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ABSTRACT

CHONDON ROY. In-situ instrumentation for degradation monitoring of power
semiconductor devices in power electronics converters. (Under the direction of DR.

BABAK PARKHIDEH)

Modern power and energy systems rely heavily on power electronics converters. The

most significant component of these converters is the power semiconductor switching

devices MOSFETs/IGBTs. Two critical parameters that provide real-time informa-

tion about the stress and aging of these devices are the junction temperature (Tj) and

On-state resistance (RDSON) of the MOSFETs. By actively controlling and modeling

these parameters, it is possible to increase the converter’s useful lifetime and predict

failure. Additionally, if real-time stress information is available, it is possible to bal-

ance stress among multiple converters by balancing converter operating conditions.

Power semiconductor devices such as MOSFETs/IGBTs degrade through different

degradation mechanisms in long-term applications. Failure of MOSFETs/IGBTs is

one of the primary causes of power electronics failure. The RDSON and Tj of a

MOSFET are key health-indicating parameters. This dissertation presents sensing

circuit designs that enable real-time monitoring of the oRDSON and Tj of the MOS-

FETs/(IGBTs). The sensing circuits are integrated into a three-phase 1000 VDC to

480 VAC DC-AC inverter for a complete online in-situ health monitoring system of

the MOSFETs. A new on-state drain-source voltage (VDSON) sensing circuit has been

used to monitor the RDSON of the high-side MOSFETs. This sensor references the

drain of the high-side transistors for their VDSON measurement and allows VDSON

measurement of multiple high-side transistors with respect to the same ground ref-

erence. The high-side VDSON measurement circuits combined with low-side VDSON

measurement circuits have been used for a complete RDSON monitoring of all the

MOSFETs in the inverter. The drain current (IDS) is captured from measurements

using an off-the-shelf current sensor located at the output filter inductor. Account-
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ing for propagation delays in the measurement circuitry, both the VDSON and IDS

are sampled and converted into digital data multiple times in a switching cycle, fil-

tered, and stored in a digital signal processor (DSP). The DSP, originally used for

the inverter control, then processes the sensor data captured over one grid cycle and

calculates the average RDSON of the MOSFETs of the inverter. Validations of all

the sensing circuits, using theoretical analysis and hardware experiments along with

the software implementation for data processing and handling are presented in the

dissertation for this real-time, in-situ RDSON measurement. Furthermore, a method

of mapping the MOSFET’s RDSON to the Tj for real-time accurate Tj estimation of

the MOSFETs.
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CHAPTER 1: INTRODUCTION

1.1 Motivation

Power electronics converters are an essential part of our modern electrical system.

An estimated 70% of the total electric energy undergoes through power electronics

converters from generation to end-users [1], which will eventually be 100% in the near

future due to more and more use of power electronics in the modern energy system.

From consumer electronics devices such as cellphones, computers, etc. to commercial

electric vehicles, almost all modern machinery requires power electronics converters

to condition and supply power to different components. The use of Wide bandgap

(WBG) semiconductor devices in power electronics is adding more fuel to the use of

power electronics in the energy system, which is reflected in the development of more

and more power electronics courses and teaching materials [2, 3]. Figure 1.1 presents

an example of electric energy flow from generation to end-users.

Figure 1.1: Electrical energy flow from generation to end-users.
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However, power electronics converters are prone to failure. According to a recent

survey [4] on dc-dc converters conducted among different industries and academia,

15% converters frequently fail, 60% converters fail occasionally and only 25% con-

verters rarely fail during their lifetime.

Among many different components in the power converters, 57.1% of the con-

verter failures are attributable to the power semiconductors failures [4], 23.8% failures

to the resonant capacitor tank, and the remaining failures are due to failures in the

other components of the converters. Figure 1.2 shows the failure rate among the

DC-DC converters in the survey [4] and a breakdown of the different causes of the

converter failure.

(a) Failure rate of DC-DC converters.

(b) Different contributor to the failures of failed DC-DC converters.

Figure 1.2: DC-DC converter failure rates and different failure contributors to the
failure according to a recent survey [4] among industries and academia.
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As power semiconductor devices are one of the primary causes of converter fail-

ures, the reliability of a power electronics converter can be improved by improving

the reliability of the power semiconductor devices. The reliability of the power semi-

conductor devices can be improved by properly monitoring the device’s health and

taking necessary actions to prevent sudden failure. This dissertation focuses on find-

ing a reliable method to monitor the health of the power semiconductor devices and

the implementation of an online in-situ health monitoring architecture in a practical

power electronics converter built using Silicon Carbide (SiC) Metal Oxide Field Effect

Transistors (MOSFET).

1.2 Literature Review

In recent years, there have been many researches on real-time monitoring of power

semiconductor devices to increase reliability and prevent potential failure. The power

semiconductor (MOSFETs/IGBTs/HEMTs) devices ages through different degrada-

tion mechanisms caused by various electro-mechanical stresses in long-term opera-

tions. Under long-term operational stresses, degradation in different parts of the

power semiconductor device results in reduced performance and potential failure.

Different methods of detection of device degradation are discussed in recent research

articles published in major power electronics transactions and conferences. The aging

of the devices causes a shift in different electrical parameters that can be measured

using intelligent sensing mechanisms. Reference [5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16,

17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32] present power semiconduc-

tor health monitoring method using on-state drain-source voltage (VDSON) of SiC/ Si

MOSFETs or on-state collector-emitter (VCEON) of IGBTs as the health indicating

parameter. Reference [10, 12, 19, 30, 31, 33, 34, 35] present methods, circuits, and

justification of monitoring turn-on threshold voltage as the health indicating param-

eter. Research [24, 36, 37] considers the turn-on Miller plateau as the degradation

parameter. [38, 39, 40, 41] presents device health monitoring using gate current of the
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MOSFETs. MOSFET/IGBT junction temperature and case temperature are utilized

as a degradation monitoring method in [19, 27, 42, 43, 44, 45, 46]. Several other elec-

trical parameters, such as short circuit current, switching transient measurements,

body diode forward voltage drop, etc., can also be utilized as the health monitoring

indicator [10, 29, 40, 47, 48, 49, 50, 51, 52, 53, 54, 55, 56, 57, 58, 59, 60].

Figure 1.3 presents a summary of the electrical parameters considered for device

health monitoring of the recently published articles reviewed in this dissertation.

Figure 1.3: Survey on health indicating parameters for MOSFETs/IGBTs in recently
published articles.

Although there have been many research works on the health monitoring of power

semiconductor devices to enhance the reliability of power electronics converter, most

of the research is limited to a single device tests circuit such as a Double Pulse Test

(DPT) setup or a single device converter such as a buck converter. Only a few research

focuses on the health monitoring of the power semiconductor devices in a system-level

application [18, 21, 25, 29]. Reference [21, 25] present online health monitoring of the

IGBT modules in a three-phase inverter. The method uses an external current source

to inject a predefined current into the IGBT modules to measure the VCEON of the

modules and compares that with the baseline values to estimate device health. In this

architecture, only one sensing circuit has been used and a selector switch is used to

select specific IGBT modules for health monitoring. This method can not monitor the
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health of the IGBT during regular operation of the inverter due to the requirement

of external current injection. Reference [18, 29] present online health monitoring

of MOSFETs/ IGBTs in a three-phase inverter using system-level signals. In this

approach, the system-level circuit measures the summation of the on-state voltage

(VON) of one device and the forward diode voltage drop (VD) of a complementary

device in another leg. While this method simplifies the circuit design, it does not

provide independent component-level data. Independent and simultaneous VCEON/

VDSON measurement of individual transistors is more effective as a failure of a single

transistor may lead to the failure of the entire system.

1.3 Proposed Solutions

1.3.1 Online in-situ RDSON monitoring

The focus of this dissertation is the implementation of a complete online in-situ

RDSON monitoring of all power transistors (MOSFETs) used in a practical three-phase

DC-AC inverter containing multiple half-bridge (HB) legs. To the best of the author’s

knowledge, no prior work implementing a complete online RDSON monitoring of an

inverter has been published at the time of preparing this manuscript. This dissertation

addresses the challenges of the simultaneous RDSON monitoring of all MOSFETs

during real-time inverter operations and proposes the implementing solution. The

contributions of the online in-situ RDSON monitoring can be divided into three major

areas:

1. Developing efficient sensing circuitry for the in-situ and online measurement of

the VDSON of the MOSFETs in a multi-phase converter configuration. Differ-

ent methods of VDSON sensing circuits have been reviewed, and a new on-state

drain-source voltage VDSON sensing circuit allowing a common reference of the

analog measurement signals for all high-side MOSFETs is proposed. The pro-

posed circuit can be configured in different ways for application-specific mea-
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surement solutions. The proposed solution reduces the number of components

by reducing the number of isolated power supplies and the total number of sens-

ing signals. Reduction of the number of components and the number of sensing

signals results in simplified computation stress and reduced size and weight of

the overall system. The proposed solution is also minimally invasive and can

be installed over existing inverter hardware with little design upgrade.

2. Implementation of online in-situ monitoring of VDSON/RDSON in a 75 kW three-

phase inverter containing three silicon carbide (SiC) MOSFET HB modules.

An in-situ VDSON measurement board is designed to measure the independent

VDSON of all the six SiC MOSFETs and this board is installed on pre-designed

inverter hardware without altering the hardware assembly. The hardware de-

sign, mechanical and electrical interconnection connection, and experimental

validation are presented in this manuscript.

3. Data sampling, synchronizing, qualifying, and computing strategies are devel-

oped to obtain meaningful RDSON data out of a noisy environment during the

inverter operation. The proposed signal processing strategy is essential to min-

imize the impact of electromagnetic interference (EMI) noises generated by the

sinusoidal switching operation of six MOSFET devices in a three-phase inverter.

1.3.2 Junction temperature monitoring using online RDSON measurement

The junction temperature of MOSFETs/IGBTs is a vital indicator of the device’s

health. In most cases, MOSFETs fail due to overheating. There could be different

underlying reasons for the overheating. Therefore real-time knowledge of the de-

vice’s junction temperature can help prevent sudden device failure. This dissertation

presents a test procedure to create a mapping between the device RDSON and junction

temperature. The mapping can be used to monitor the real-time junction temperature

of the MOSFET from the RDSON measurement. The real-time junction temperature
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can be used in active control [61, 62, 63]. Dynamic control, such as re-distributing

power among parallel converters, changing the output power, and changing other op-

erating conditions, can keep the Tj within the device’s safe operating range to increase

useful lifetime.

1.4 Organization of Dissertation

This dissertation is organized as follows: Chapter 2 presents the challenges and

solutions of online in-situ RDSON monitoring. Chapter 3 presents different methods to

measure VDSON with circuit analysis and experimental validation. Chapter 4 presents

the implementation of a complete online in-situ RDSON monitoring in a 75 kW DC-

AC inverter and junction temperature mapping with the RDSON . Chapter 5 presents

the conclusions and future work.



CHAPTER 2: ONLINE IN-SITU RDSON MONITORING CHALLENGES AND

SOLUTIONS

An online health monitoring system requires two primary components, sensors that

obtain necessary data and a control system that processes the sensor data. The con-

cept of online in-situ RDSON monitoring is to extract and record the RDSON during

real-time converter operation with sensors and processors within the converter. In the

in-situ RDSON measurement, VDSON and drain-source current (IDS) measurements of

power transistors need to be sent to the control system to calculate the RDSON . How-

ever, in a multi-phase converter with multiple HB legs, all VDSON measurements of

individual power transistors do not have a common VDSON measurement reference.

Therefore, different devices’ measured VDSON cannot be directly tied to the control

reference. This issue challenges implementing the in-situ prognostics to practical

power electronic converters. VDSON of individual transistors can be measured using

the voltage clamping circuits [13, 64, 65, 23, 18], where the source of the individ-

ual device is the reference of the measurement. The challenge is translating these

measurements to the control system’s ground reference. In a multi-phase inverter,

the lack of a common signal reference for the transistors increases the complexity of

VDSON measurement. Each VDSON sensor requires a separate isolated power supply,

resulting in a high system cost. Therefore, an advanced VDSON measurement system

is designed to have a common reference of measurements for the high-side transistors

by the authors [66]. This design allows all the high-side VDSON measurement sensors

to be powered using a single isolated power supply in the proposed circuit. This work

uses the VDSON measurement system to obtain online RDSON .
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Furthermore, when multiple switching devices are involved, their sinusoidal switch-

ing pattern generates EMI that requires special attention in analog and digital signal

processing. The EMI generated from all devices affects the measured signals at dif-

ferent electrical nodes, and the measured signals contain unpredictable signal noises.

Therefore, the analog data sampling strategy becomes essential to extract meaningful

data from analog measurements.

These challenges remain unaddressed in the experimental research involving only

one switching device but are addressed in this dissertation. Another challenge is the

validation of the experiment results. No off-the-shelf VDSON/RDSON sensors are read-

ily available to compare the experimental results except with the datasheet provided

numbers. The RDSON provided in a standard MOSFET datasheet is a range of a

large number of MOSFETs. For example, the CAS300M17BM2 [67] datasheet lists

8 − 10mΩ RDSON for 300 A current at room temperature. It is important to know

the actual RDSON of the DUT to validate the in-situ measurement circuits. The

maximum RDSON is 25% higher than the typical value listed, which is a large number

to evaluate the in-situ measurement accuracy. Therefore, for an accurate compari-

son, each of the six MOSFETs used in the inverter is characterized under controlled

pre-set conditions to have the baseline measurements, which have been used later for

comparison with the in-situ measurements.



CHAPTER 3: VDSON SENSING CIRCUIT DESIGN AND CONFIGURATION

The voltage across a power MOSFET is usually hundreds of volts when the MOS-

FET is in the off state and in millivolts when the MOSFET is in the on-state. A

VDSON sensing circuit needs to measure the on-state voltage with high precision. To

enable a high precision measurement, the VDSON sensing circuit utilizes a voltage

clipping and clamping mechanism to block the off-state high voltage. It only mea-

sures the on-state low amplitude voltage signal. Figure 3.1 presented a simplified

block diagram of the conventional (left) and proposed modified (right) VDSON sensor

architecture. Conventionally, the VDSON measurement circuit ground is connected to

the MOSFET’s source or lower potential node. The proposed VDSON measurement

circuit utilizes the higher potential node or the drain of the MOSFET as the ground

reference of the measurement and conditioning circuit. The combination of these two

variants of the VDSON sensing circuits enables us to deploy different architectures

based on different applications.

Figure 3.1: Simplified block diagram of the VDSON sensor. The figure on the left is
conventionally used where the ground is connected to the source terminal of the MOS-
FET. And the modified VDSON sensor is on the right, where the ground is connected
to the drain of the MOSFET
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Two possible combinations are discussed in this dissertation, and one of them is used

for the online in-situ health monitoring of a three-phase inverter. Figure 3.2 shows

the two possible configurations. The configuration on the left use a drain-referenced

VDSON sensor for the high-side MOSFET and a source-referenced VDSON sensor for

the low-side MOSFET. The configuration on the right uses a drain-referenced VDSON

sensor for the low-side MOSFET and a source-referenced VDSON sensor for the high-

side MOSFET. As the drain of the low-side MOSFET and the source of the high-side

MOSFET in an HB is the same node, this configuration has a single ground reference

for both the high and low-side MOSFETs.

Figure 3.2: Simplified block diagram of two VDSON sensor configurations in a half-
bridge. The figure on the left presents a high-side low-side tied configuration where
the high-side and low-side VDSON sensor reference grounds are different. And the
figure on the right presents a center-point tied configuration where the measurement
reference ground is the same node for both the high-side and low-side MOSFETs
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3.1 High-side and low-side tied configuration

3.1.1 Circuit analysis

In this configuration all the high-side VDSON sensing circuit reference to the same

measurement ground, which is the DC bus positive terminal. On the other hand, the

low-side VDSON sensing circuits reference to the DC bus negative terminal. Figure

3.3 presents an example of this configuration in a three-phase DC-AC inverter. This

configuration allows having the same measurement reference for all the high-side

devices and another measurement reference for the low-side devices. Having the same

measurement reference simplifies the circuit design and requires only one isolated

power supply for all the high-side VDSON sensors and another for all the low-side

VDSON sensors. Thus this configuration reduces the number of power supplies to two

from six for a three-phase DC-AC inverter.

Figure 3.3: High-side and low-side bus tied VDSON sensor configuration.

Figure 3.4 presents the detailed schematics of the high-side and low-side VDSON

measurement circuits in a half-bridge for the high-side, low-side tied configuration.

The proposed drain-referenced VDSON measurement circuit measures the VDSON of the

high-side transistors in reference to the drain (DC Bus +), as opposed to referencing

to the source terminal that is used in conventional VDSON measurement circuits.

Different nodes in the circuit are marked as nodes 1, 2, 3, and 4. Figure 3.5 presents

the ideal waveforms at different nodes. The VDSON measurement circuit has three

stages. The first stage is clamping, which clamps the high voltage when the transistor
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is off and passes only the low VDSON when the transistor is on. A high-voltage

Schottky diode (D1) is connected to the source of the high-side transistor, which only

allows current flow from the source to the VDSON measurement circuit. The VDSON

measurement circuit references the drain of the high-side transistor. The clamped

point indicated as node 1, where the cathode of the blocking diode (D1) is connected,

has a voltage potential within a setpoint set by the Zener diode (DZ1) (3V in the

circuits used in this research) below the drain potential. When the transistor is turned

off, it has a much higher potential in its drain terminal than the source. Therefore,

the blocking diode (D1) becomes reverse-biased and disconnects the source terminal

from the measurement circuit. When the transistor is turned on, the transistor has

a very small potential difference between the drain and the source terminals. This

potential difference makes the blocking diode (D1) forward-biased, completing the

circuit through the transistor. Node 1 now measures the inverted sum of VDSON and

the forward voltage drop (VF) of the Schottky diode (D1); this is listed in Table 3.1.

Figure 3.4: The proposed circuit for high-side and low-side VDSON measurement. The
nodes circled red are referenced to DC+, the nodes circled green are referenced to
DC- and the nodes circled blue are referenced to the control ground. The same circuit
is repeated for the three phases, except the same power supplies are used for all three
phases.
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Actual VDSON can be calculated by subtracting the diode forward voltage drop

(VF) from the absolute value of the voltage at node 1. However, the Schottky diode’s

forward voltage drop depends on the current through it and the junction tempera-

ture. Estimating the forward voltage drop across the Schottky diode is possible if

the temperature is known; however, accurate and reliable junction temperature es-

timation is problematic. To overcome this issue, another Schottky diode (D2), the

same as the blocking diode (D1), is placed in series very close to the blocking diode

(D1) so that they operate at a similar temperature level. When the transistor is on,

the same current flows through these two diodes (D1 and D2), ensuring the same

forward voltage drop across each of these two diodes. The voltage drop across the

second diode (D2) is measured using a differential amplifier circuit which is a part

of the second stage of the VDSON measurement circuit. The output of this circuit is

measured at node 2. The voltage at node 1 is then subtracted from the voltage at

node 2 to get the VDSON of the DUT indicated at node 3. Node 4 is the last stage

output that translates the measured VDSON from the measurement circuit reference

(DC Bus +) to the control circuit reference.

Figure 3.5: Ideal waveform of the proposed VDSON monitoring circuit, high-side (left)
and low-side (right).

The low-side VDSON measurement circuit works similarly, except it references the

negative DC bus (DC Bus -). Table 3.1 describes the voltages at different measure-
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ment nodes.

Table 3.1: VDSON circuit operation and measurement at different nodes.

Node MOSFET status High-side Low-side

1 ON -(VDSON+VF ) VDSON+VF

1 OFF -3V 3V

2 X -VF VF

3 ON VNODE2-VNODE1

=VDSON

VNODE1-VNODE2

=VDSON

3 OFF VNODE2-VNODE1=3-VF VNODE1-VNODE2=3-VF

3.1.2 Sensor board and experiment results

Figure 3.6 presents a photograph of the developed printed circuit board containing

8 VDSON sensors for 8 MOSFETs in four legs in a three-phase DC-AC inverter using

the CREE SiC HB modules [67].

Figure 3.6: Developed VDSON sensor board for a three-phase four leg DC-AC inverter.

Both the high-side and low-side VDSON sensing circuits have been tested under

static and dynamic operating conditions. To verify the performance of the condition-

ing circuits a DPT is conducted and measured signals at different nodes are compared

with the theoretical analysis and ideal waveforms. Figure 3.7 presents the measured

signals for the high-side VDSON sensor and figure 3.8 presents the measured signals
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for the low-side VDSON sensor.

Figure 3.7: Experiment results on different nodes for the high-side VDSON sensor.

Figure 3.8: Experiment results on different nodes for the low-side VDSON sensor.

Figure 3.9 presents the final output of the high-side VDSON sensor isolated output

with the device drain current in a DPT. The measured signal is translated into the

proper units and presented in figure 3.10. The translated signals are then used to

calculate the RDSON of the device under test (DUT). The calculated RDSON is pre-

sented in figure 3.11. Cree CAS300M17BM2 [67] modules are used as the DUT and
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based on the datasheet the RDSON of this MOSFET ranges from 6-8 mΩ. And the

calculated RDSON in the DPT is around 7 mΩ. Therefor the VDSON sensing circuit

operation is validated. The low-side VDSON sensor outputs also match the datasheet

provided RDSON of the MOSFET. Figure 3.12 presents the calcualted RDSON during

the second pulse of the DPT for all the six MOSFETs.

Figure 3.9: Final output of the high-side VDSON sensor and device drain current under
DPT.

Figure 3.10: Final outputs of the high-side VDSON sensor and device drain current
translated into proper units.
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Figure 3.11: Calculated RDSON of the high-side MOSFET using the measured sensor
data.

Figure 3.12: Measured RDSON of the six MOSFETs in three half-bridge legs of the
three-phase inverter.

3.2 Center-point tied half-bridge VDSON sensor configuration

In most applications, the high-side and low-side devices in an HB are turned ON

and OFF in a complimentary manner. When the high-side device is turned ON,

the low-side device is turned OFF, and vice versa to prevent shoot-through. The
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proposed (HBVDSON) sensor [68] measures the VDSON of both the high-side and

low-side devices independently and then combines them into a single sensor output.

Figure 3.13 presents the block diagram of the proposed HBVDSON sensor connected

to the three terminals of an HB leg consisting of two MOSFETs.

Figure 3.13: Block diagram of the half-bridge VDSON measurement signal. This
configuration combines two output signals of the high-side and low-side MOSFETs
into one measurement signal.

3.2.1 Circuit analysis

Figure 3.14 presents the detailed schematics block diagram of the HBVDSON sensor.

The HBVDSON sensor consists of two independent sensing circuits for the low-side

and high-side devices. The fundamental operating principle of the individual sensing

circuits is presented in [66]. The HBVDSON sensor consists of four circuit stages. The

novelty of the HBVON sensor is the combination of the high-side and low-side circuits

by swapping their orientation. In the configuration discussed in the previous section,

the high-side VDSON sensor references DC+, and the low-side VDSON sensor references

DC-. But in the HBVON both the high-side and low-side VDSON sensors reference

the middle point of a half-bridge and eventually, the outputs of two VDSON sensors

are combined to have one single sensor output. The HBVDSON sensor consists of six
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major signal processing stages.

Figure 3.14: Schematic diagram of the half-bridge VDSON measurement sensor. The
final output of the sensor contains VDSON information of both the high-side and low-
side MOSFETs.

The first stage is the clamping circuit that clamps the high voltages from the

transistor nodes when the transistors are in off-state. The components (except the

blocking diodes) used in the sensor has lower voltage rating (under 25V) while the HB

operates in hundreds of volts. The blocking diodes block the high-voltage and clamp

the sensing circuit voltages within a set voltage to prevent damage to the circuit.

The operating principle of the combined voltage clamping circuits is highlighted in

Figure 3.15 When the high-side device is in the ON state, the potential of the middle

point (reference of the sensor) is very close to DC+, which makes the diode D11

forward biased. Device S2 being in the OFF state, sees the full DC bus voltage across

its terminals, which makes diode D21 reversed biased. Similarly, when the high-side

device is in the OFF state and the low-side device is in the ON sate, diode D11

becomes reversed biased and diode D21 becomes forward biased. Thus, although the

sensor is connected to the HB and across the DC bus, the high voltage is blocked

either by diode D11 or by diode D21.
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Figure 3.15: Voltage clamping stages of the proposed half-bridge VDSON sensor. High-
side device (S1) is turned on (left) and the low-side device (S2) is turned on (right).
Highlighted parts showing the active components of the circuit and faded parts indi-
cated a non-conducting state

Figure 3.15 (right) illustrates the HB and HBVON sensor interaction when the

high-side device is in the on-state and the low-side device is in the off-state. At this

condition, the node voltage at node 11 measures VON−S1 + VF , where VON−S1 is the

on-state voltage of the high-side device (S1) and VF is the forward voltage drop of

the diode D11.As the low-side device (S2) is off during this period, the node voltage

at node 21 measures a constant voltage −(VC + VF ).

Figure 3.15 (left) illustrates the HB and HBVON sensor interaction when the

low-side device is in the on-state and the high-side device is in the off-state. At this

condition, the node voltage at node 21 measures −(VON−S2 − VF ), where VON−S2 is

the on-state voltage of the low-side device (S2) and VF is the forward voltage drop

of the diode D21. As the high-side device (S1) is off during this period, the node

voltage at node 11 measures a constant voltage VC + VF . The constant voltage VC

is known and defined by the Zener diodes (DZ1, DZ2), series connected diodes (D12,

D22), series resistors (R1, R2) and the power supplies (+VDD, -VDD).
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The second stage measures the diode (D12 and D22) forward voltage drop with

differential amplifier circuits. The voltage drop across these diodes are expected to be

same as the voltage drop across diodes D11 and D21 respectively when same current

flows through them, which is the case during the on-state.

The third state subtracts the measured forward voltage drop from the first stage

measurement to get VON .

The fourth stage of the sensor combines the signals from the low-side and high-

side circuits (node 13 and 23). The combined signal contains VON of either the

high-side or the low-side device whichever is in the on-state and the constant voltage

VC.

Table 3.2: Analog circuit operation of the half-bridge VDSON sensor at different
nodes.

Analog circuit operation Output

node

S1: ON, S2:

OFF

S1: OFF,

S2:ON

Voltage clamp circuit 11 VON−S1+VF VC+VF

Voltage clamp circuit 21 -(VC+VF ) -(VON−S2+VF )

Diode forward voltage measurement 12 VF VF

Diode forward voltage measurement 22 VF VF

V11-V11 13 VON−S1 VC

V21-V21 23 -VC -VON−S2

V13-V23 4 VON−S1+VC VON−S2+VC

V4-VC 5 VON−S1 VON−S2

Isolation 6 VON−S1 VON−S2

In the fifth stage, an offset voltage generator generates a voltage equal to VC ,

the voltage offset present at the output of the fourth stage. This voltage offset is

then subtracted from V4 to get the final VON , V5. The final VON contains VON of the
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device which is in the on-state. The sixth stage is the isolation stage, which translates

the final output to the control circuit reference so that the final VON sensing output

can be connected to a DSP or an ADC input pin for further in-situ health monitoring.

The operation and the output of each of the signal stages are presented in Table

3.2. The node voltages are named in reference to the nodes illustrated in figure 3.14.

The fundamental operating principle and the ideal waveform at some major nodes

and the final output of the sensor are presented in figure 3.16.

Figure 3.16: Ideal waveforms at different nodes of the HBVDSON sensor.
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3.2.2 Sensor board and experiment results

The HBVDSON sensor has been designed and integrated with the gate driver board

for a 1200V SiC HB module. The PCB board hardware prototype is presented in

3.17. Individual validation of the circuit stages of the VON sensor was completed prior

to VON performance evaluation under switching.

Figure 3.17: Designed PCB of the half-bridge VDSON sensor integrated with the gate
driver board. The sensing board provides VDSON of both high and low-side MOSFETs
in one output signal.

3.2.3 Sensor performance validation under DC conditions

First, the on-state voltage accuracy of the sensor is quantified under DC condi-

tions. To calculate the accuracy of sensor reading at the entire range of input, the

configuration presented in Fig. 6 is used. Where both of the devices are kept in

the off-state and a variable resistor is connected across one of the two devices. The

variable resistor is used to create a small voltage across the input terminals of the

VON sensor under test and is varied to get a voltage from 0V to 2V at the input

terminals. When the variable resistor is connected to the high side of the sensor, it

represents a situation when the low-side device is in the off-state and the high-side
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device is in the on-state. Similarly, when the variable resistor is connected to the

low side of the sensor, it represents a situation when the high-side device is in the

off-state and the low-side device is in the on-state. Although in both cases, both the

high-side and low-side devices are in the off-state, this configuration is necessary to

provide the small, temperature-independent DC voltage across one SiC FET of the

half-bridge module, and a large DC voltage across the other side as series operation

of benchtop supplies is discouraged at hundreds of volts. At every input voltage, the

voltages at different sensor nodes are recorded and presented in Table 3.3 and Table

3.4.

Figure 3.18: Sensor characteristics for different VDSON of the high-side and low-side
MOSFETs up to 2V. (left) Input applied to the high-side, low-side device turned off.
(right) Input applied to the low-side, high-side device turned off.

Table 3.3 presents the measurements and accuracy of the high-side VON sensor

and 3.4 presents the measurements and accuracy of the low-side VON sensor. From

the DC measurements, it can be seen that the non-isolated final output has a very

small error <4% for input voltages of 0.58 V or higher. At lower input voltages the

error is relatively large which is due to the low signal-to-noise ratio. The isolated

output of the sensor also has a very small error <4% for inputs from 0.58V or higher.
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These errors, however, could be adjusted with appropriate calibration with the data

presented in the tables.

Table 3.3: DC characteristics of HBVDSON the sensor, high-side device as DUT, and
the low-side device turned off.

Input(V) Final

output

(V5) (V)

Error

(V)

Error

(%)

Isolated

output

(V)

Error in

isolated

output (V)

Error in

isolated

output (%)

0.106 0.128 0.022 20.75% 0.092 0.014 13%

0.308 0.332 0.024 7.79% 0.292 0.016 5%

0.577 0.600 0.023 3.99% 0.557 0.020 3%

1.359 1.377 0.018 1.32% 1.326 0.033 2%

1.645 1.657 0.012 0.73% 1.603 0.042 3%

2.014 2.017 0.003 0.15% 1.958 0.056 3%

Table 3.4: DC characteristics of the HBVDSON sensor, low-side device as DUT, and
the high-side device turned off.

Input(V) Final

output

(V5) (V)

Error

(V)

Error

(%)

Isolated

output

(V)

Error in

isolated

output (V)

Error in

isolated

output (%)

0.106 0.128 0.022 20.75% 0.086 0.020 19%

0.310 0.332 0.022 7.10% 0.292 0.018 6%

0.582 0.602 0.020 3.44% 0.559 0.023 4%

1.370 1.382 0.012 0.88% 1.332 0.038 3%

1.652 1.660 0.008 0.48% 1.605 0.047 3%

2.016 2.016 0.002 0.10% 1.955 0.061 3%
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3.2.4 Sensor performance validation in double pulse test

In addition, to quantifying the accuracy under DC conditions, the sensor perfor-

mance is evaluated under switching conditions as well. To evaluate dynamic perfor-

mance, a double pulse test (DPT) is conducted. In the DPT, one device is used as

the device under test (DUT) while keeping the other in the off-state. All the major

sensing nodes are recorded with a 200V input DC bus. Oscilloscope captures at dif-

ferent nodes are presented in figure 3.19 and figure 3.20. When the high-side device is

used as the DUT, the high-side sensing part of the HBVON sensor measures the VON

of the high-side device during its on-state while the low-side sensing part measures

a constant voltage. After addition and offset compensation, the final isolated output

of the HBVON sensor provides the VON of the high-side device. During the off-state

of the DUT, the high-side sensing part of the sensor measures a constant voltage,

but the low-side sensing part of the device measures negative voltage as current flows

through the body diode of the low-side device during this period. This negative volt-

age is clamped at the final sensor output. Thus, the final sensor output provides the

VON of the high-side device when it’s ON and a zero voltage when it’s OFF.

Figure 3.19: DPT waveforms. Only the high-side device is used as the DUT while
keeping the low-side device turned off. The test is conducted at 200V DC bus voltage.
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Figure 3.20: DPT waveforms. Only the low-side device is used as the DUT while
keeping the high-side device turned off. The test is conducted at 200V DC bus
voltage.

Similarly, when the low-side device is used as the DUT, the sensor final output

provides VON of the low-side device when it’s ON and a zero voltage when it’s OFF.

Using the measured VON and the current information from the captured data,

the on-state resistance of the DUTs is calculated and presented in figure 3.21 and

figure3.22. A CREE 1200V module CAS300M12BM2 [69] is used for the DPT. The

reported on-state resistance of this module in the datasheet is from 4.17 mÎ© (typical)

to 5.67 mÎ© (max). Calculated on-state resistance using the output of the HBVON

sensor and current reading from a TektRON ix current probe is found to be in the

same range. The exact accuracy of the calculated resistance is not reported from

the test as the true RON of the module was not measured using any other tools for

reference. Even if the exact accuracy is not reported, the measured RON is well within

the datasheet provided range.
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Figure 3.21: RDSON calculation using HBVDSON sensor DPT waveforms: high-side
MOSFET as DUT.

Figure 3.22: RDSON calculation using HBVDSON sensor DPT waveforms: low-side
MOSFET as DUT.

3.2.5 Validation of the HBVDSON sensor in complementary switching

The final experiment is conducted with the HBVDSON sensor when the HB is used

in a practical operation where the high-side and low-side devices are turned on and

off in a complimentary manner. In this test, for a half-cycle, the high-side device

is turned ON and, for the remaining half-cycle, the low-side device is turned ON.

The test setup is built as a full-bridge (FB) configuration with a series inductor and

resistor load connected between the two HBs. This FB circuit is built to represent a
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real-world application of two HB modules as a single-phase inverter. The HBVDSON

sensor is connected to two DUTs (S1 and S2) of one of the two modules. The FB is

controlled in a complementary switching manner i.e. S1 and S4 were turned on/off

together while S2 and S3 together were in the complementary state.

Figure 3.23: Experiment results in a full-bridge configuration. HBVDSON sensor
measurements in complementary switching.

Figure 3.23 presents the sensor waveforms of the high-side VDSON and low-side

VDSON as well as the combined sensor output that contains VDSON of two DUTs

depending on their ON/OFF status. The intermediate sensor node that measures

the individual VDSON of the high-side and low-side devices shows the VDSON during

their on-state and a constant voltage during their off-state. The final output does

not have the offset and contains HBVDSON of both devices as only one device was

in the on-state at a time. The final sensor output is used to calculate the RDSON of

both DUTs. Figure 3.24 presents the calculated RDSON of both devices. The same

inductor current is used to calculate the RDSON of both DUTs. The inductor current

is in the same direction as the current through the high-side device (S1) but in the

opposite direction to the current through the low-side device (S2). Therefore, the

calculated RDSON of the low-side device is represented as negative which is due to
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the negative sign of the current. The calculated RDSON of both devices is very close

to the DPT results and within the range of values provided in the datasheet.

Figure 3.24: Experiment results in a full-bridge configuration. RDSON calculation in
complementary switching.

One major drawback to this compensation scheme is the indirect estimation of the

blocking diode forward voltage drop. As the forward voltage of the blocking diode can

not be measured directly during operation, it is estimated using the series diode having

similar characteristics. And during the DUT on state, the same current flows through

the two series-connected diodes (D1-D2 and D3-D4). Even if two diodes are picked

from the same production batch, they still have a small mismatch in their forward

characteristics which introduces some errors in the measurements. Therefore, this

mismatch in diode characteristics needs to be taken into consideration during sensor

design. For this application, the characteristics are matched manually by checking

the forward voltage drop at a certain current and using the pair having a similar

voltage drop in one circuit to reduce error.



CHAPTER 4: ONLINE IN-SITU RDSON MONITORING IMPLEMENTATION IN

A 75kW THREE-PHASE INVERTER

4.1 VDSON sensor integration for online in-situ RDSON monitoring

Two measurements are required for in-situ RDSON measurement of a MOSFET,

the VDSON , and IDS. The measured signals need to be translated into the control

reference to convert into digital data for further processing. The conventional voltage

clamping circuit measures the VDSON referenced to the source of the MOSFETs. This

method allows for the same measurement reference of the VDSON sensing circuits for

the three low-side MOSFETs but does not provide a single measurement reference

of the high-side MOSFETs. Therefore, the conventional circuit has been modified

to simplify the circuit, and a new circuit is proposed to have a single measurement

reference of VDSON sensing circuits for the high-side MOSFETs. The RDSON sensing

architecture for the three-phase inverter using this new circuit for the high side is

presented in figure 4.1.

Figure 4.1: Sensing circuit integration architecture of the online in-situ RDSON mon-
itoring.

For the RDSON calculation, IDS is required along with the VDSON . However, adding

a current sensor in the switching loop on the drain or source side adds parasitic
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inductance, increasing loss and creating higher voltage overshoots and undershoots.

Instead of adding the current sensor to the drain or source of the MOSFETs, it is

connected to the outputs of the half-bridges, as presented in figure 4.1. The line

current is good enough for the steady-state RDSON calculation as the steady-state

line current is the same as the MOSFET current during the on-state. A commercial

off-the-shelf current sensor is used for the current measurement. Therefore, details

of the current sensor are not discussed in this paper. Furthermore, the proposed

architecture is minimally invasive to the existing inverter architecture. It requires

electrical connections to only three outputs of the three half-bridges and the DC bus.

This minimally invasive architecture can be implemented on an existing inverter setup

with minimal modifications to the hardware.

4.2 Online in-situ RDSON calculation and reporting

The VDSON and IDS sensor outputs are sampled and processed through a digital

microcontroller (DSP) for the real-time RDSON update feature. The sampled data go

through a series of data qualification stages to achieve an accurate and meaningful

measurement.

4.2.1 Data sampling and synchronization for online RDSON calculation

The first step is reading the VDSON and IDS sensor outputs using the analog-to-

digital converter (ADC) module in DSP. Synchronization of ADC sampling with the

pulse width modulation (PWM) signal is one of the important implementation con-

siderations. As shown in figure 4.2, the effective VDSON and IDS waveforms (blue

lines) appear when the device is on. Hence, the ADC sampling needs to be com-

pleted within this short time period. In particular, the center of the PWM on time

(tPWM,Center) is the preferred area for accurate ADC sampling by avoiding the po-

tential signal noise near the PWM switching transitions. In fact, three AC inductor

currents (ILa, ILb, ILc) used for the primary inverter functions such as closed-loop
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control and protection are already sampled at tPWM,Center.

Figure 4.2: VDSON and IDS sampling synchroization for instantaneous RDSON calcu-
lation. Blue lines indicate the ideal current and voltage waveforms, and the red lines
represent the measured signals. The measurement delay is characterized to align the
current and voltage measurements.

Two additional samples of each VDSON and IDS are captured for the online RDSON

calculation. These VDSON and IDS measurements are captured before the three AC

inductor current samples, as shown in 4.2. ADC Start-Of-Conversion (SOC) triggers,

ADCSOC,IDS and ADCSOC,VDSON , are programmed to start sampling VDSON and

IDS. The VDSON and IDS sensing circuits have different signal output delays, as shown

in 4.2 (red lines). These delays are characterized through experiments and presented

in the next section. To compensate for these sensing delays, the two ADCSOC triggers
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are shifted independently to synchronize the VDSON and IDS measurements.

4.2.2 Data qualification to filter noisy data from calculation

Due to practical issues of hardware circuit components, false or noisy sensing output

signals may inadvertently be applied to the microcontroller. The first challenge is that

the isolated analog amplifier, ADuM4190, has a lower common-mode input range,

which does not provide accurate isolated output for inputs that is less than 200 mV.

To address this limitation, RDSON is only calculated above 30 A phase current of

the inverter. 30 A phase current corresponds to 210 mV voltage drop across the

drain and source terminal of the MOSFET considering 7mΩ RDSON . In addition,

switching transitions of other phases cause EMI noise on the VDSON and IDS sensing

signals, even though the ADC readings are synchronized near the tPWM,Center.

It is confirmed that a switching event when the modulation index (of the phase

being sampled) is less than 0.85 provides enough time to avoid the switching noise

interference from other phases and have noise-free ADC samples. Therefore, the

effective range of the modulation index for the RDSON measurement is limited to less

than 0.85. The data qualification flow chart is shown in figure 4.3.
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Figure 4.3: Developed flow chart for RDSON calculation: Example is shown only for
one device, the phase A high-side MOSFET. This is repeated sequentially to get
RDSON of all six MOSFETs in one AC-cycle.

4.2.3 Average RDSON calculation and reporting

When calculating RDSON , multiple samples of RDSON values are averaged to mini-

mize random fluctuations of the measured data. The PWM-average RDSON is calcu-

lated by averaging two samples of RDSON data obtained within a single PWM cycle.

The PWM-average RDSON values are integrated during the acquisition window shown

in figure 4.4, and the RDSON sum is divided by the number of PWM cycles counted
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during the acquisition window. The resulting value of this averaging process is called

cycle-average RDSON . The cycle-average RDSON is obtained at the beginning of the

acquisition window of the opposite device in the same phase leg. This calculation

timing is designed to cope with the variation in the width of the acquisition window,

which varies according to the inverter’s operating condition. All six cycle average

RDSON data are updated every fundamental frequency cycle.

Figure 4.4: Three-phase Current and Voltage sampling window. Shaded areas indicate
the current and voltage data acquisition window for the six MOSFETs. The average
is calculated at the beginning of the data acquisition of the complementary device of
the same leg.

4.3 Hardware setup and experiment results

The in-situ RDSON monitoring is implemented on a 75 kW three-phase inverter.

The specification of the inverter is presented in Table 4.1. The inverter consists of

different boards assembled together, an exploded view of the 3D image of the inverter

assembly is presented in figure 4.5. The primary components of the assembly are the

baseplate that houses all the components, the SiC MOSFET modules, VDSON sensing

board, DC-bus and decoupling capacitor boards, gate driver boards, output current

sensors, and a motherboard.
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Table 4.1: Specification of the three-phase inverter.

Parameter Value

Maximum rated power 75 kW

Nominal input voltage 1000 V DC

Output voltage 480 V AC

Switching frequency 30 k Hz

SiC module CAS300M17BM2 [67]

Figure 4.5: Exploded 3D image of the inverter assembly.

Figure 4.6 presents a cross-section of the interconnection among different compo-

nents of the inverter assembly. The VDSON sensing board is mounted directly on top
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of the SiC HB modules. The line current sensors are mounted around the bushing

terminals of the output terminals of the inverter. The motherboard has a TI DSP

F28379D control card for inverter control and RDSON calculation.

Figure 4.6: Cross-section of the inverter assembly.

Figure 4.7 presents an image of the VDSON sensor board assembly taken from the

top. The VDSON board is directly mounted on top of the SiC MOSFET modules to

have minimum parasitic impedance between the MOSFET terminals and the sens-

ing terminals. This close assembly also provides for ceramic decoupling capacitor

placement that helps the transient switching performance of the inverter.
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Figure 4.7: VDSON sensor board placement in the inveter.

Several experiments are conducted to validate the online in-situ RDSON mon-

itoring solution. The experiments can be classified into three different operating

conditions, (i) DPT, (ii) DC condition, and (iii) sinusoidal inverter operation.

4.3.1 Sensor dynamic characterization in DPT

To find the VDSON and IDS sensor output dynamic characteristics, a DPT is con-

ducted. It has been found that the analog isolator adds 1.2µs time delay in the

measured signal of the VDSON sensor. Similarly, the hall effect current sensor adds
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3µs delay to the measured signal compared to the actual current. The current sensor

measurement is compared with a Tektronix current probe (TCP0150), having less

than 40ns delays. Figure 4.8 presents the delays of the VDSON and IDS sensor out-

puts. These delays are compensated for later during analog data sampling for the

RDSON calculation.

(a) Voltage sensing delay

(b) Current sensing delay

Figure 4.8: Experimental evaluation of the voltage and current sensing delays. Iso-
lated VDSON sensor output and current sensor output have 1.2 µs and 3.0 µs delay
respectively.

4.3.2 True RDSON reference generation under DC

The actual DC RDSON of the three modules used in the inverter is measured using

precision digital multimeters (DMMs). It is a necessary process to obtain the true

RDSON data of the specific SiC MOSFET devices we used to validate the online in-situ
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RDSON measurement results.

The circuit diagram of the experiment setup and the measured RDSON are pre-

sented in figure 4.9. A current source is connected to the DUT with a series-connected

precision shunt resistor. The voltage across the DUT and the shunt are measured us-

ing DMMs. Then the RDSON is calculated using the DMM measurements. Figure

4.10 presents the measured DC true RDSON of the six MOSFETs from 30A to 100 A

device current.

Figure 4.9: Schematics of the DC RDSON characterization for reference generation.

Figure 4.10: True RDSON of the three SiC modules used in the inverter. RDSON is
calculated using the current and voltage reading from digital multi-meters..

Figure 4.11 presents the error between the RDSON calculated using the DMMs and
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data recorded on the integrated DSP in the inverter motherboard. This figure shows

the accuracy of the DSP measurement having an error of less than 0.2mΩ under the

entire current level.

Figure 4.11: Error in the measurement recorded in the DSP compared to the RDSON

calculation using the digital multi-meters.

The RDSON of the six MOSFETs at 40A current is listed in Table 4.2. The RDSON

of the six MOSFETs are 6.6mΩ, 6.4mΩ, 5.9mΩ, 5.8mΩ, 6.4mΩ, and 6.4mΩ for S1, S2,

S3, S4, S5, and S6, respectively at 40 A current, which is the selected currency for

the AC operation.

Table 4.2: True (DC) RDSON of the six MOSFETs at 40 A current (Experimental
results for reference point generation).

Device No S1 S2 S3 S4 S5 S6

True (DC) RDSON @40A (mΩ) 6.6 6.4 5.9 5.8 6.4 6.4

4.3.3 Online in-situ RDSON measurement in sinusoidal inverter operation

Figure 4.12 presents the fully assembled inverter hardware under test. For regular

inverter operation, all six MOSFETs turn ON and OFF simultaneously following the

sinusoidal PWM to generate sinusoidal three-phase output. To validate the online

in-situ RDSON measurements the inverter is run above 30kW power converting from

1000V DC to 480V three-phase AC. The VDSON and IDS sensor outputs were cap-
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tured on the oscilloscope and also the DSP ADC readings were recorded to make

a comparison analysis. Figure 4.13 presents the oscilloscope capture of the VDSON

and phase current waveforms in phase-A. The VDSON of the high-side MOSFET is

proportional to the positive half cycle of the phase current, and the VDSON of the

low-side MOSFET is proportional to the negative half cycle of the phase current.

Figure 4.12: The developed hardware prototype.

Figure 4.13: Oscilloscope capture under 1000V DC- 480 VAC: Phase A VDSON and
phase current measurement.
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Figure 4.14 presents the recorded DSP data which is exported for analysis.

(a) sample VDSON and IDS in the DSP

(b) Samples after the data qualifications.

(c) Calculated instantaneous and average RDSON

Figure 4.14: Experimental results under 1000V DC- 480 VAC, data captured on the
DSP: Phase A VDSON and current measurement for half grid cycle.

Figure 4.14 (a) presents the sampled VDSON and IDS data points of the Phase-A

high-side MOSFET per every switching cycle during the half cycle of the AC output.

These data points are recorded on the DSP memory and extracted for validation.

At the center of the half cycle, where the modulation index is higher than 0.85, the



46

switching noise interferences are observed and discarded as per the data qualification

algorithm. Figure 4.14 (b) shows data points after the data qualification. After that,

PWM-average and cycle-average RDSON values are calculated, as shown in Figure

4.14 (c). These results verify the feasibility and the effectiveness of the proposed

in-situ RDSON measurement system architecture and data processing.

For online health monitoring, the cycle averaged RDSON data are recorded and

saved. As RDSON is expected to change slowly over a long operating lifetime, the

cycle-average RDSON is further averaged every second to reduce the memory require-

ment to store and process a large number of RDSON data. Figure 4.15 presents

recorded averaged RDSON for 300s. The averages of these 300s data points are

7.5mΩ, 6.8mΩ, 6.4mΩ, 6.0mΩ, 6.9mΩ , and 6.9mΩ for S1, S2, S3, S4, S5, and S6,

respectively. The RDSON of S3 has some random spikes up to 1mΩ above the average

value. A possible reason for the spikes could be the noise source along the propagation

path of the VDSON/IDS sensing signal for this MOSFET. Regardless of the spikes, the

data is consistent most of the time. Comprehensive analysis of the measured online

RDSON is presented in the next section.

Figure 4.15: Experimental results: In-situ RDSON measurement over 300 s (averaged
every 1 s) under 1000V DC-480V AC at 30kW.



47

Figure 4.16: Experimental results: Online in-situ AC RDSON increase compared to
DC true measurement. The increase in the RDSON is due to the parasitic impedance
that adds to the true RDSON under AC conditions

4.3.4 AC impedance analysis

To find the efficacy of the proposed online in-situ RDSON monitoring architecture

the true RDSON of each of the six MOSFETs have been characterized under DC

conditions to find the baseline RDSON . The details of the DC characterization test

are presented in sub-section B. These RDSON references are the true RDSON of the six

MOSFETs as these were measured using precision digital multimeters in a controlled

condition.

The true (DC) and online in-situ RDSON values at 40A current are picked from

figure 4.10 and figure 4.15 and listed in Table 4.3. The online in-situ impedances

at 40A current are measured between 6mΩ and 7.5mΩ. The average online RDSON

of the six MOSFETs at 40A is found to be 6.8mΩ, where the average DC RDSON

at the same condition from figure 4.10 is 6.3mΩ. On average, the online RDSON

is 0.5mΩ higher than the DC measurements. This deviation between the DC and

online measurement should not be considered as a measurement error but the effect

of the parasitic impedances during AC operation. The online measurement includes

parasitic elements that increase the impedance as frequency increases. The impedance
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seen from the sensor connection point is presented in figure 4.17. Therefore, the

measured impedance can be expressed as:

ZMeas = RDS||(1/jωCo) +jωLstray +Rcontact

(4.1)

Where, ZMeas is the measured impedance, 1/jωCo is impedance due to the output

capacitance of the DUT, jωLstray is the impedance due to the stray inductance and

Rcontact is the contact resistance between the VDSON sensor board and HB module,

and ω is the frequency of operation. The typical values of CO and Lstray are given as

2.9 nF and 15 nH for the SiC module (CAS300M17BM2) tested [67]. As an example,

if the resistance for DC RDSON is 6.2 mΩ and the contact resistance is 0.1 mΩ, these

values will produce an impedance of

ZMeas = 0.0062||(1/jω × 2.9× 10−9) +jω × 15× 10−9 +0.001

(4.2)

which results in Z=6.905 mΩ at 30 kHz, and Z=6.3 mΩ at DC. Therefore, an

increase of 0.605 mΩ RDSON is expected under AC conditions running at 30 kHz

compared to the DC measurements. This increase in the magnitude of impedance,

0.605 mΩ in this theoretical example based on the datasheet, is in the same range as

the measured 0.5 mΩ average increase of the online in-situ RDSON under sinusoidal

AC condition compared to the true (DC) RDSON .
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Figure 4.17: Representation of the electrical parasitic elements between the MOSFET
and VDSON sensor interconnection.

The difference between the DC RDSON and the in-situ RDSON for the six MOSFETs

is presented in Table 4.3.

Table 4.3: Online AC RDSON of the six MOSFETs and true (DC) RDSON under the
same operating conditions.

Device No S1 S2 S3 S4 S5 S6

True (DC) RDSON @40A (mΩ) 6.6 6.4 5.9 5.8 6.4 6.4

AC Online In-situ RDSON @40A

(mΩ)

7.5 6.8 6.4 6.0 6.9 6.9

Difference between DC and

online RDSON @40A (mΩ)

0.9 0.4 0.5 0.2 0.5 0.5

4.4 Junction temperature estimation using RDSON

Junction temperature is another vital information about the device’s instantaneous

operational stress. Historical data of MOSFET’s junction temperature at a specific

operating condition also gives vital information about device aging and degradation.

To have another dimension on the device health status, a test setup is developed to

find the relationship among the MOSFET junction temperature, VDSON , and IDS.

Figure 4.18 presents a schematic of the test setup. And figure 4.19 presents the test

setup for the junction temperature mapping experiments.
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Figure 4.18: Schematics of circuit for junction temperature mapping.

Figure 4.19: Experiment setup for the junction temperature mapping.

A TO247 SiC MOSFET [70] has been used for the junction temperature mapping

experiment. The MOSFET is heated with an external heat source at a slow speed

so that the MOSFET case and junction temperatures are close. For a homogenous

distribution of the heat into the MOSFET, it is dipped into a non-conducting liquid,

and heat is applied to the liquid with an external heat source. The device is heated

to 140◦C; the external heat source is turned off. Without any external heat source,
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the MOSFET and the liquid cool naturally. Tj characterization test is run during the

natural cooling of the device.

To ensure homogenous heating and prevent hotspots, the DUT was dipped in

a bowl of electrically non-conductive oil and applied slowly. Figure 4.20 shows that

it took more than three hours to raise the temperature from 30◦C to 95◦C. This is

a really slow temperature rise. The slow temperature rise rate is caused by using a

ceramic bowl that does not conduct heat well. The rate of temperature rise could

be increased a little bit without creating hotspots. The temperature of the liquid

is measured using a fluke thermocouple thermometer, and the temperature data is

transmitted to a cell phone from the fluke thermometer for reference.

Figure 4.20: Example of recorded temperature during the heating of the DUT.

During the natural cooling, a single pulse of inductive ramp current for 220µs is run

through the DUT at certain temperature intervals. The MOSFET’s case temperature,

VDSON , and current are captured during every pulse. Figure 4.21 presents such a

capture from the oscilloscope.
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Figure 4.21: Oscilloscope capture for the junction temperature mapping experiment
at 40 C.

The internal heat generated is negligible as the current is applied only for a single

pulse of 220µs. For a ramp current ramping from 0A to 25A, the power loss in

the device is 0.5 × (I21 + I21 ) × R = 0.5 × 252 × 0.1 = 31.25 watts. Considering a

100mΩ RDSON of the MOSFET. According to the datasheet [70] of the MOSFET for

a 220µs single pulse, the junction to case thermal impedance is less than 0.07◦C/W .

Therefore maximum junction temperature rise in a single pulse will be less than

31.25× 0.07 = 2.1875◦C.

From the test VDSON and IDS waveforms, VDSON is sampled at 1A current incre-

ment up to 25A for each temperature interval. Figure 4.22 presents a plot of the

VDSON vs. IDS samples at temperatures from 40◦C to 140◦C.
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Figure 4.22: Experiment results of junction temperature vs. VDSON vs. IDS samples.

From the sampled VDSON and IDS data, RDSON is calculated for each sample point

for junction temperature 40◦C to 140◦C. A plot of current vs. RDSON at different

junction temperatures is presented in figure 4.23. The DUT used in this experiment

[70] has 80to144mΩ RDSON listed on the datasheet for a 20A drain current. The

experimental results shows RDSON measurements ranging from 64 − 95mΩ RDSON

under similar conditon. Which is within the datasheet provided range.
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Figure 4.23: Experiment results of drain current vs. RDSON at different junction
temperature.
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Figure 4.24: Experiment results of RDSON vs. junction temperature at different
currents.

During real-time operation, the junction temperature can be estimated by imple-

menting either a look-up table or a simplified equation derived from the RDSON , vs.

IDS, vs Tj mapping. Figure 4.24 presents a plot of the junction temperature vs.

RDSON for current ranging from 10A to 25A. This data can be used as a reference for

the real-time junction temperature calculation. For example, during converter oper-

ation, if 86mΩ RDSON is measured at 10A current, then the junction temperature is

125◦C.

The online junction temperature can be used in active control to increase the

converter’s useful life and it could also be used to determine the device’s end-of-life

(EOF). In an active control approach, for example, in a system of multiple converters

operating in parallel, if one of the MOSFETs Tj reaches the maximum limit of the

device’s safe operating range, the delivered power from that converter could be shared

among other converters to maintain a safe Tj.

For another example, we can consider an electric vehicle charging station. The

power delivery of an electric vehicle charging station can be maximized with real-
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time Tj information. The charging station can be pushed to the limit until the

semiconductor devices’ Tj reaches the maximum of the safe operating range. Similarly,

the power delivery can be reduced if Tj exceeds the safe operating limit. Thus real-

time Tj can help utilize the full potential of a power electronics converter. Figure

4.25 proposes a simplified strategy to determine the end of life of a device based on

junction temperature.

Figure 4.25: Simplified strategy to determine the end of life based on junction tem-
perature.
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The more the difference between the online junction temperature estimated from

the RDSON vs. Tj mapping and junction temperature calculated from the power loss

equation, the more aged the device is. To use the simplified strategy proposed in

figure 4.25 the EOF criterion needs to be determined, which is a future research.



CHAPTER 5: CONCLUSIONS AND FUTURE WORK

5.1 Conclusions

In this dissertation, a real-time in-situ health monitoring of a three-phase 1000

VDC to 480 VAC inverter is presented. RDSON is used as the health-monitoring in-

dicator and a process of obtaining RDSON vs. Tj mapping is proposed. The use of

the real-time RDSON and Tj information in the active control and degradation moni-

toring is discussed. In the active control approach, the converter can be used with its

full capability if Tj is monitored. Online Tj also makes power sharing among paral-

lel converters more efficient and optimized. For the implementation, VDSON sensors

have been investigated. Two configurations of online VDSON measurement circuits

are presented. Any one of these two configurations can be selected for online in-situ

RDSON monitoring of MOSFETs/IGBTs in a DC-DC or DC-AC power electronics

converter. Experiment results have been presented validating different circuit com-

ponents of the sensor and example application provided for both configurations. A

complete architecture of an online in-situ RDSON monitoring in a three-phase DC-AC

inverter was presented. The design challenges were identified thoroughly including

different propagation delays, switching noises, isolator operating range, etc. A soft-

ware algorithm was proposed and implemented to collect real-time VDSON and IDS

data from the inverter operating environment, filter the useful data, calculate and

report the in-situ RDSON of the power MOSFETs. Using the proposed sensing circuit

and processing algorithm Real-time RDSON of the six MOSFETs are measured un-

der 1000VDC to 480VAC sinusoidal operation at 30kW power and presented in this

article. The online in-situ AC RDSON of the six MOSFETs ranges 6.0mΩ to 7.5mΩ

which is on average 0.5mΩ higher than the DC (true) RDSON . This increase is due
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to parasitic impedances that only affect the AC measurements. A comprehensive AC

impedance analysis is presented that supports the observed results. The data can be

utilized to assess the degradation and the remaining useful lifetime of the inverter.

In addition, a junction temperature mapping with RDSON and IDS is presented. The

mapping can be used for real-time Tj estimation for active control or EOF detection.

5.2 Future works

This article presents sensor design and methods of online in-situ RDSON and Tj

monitoring of power MOSFETs and IGBTs. These parameters are directly related to

the device’s degradation and operational stress. Proper control architectures based

on different applications are required along with the sensing solution for the best

outcome. Proper active control and a method to quantify device degradation need

to be implemented to use the sensing solutions provided in this article to their full

potential. Finding a proper quantification strategy for the device degradation and

EOF criteria and active control strategies are the future work of this research.
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