, the on-chip SPRUCE unit can accept the digitized readout from any
temperature sensor and perform the 3™ order polynomial curve fitting. Therefore, the

temperature effect could be compensated internally on a single chip.
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Figure 4.21: Ic vs. ADC output codes and temperature, and the 3" order polynomial fit
(Top). The polynomial fit residues plot (Bottom). (For IGBT Turn-on).
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Figure 4.22: Ic vs. ADC output codes and temperature, and the 3™ order polynomial fit
(Top). The polynomial fit residues plot (Bottom). (For IGBT Turn-off).

129



4.4. Chapter Summary

A summary of the chip performance is presented in Table 4.2. The chip performance is

mainly limited by two considerations: the package and the SPRUCE CPU.

Table 4.2: Chip performance summary.

Technology [um] 0.18
Vop [V] 3.3
Chip Size Total [mmxmm] 5%5
CPU [mmxmm] 0.8x3.6
Gate Driver Size [mmxmm] 1.2x2.7
Ic Sensing Circuitry [mmxmm)] 1.5x4
Power Consumption CPU [mW] 36
Gate Driver [mW] 320
Ic Sensing Circuitry [mW] 113
IGBT Switching Frequency [Hz] 20K
Ic Sensing Testing Range [A] 0-50
Ic Sensing Testing Temperature Range [°C] 25-75
Ic Sensing Accuracy [A] +0.5A

The package used for this chip (QFN100) is oversized due to the pins needed for the
reference voltages, debugging purpose and functional tests, as shown previously in
Figure 3.71. However, since all the signals are processed internally with fully differential
processing architecture throughout the signal path, the overall chip performance is still
acceptable. Nevertheless, it is expected that if the current testing range is further
expanded, the accuracy would be deteriorated greatly due to the EMI effect. Especially
for the turn-on current sensing, due to the excessive ringing on the gate node, the plateau
sensing may not even be functional. For the same design, if a much smaller package
could be used, the current testing accuracy could be further improved and the current

measurement range could be further extended.

The SPRUCE unit in this application provides intelligent on-chip digital processing.
However, it was not a good ideal to implement the digital filtering using the SPRUCE

unit. This is because only one stack is available for the all the basic operations.

130



Meanwhile a large amount of arithmetic operations are needed for the digital filter.
Therefore, the implemented digital filter is extremely slow. The measured processing
time for the digital filter is around 2 ms. This means that the current readout cannot be
obtained within one switching cycle. A simple solution is to synthesize a stand-alone
digital filter block using Verilog. ModelSim simulations have been carried out for the
same filter presented in Section 3.8.4. With a clock frequency of 100 MHz, the digital
processing time is well within 5 pus. Considering the switching frequency of the IGBT is

20 kHz, the current reading could certainly be achieved within one cycle.

The digital filter implemented in this thesis is unconventional for a DSM, since the
outputs are chopped to 100 data per group, and every 100 data is converted to one digital
output. While a conventional digital filter for any DSM would process the output
continuously (usually way more than 100 continuous data points), decimate and filter
them at the same time. The data stream is only chopped at the output of the filter to
convert to the final digital output. Much higher ENOB could be achieved easily in this
way. However, in this particular design, the CPU only provides 5 shift registers to store
100 continuous data points. The digital filter must operate under this limitation to achieve

the desired the ENOB.
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Chapter 5

Conclusion and Future Work

5.1. Conclusions

The main contribution of this thesis it that is proposes a new method to measure the
IGBT collector current (I¢). This technique indirectly estimates the /- using the gate
current (/) during the Miller Plateau of the IGBT switching transients. The physical
relationship between I and /- during the Miller plateau is theoretically verified through
basic device modeling. This relationship is unique for a particular IGBT structure and is
only affected by temperature and process variations. Physical experiments demonstrated
that the proposed technique could be used for voltage up to 250 V and currents up to 30

A with 2 % inaccuracy.

Compared to conventional collector current sensing techniques for IGBTS, this technique
only utilizes low voltage signal at the gate side. There is no need to access the high
voltage IGBT collector and the load. Therefore, this technique can be fully integrated into
the gate driver Ic to realize on-chip current regulation without any extra discrete
components. Furthermore, this technique is immune to the load voltage fluctuations, as
higher load Vpp would only increase the Vgg or I plateau length without changing the

plateau level.
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The main limitation of this technique is that it can only estimate the current during the
plateau region. Therefore, for current regulation purpose, this technique would be more
suitable for applications in constant load or slow changing load conditions such as
constant speed motor drives. In addition, this method cannot be used for over current
protection or short circuit protection. Supplementary circuitry will be needed for

protection purposes.

An automatic gate current sensing system which utilizes this technique is first
implemented using discrete components. The Miller plateau region during the turn-on
and turn-off phase of the IGBT is automatically sensed. I; is integrated and digitized
using an ADC during the plateau region. A regression analysis is performed on the actual
I¢ and the ADC outputs. It shows the maximum deviation is less than 0.8 A for both turn-

on and turn-off over the current range of 1~25 A for turn-on and 1~30 A for turn-off.

The automatic current sensing system is then integrated into a gate driver IC. This smart
gate driver IC also has a highly configurable output driver and an on-chip SPRUCE unit
for all the digital processing. The current testing range is further extended to 50 A, and a
polynomial curve fitting is used to predict /¢ based on the digitized I value. At room
temperature, a 2" order polynomial curve fitting can ensure an accuracy of 1 A across
the testing range between 1 to 30 A for turn-on and 1 to 50 A for turn-off. After the
temperature effect is analyzed and factored in, a 3™ order polynomial curve fitting is
implemented, an estimated accuracy of £0.5 A could be achieved within the current range

of 1 to 30 A for turn-on and 1 to 50 A for turn-off from 25 to 75 °C.

The on-chip CPU code named SPRUCE is area and power efficient. It provides the
required functionality such that any general closed loop control of an SMPS could be
achieved. However, since it is single stack based, it is not suitable for applications
involve extensive arithmetic operations due to speed limitation. Nevertheless, it is still
capable of handling complicated controls and operations for low switching frequency
application. Therefore, we envisage that many other types of driver ICs could be
developed with novel use of the integrated CPU or with different types of integrated

sensors in the near future. It is also possible to integrate several different sensors into the
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same chip. Together with the on-chip CPU and configurable driver, it will soon be a

common place to see fully-integrated smart gate drivers with closed loop local controls.

The proposed current measurement technique is applicable across different types of
IGBTs and even power MOSFETs as long as there are Miller plateaus during turn-on and
turn-off transients. But it should be noted that different devices may have different
relationships between the Miller plateau voltages and the load currents, and also different
thermal sensitivity. Curve fitting needs to be customized for each type of devices. In
addition, re-calibration for each single device is needed if it exhibits large device to
device variations for the IV transfer characteristics: the I vs Vg relationship, which is
the fundamental of the proposed current sensing technique. This transfer characteristic is
normally described by the threshold voltage Vi, and the transconductance G,,. Currently
for majority of the commercial discrete IGBTs and IGBT modules, only the Vy, of the
IGBT device is specified with its minimum and max values. The variations can range
from 5% to 30%. While G,, is usually specified as a single value at a typical current and
temperature condition, and most of the time the G,, and even the transfer curves are not
available from the device datasheets. Referring to Equation (2.9) and (2.10), the I versus
I¢ relationship is more dependent on G, and V};, only introduces an offset. Therefore, if
G,, could be well controlled then the calibration procedure only involves measuring V,
and compensating the curve fitting with the calculated offsets. However, if G,, also
exhibits large variations across different devices then re-calibration is needed for each
IGBT device or IGBT module in order to achieve higher current sensing accuracy.
Considering that the transfer curve characteristics may vary to different extends across
different temperature conditions, the calibration procedure would be complicated and
tedious. The transfer curves in full current range may need to be tested in step of 10 to
20°C in order to obtain the set of data (as presented in Figure 4.21 and Figure 4.22) to do

the customised curve fitting.

However, consider the emerging trend of Internet of Things (IoT) and artificial
intelligence (Al) in the whole high technology industry, it would bring major changes in
the power electronic industry and possibly create a new generation of power electronics.

In this new IoT and Al era, massive sensors will be embedded in the power system and
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the measured data will be transmitted to the device manufacturer though internet. The
manufacturers and users are directly connected on-line. The manufacturers can monitor
the real operating conditions of the device and provide customer-tailored services for
each user [96]. For example, users can enjoy customer-tailored calibrations through
optimized tuning of all the parameters in the programmable hardware. In order to realize
this IoT and Al-assisted power electronics, the integrated sensors, the programmable
hardware and intelligent controller would be of great importance. In this case, the
proposed current sensor and fully integrated smart power IC with intelligent on-chip CPU

control may found wide applications in the future.

5.2. Future Work

5.2.1. Accuracy Improvement

Future work could focus on how to further improve the accuracy of the proposed current
sensing method. First thing is to employ on-chip LDOs for the reference voltages and
eliminate unnecessary functionality test pins. In addition, the clocks used for the I
sensing system and the AX ADC could be provided by the CPU DPWM block instead of
supplied through external pins. Then a much smaller package could be chosen with much
shorter bonding wires. This could greatly suppress the EMI effect when the switching

current level is high.

Other than the packaging, the thermal modeling for this technique could be further
refined. The temperature effect testing and compensation in this work is referenced to the
ambient temperature. However, it is known that in the real applications, the junction
temperature of the IGBT can be much higher than the ambient temperature. The
embedded temperature sensor on the IGBT device (usually the PN diode) can be used to
obtain the real junction temperature of the IGBT. The results can be digitized and fed
back to the on-chip CPU to compensate the temperature effect for the proposed current

sensing technique.
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Another focus could be further improving the circuit performance especially the I¢
sensing circuitry, as it implements basic textbook style analog circuits to realize all the
functions. For example, the MOD2 Delta Sigma ADC could be replaced by an
incremental converter, which is more suitable for applications with DC input voltages

and higher accuracy could be achieved.

With the further improved measurement accuracy. The current measurement range could
be certainly further extended. A more accurate ADC may be needed when the range goes
further. In this case for a 2™ order DSM, a better digital filter could possibly provide 14-
15 ENOB. Nevertheless, more attention should be paid to the EMI effect exerting on the

system when the current becomes exceedingly high.
5.2.2. Closed-loop Current Regulation

The general purpose of the current measurement for power devices is for regulation or
protection. Since the proposed technique could only have a current reading during the
turn-on and turn-off phase of the IGBT. Therefore, this technique is not suitable for over
current or short circuit protection. The typical short circuit withstand time of an IGBT is
around 10 ps and the plateau region may not even exist when the device is under load

fault condition.

However, this technique is well-suited for current regulation since the digitized current
reading is readily available from the on-chip CPU. The CPU can also control the gate
driver’s duty cycle and dead time. Therefore, the on-chip current regulation could be

easily realized through different kinds of algorithms that can be implemented on chip.

Nevertheless, as discussed in Section 4.4, the current digital filter implemented by the
CPU is slow. The processing time is too long for current regulation purpose. The filter
should be re-designed and synthesized to make sure the current readout could be obtained

within each cycle for any future applications of this technique.

5.2.3. Zero Current Crossing Detection
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The proposed current sensing method could also be used for zero current crossing
detection for zero current switching. Since the embedded SPRUCE unit controls the
PWM signal of the gate driver, it keeps track of the turn-on and turn-off times of the
power device. In addition, it can record all the digitized current of the power device
during the turn-on and turn-off transients. Simple and efficient algorithms can be

implemented by the CPU to predict the zero current crossing point.
5.2.4. Incorporate Active Gate Driving

Since the proposed current sensing method is dependent on the Miller effect which has a
minimum requirement for the Miller plateau length. Therefore, the gate resistance should
not be lower than certain value. This would potentially increase the turn-on and turn-off
switching time, hence increase the switching loss. One solution is to incorporate this
method with active gate driving techniques such as the segmented gate driving [44]. The
gate resistance can be changed to larger value around the plateau region, then the current
sensing could be performed during the plateau region meanwhile the /¢ over-shoot during
turn-on could be suppresses and the switching loss can be reduced. And in this case, I vs

¢ relationship always stands for the same R during the plateau region.

In fact, this proposed technique could be incorporated into the gate driver IC without
conflicting with any existing adaptive gate driving circuits such as duty cycle control,
dead time control and gate driver segmentation. It only senses the gate current during the
plateau region, and it would not interfere with the gate signal with the added analog

buffers.
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Appendix A
Memory Map of the SPRUCE CPU

The memory of the CPU is composed of 1067 20-bit shift registers. The main memory

address is from O to 1024. The rest are all memory mapped modules. They are the

DPWMs, the gate driver and current sensing circuitry configuration bits, 20 GPI registers

and 20 GPO registers for I/O interfaces, and a 100 bits shift register to temporarily store

the DSM outputs for digital processing.

Function
Address | 19 [ 18] 17 [ 16 | 15 [ 14 ] 13 [ 1211 ][ 10 ] o] 8 [ 7 [ 6 [ 5 ][a[3]2]1]o0 Block
0->1024 RIW o
1025 Unused [ sTART | sarapc
1026 Unused | READY [ saR anc
1027 Unused Data Out SAR ADC
1028 Unused [MoDE2MODE1[P2_EN[N2_EN[P1_EN|N1_EN] LINK | EN [ DPWM 1
1029 Unused | | [ [ P2 Ne| Pt | N [ opwmt
1030 Unused Duty 1 DPWM 1
1031 Unused Duty 2 DPWM 1
1032 Unused Dead Time Rising 1 DPWM 1
1033 Unused Dead Time Falling 1 DPWM 1
1034 Unused Dead Time Rising 2 DPWM 1
1035 Unused Dead Time Falling 2 DPWM 1
1036 Unused Speed 1 DPWM 1
1037 Unused [MoDE2MODE1[P4_EN[N4 EN[P3_EN[N3 EN| LINK [ EN [ ppwm2
1038 Unused | | | | ['Pa | na | P3| N3 | opwm2
1039 Unused Duty 3 DPWM 2
1040 Unused Duty 4 DPWM 2
1041 Unused Dead Time Rising 3 DPWM 2
1042 Unused Dead Time Falling 3 DPWM 2
1043 Unused Dead Time Rising 4 DPWM 2
1044 Unused Dead Time Falling 4 DPWM 2
1045 Unused Speed 2 DPWM 2
Address | 19 [ 18 [ 17 16 15 [14] B3 [w]1] 10 ] o 8 7 6 5 4 [ 3 2 1 0 Block
1046 | D1[4] [D1[3)| D12 | p11) | p1oj [oNpi{oFFi|EN|Dore| Doj7 | Dore] | Dors) | oj4) | Do3) | Doj2p | Dort | Dojo) | onpoj [oFFo)| ENjo]
1047 | Unused|ON3]| OFF(3] | EN[3] | D2[8] |D2[7)| D2i6] [D2i5]|D2j4)| D213) | D22) | D211) | D210 | oNi2) [oFFL2)| EN2 | D8] | D71 [ D1te] | D) s
1048 Unused ON[4] |OFF[4]| EN[4] Unused osc_EN|  output
1049 Unused [onisi[oFFiel] ENsI| Unused [onl [oFFE| ENg) | Stee
1050 Unused HS_OSC|G_CTRL| Unused ON[7] |OFF[7]| EN[7] Unused
1051 | D14] [p1i3]] Dif21 | pipl | Dio) JontJorFriENGI[Dorsl] boi7l [ parel [ Dos] | Dor4 [ bors] | Doi2] | port] | poro) | oNiol [oFF[ol] ENio]
1052 | Unused|oN3]| OFF(3] | EN3] | D2i8] [D2[71] D2i6] |D2i51|D24| D2i3] | D2f2] | D2i1] | D2jo) [ oni2) [oFFi2l| Eni21 | Difsl | D171 [ D1tel | D1l s
1053 Unused ON[4] |OFF[4]| EN4] Unused osc_EN|  output
1054 Unused [oniel[oFFiel] ENsI| Unused [oni [oFFs)| Ens) | Steee
1055 Unused [ oni7) JoFFm EN7l | Unused
1056 Unused | Delay[8:0] [Unused] DAC[5:0] [ Unused J-Config
1057 Unused J-Config
1058 Rsense[8:0] [ din_sel] Unused J-Config
1059 S[2:0] [oFF_EN[ ON_EN] EN_PA[1:0] | CB[3:0] [ Unused X-Config
1060 Unused  [ADC_S1|ADC_SO|EN_BUF| RCI3:0] [ MUX(3:0] SW_EN[30] [ S[5:3] X-Config
1061 Unused [ GPO[9:0] GPO
1062 Unused [ GPI[9:0] GPI
1063 DS ADC
1064 DS ADC
1065 Store the 100 bits DSM output DS ADC
1066 DS ADC
1067 DS ADC
Address | 19 [ 18] 17 [ 16 | 15 [14a] 13 [ 1211 10 ] o] 8 [ 7 [ 6 [5]a[3]2]1]o Block

Figure A: Complete memory map for the SPRUCE CPU in the gate driver IC.
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