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1. Introduction

The COMPERE project aims to prove the feasibility of condition monitoring of power
semiconductor devices in converters and to further understand the device deterioration
and fault development mechanisms.

As an initial step of research, a literature survey has been carried out by Durham
University concentrating on two problems. The first problem is the failure of power
electronic converter systems including failure consequences and corresponding fault
handing techniques. The main concerns in this area are how a sustained power device
fault influences the system and how the COMPERE technology pursued can benefit the
system. The second problem is about the state of arts of condition monitoring techniques
for power electronic converter systems that have been investigated. It is hoped that the
literature review could provide a base for our research and guide our further study.

2. Failure of Power Electronic Converter Systems

Semiconductor device faults have been previously considered for different types of
power electronic converter systems including motor drives, new and renewable energy
systems and FACTs (Flexible Alternate Current Transmission Systems), as shown in
Table 1.

Table 1. Literature on power electronic failure in different systems
Researched systems Literature

Drive system DC drive

PWM VSI fed IM drive [3,5,9,12,15,16-18,24,35-37,46]
PWM VSI fed SM drive "

PWM VSI fed SMR drive >4

PWM VSI fed PMSM drive 43438394
Cyclo-converter fed AC drive [¢7102223:41.42:4445]

New and renewable energy system | Wind power [2226:00:01]
FACTs APF P1A74]
HVDC 7%
STATCOM "

In Table 1, drive system failures are the most researched. These are usually for safety-
critical systems, such as in aircraft, marine propulsion, electric vehicle/hybrid electric
vehicle (EV/HEV) and rolling mills. For these applications, an accidental shut-down will
lead to catastrophes and serious economic losses.

For power tracking and mechanical stress mitigation, power electronic technology is used



in many new and renewable energy systems; protection and control methods are studied
under grid faults "), Wind turbine systems are generally required to remain connection
with the grid during a network fault for the stability and safety of the whole power system.
However as individual units are of a small capacity; a generator shut-down caused by a
power electronic device failure is acceptable in many utility applications. Although this
perhaps indicates that condition monitoring may not be critical, the difficulty to access
for maintenance means that condition monitoring may still be valuable.

FACTs are another important area for application of power electronic technologies.
Research begins to address the failure consequences in HVDC, active power filter (APF)
and STATCOM. This is important due to the size of the system and impact of a failure.

2.1 Failure Consequences

A power semiconductor fault in a converter causes a series of symptoms in the system,
e.g. over-current, over-voltage, harmonics and/or pulsing torque. The fault consequence
depends on the fault scenario and post-fault handing measures.

2.1.1 Operation with Sustained Faults

Paper [3] describes a systematic investigation into the various fault modes of a voltage-
fed PWM inverter system for an induction motor drive, Figure 1. After identifying all the
fault modes, a consequence analysis has been made using mathematic modelling and
simulation for the key fault types, namely, input supply single line to ground fault,
rectifier diode short circuit, inverter transistor base drive open, and inverter transistor
short-circuit conditions. The study has been used to determine stresses in power circuit
components and to evaluate satisfactory post-fault steady-state operating regions. The
results are useful for better protection system design and easy fault diagnosis, Figure 2.
They could be used to improve system reliability by using fault tolerant control.
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Fig. 1. A voltage-fed PWM inverter system indicating the possible failure modes
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Fig. 2. A typical protection system for a voltage-fed inverter drive.

A voltage-fed inverter induction motor drive system, as shown in Fig. 1, can develop
various fault modes that are outlined in Table 2.

Table 2. Various Fault modes of a PWM inverter system for induction motor drives

Fault Mode

Fault Consequence

F1: Input supply single
line to ground fault

F1 is equivalent to diode rectifier single-phase operation.

® More than 50% over-current in the diode rectifier.
Pulsating torque appears in the machine due to DC
link voltage fluctuation.

F2:Rectifier diode short-
circuit fault

F2 may cause faulty or healthy input phase fuse to blow.

e If the faulty phase fuse blows, then diode rectifier will
operate in single-phase mode like F1.
Else if the healthy phase fuse blows, the system will
shut down.

F3: Earth fault on DC
bus

Immediate shutdown of the drive

F4: DC link capacitor
short-circuit fault

Immediate shutdown of the drive

F5: Transistor base drive
open fault

F5 leads DC current inject into the machine, which results in:
e pulsating torque in machine,

® maximum average torque reduction.

F6: Transistor short-
circuit fault

There are three different cases in this situation.

Case 1: The fault occurs when the healthy (opposite)
switching device of the same phase is conducting.

The large short-circuit current will destroy the healthy device.
DC link shoot-through will ultimately be cleared by the
inverter input fuse.

Case 2: The fault occurs when the healthy switching device of
the same phase is not conducting. And only the drive of the




healthy device in the faulty leg is suppressed immediately but
maintaining the usual drive for other devices.

In such a case, the phase currents rise to a dangerous level due
to DC offset as discussed before. The machine speed drops
sharply due to large braking torque.

Case 3: The fault occurs when the healthy switching device of
the same phase is not conducting. And all the drives are
suppressed by instantaneous over-current protection.

The machine will be short-circuited by stator diode bridge and
the machine shuts down after a dynamic braking process. The
protection system, therefore, saves the inverter from any
further damage. The drive is de-energized and cannot be
restarted without opening the faulty phase.

F7: Line to line short
circuit at machine Immediate shutdown of the drive
terminal

F8: Single line to ground

. ) Immediate shutdown of the drive
fault at machine terminal

This is a very important paper for drive system failure consequence analysis. However,
the open-circuit fault of the freewheeling diode in PWM inverter has not been analyzed in
this paper; this is shown in our study to be a serious failure mode that is likely to happen
in practice. Furthermore, for a drive system with active front-end converter instead of
diode rectifier, more fault modes introduced by switch devices in the active front-end
converter should be taken into consideration. It’s noted that the case 1 of F6, which
might be the most serious fault for a drive system, always leads a system to be shut down
after a series of transient events. If condition monitoring technology is applied in the
power electronic converter, an ‘active’ fault-tolerant control based on the power device
fault prognosis might prevent the system from being turned off, which is one of the
advantages of COMPERE and could be valuable to be investigated.

By using the fault isolation and fault-tolerant control techniques, it’s possible to keep the
system operating under some faulty conditions with reduced performance“'g]. Many
studies focused on this issue, which will be discussed later in detail.

Most intelligent power modules (IPM) and discrete switching devices with modern gate
drive circuits have integrated active protection function [“*®. Once device operating
under a fault condition such as over-current, over-voltage, under-voltage or over-
temperature is detected, all gate signals in the converter will be blocked. Then the whole
system is shut-down by a pre-defined emergency procedures safely.

2.1.2 Severe Transient Faults




Despite the active protection, a high-power IGBT still has a small risk of exhibiting a
violent rupture in the case of a fault, and one solution is to protect the converter with
high-speed fuses. 130.31]

Modern IGBT converters have low stray inductance and no reactive di/dt limitation in
order to constrain over-voltages. If a failure occurs, then the stored energy of the DC link
capacitor bank may be instantaneously released. The IGBT wire bonds vaporise and most
of the energy is changed to plasma energy. If the plasma is confined into a small volume
by modular design, then an explosion with the formation of debris with very high kinetic
energy happens resulting in substantial structural damage to the converter and the
surrounding elements. Serious injuries to exposed personnel cannot be excluded.

The explosion strength of high power IGBT modules is one of the important factors that
decide on converter equipment reliability in extreme circumstances >. The explosion
strength of a device is represented by the peak value of the collector current (so called
“peak case nonrupture current’’) that cannot be exceeded.

Short circuit tests are made with a 1200V, 400A standard single switch IGBT module
with and without a high-speed fuse U The results are shown in Fig. 3.

a0 400A IGBT module, 200A

400A IGBT module

50 00 50 sOh a0 abn 350 400 460 00 80 1 180 2m o am
_time (us) time (us)
a. Without a fuse b. With a fuse

Fig. 3 Shot-circuit test of a 1200V, 400A IGBT switch with and without a fuse

In both cases the IGBT is gated on after 20 ps. Initially the current, driven by a charged
capacitor, rises to 2 kA and then stabilises at 1 kA as the transconductance of the IGBT is
changed by the temperature rise. After 90 ps the die is destroyed and providing a short-
circuit path and a high di/dt which is limited only by the parasitic stray inductance. The
current in Fig. 3a rises to 45 kA whereas the current in Fig. 3b is interrupted and limited



to 28 kA by the fuse. Fig. 3a shows that without a fuse the current decreases rapidly again
after it has reached its maximum, partly because the DC-link is discharged and partly
because of the arc in the module. The rupture happens after 310 ps when 550 J has been
dissipated in the switch. Fig. 3b shows that only 200 J is dissipated in the switch when it
is protected by a fuse, so it is far from a rupture.

Without a fuse, Fig. 3a, the gate-emitter voltage rises over a long period and exposes the
driver circuit to a peak voltage of 270 V, whereas it is only exposed to 130 V for 20us
when the fuse protection is used, see Fig. 3b. The conclusion of the short-circuit tests is
that a fuse may prevent a rupture of an IGBT switch and furthermore makes it much
easier to protect the driver circuits from being destroyed by overvoltage.

2.2 Fault Handling Technologies for Power Electronic Systems

Usually a device failure causes over-current, over-voltage, harmonics and/or pulsating
torque in the system. For the safety of the system, corresponding actions (including fault
protection, fault diagnosis, fault isolation and/or fault-tolerant control) must be taken to
mitigate the negative influence of a device failure.

2.2.1 Fault Detection and Diagnosis

After a power device fault, the fault information including the fault type, fault location
and fault time are important for the system post-fault handling, such as fault protection,
isolation, fault-tolerant control and even system maintenance. Therefore, the fault
detection or diagnosis technology has been researched in the past [5-26,34)

The most researched fault diagnosis techniques are based on the converter current
features. Initially, Spee and Wallace [34] proposed a fault tolerant system for a brushless
DC motor. In that drive, the fault diagnosis is obtained from the comparison between the
measured and predicted currents for fault conditions. Debebe et al. [9] suggested the use
of a rule-based expert system for fault diagnosis in a voltage-source inverter. To
determine the faulty devices in the inverter, an interactive session between the user and
the expert system is employed. Kastha and Bose [3] studied the behaviour of an
asynchronous machine fed by a voltage source PWM inverter during the fault occurrence.
That study was made for key fault types normally verified on the industry applications.
Blaabjerg et al. [11] introduced a technique to determine the output currents in a voltage-
fed PWM inverter by using a single current sensor in the dc link. Such a solution was
shown to be efficient for the global protection of the system but inadequate to identify
faults. Ran et al. [12] presented a methodology to detect intermittent misfiring in a
voltage-fed PWM\ inverter induction-motor drive. Their technique is based on the time-
domain response of the stator currents. Recently, Peuget et al. [14] introduced two
techniques to identify the fault mode of voltage-fed PWM inverter. The first one uses the
analysis of the current-vector trajectory to identify fault modes. The second one
determines the fault condition of the inverter from the instantaneous frequency of the
current vector. More recently, Mendes and Marques [15] suggested using the average



motor currents Park’s vector monitoring for diagnosing voltage-fed inverter faults in AC
drives. It’s noticeable that techniques based on current pattern do not permit to identify
whether the fault has occurred in the inverter or in the machine. In addition, most of the
diagnosis techniques above suggested take at least one fundamental period between the
fault occurrence and the fault detection, which might be too long for post-fault actions.

Recently, four detection techniques have been introduced for fault diagnosis in voltage-
fed asynchronous machine drive systems based on measurement of voltages at key points

of the drive systems '”), as shown in Fig. 4.
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Fig. 4 Possible location of the voltage sensors

The detection techniques employ a direct comparison of the measured voltages to their
reference voltages obtained from the PWM reference signals. They can be classified as
follows:

e Technique T1—inverter pole voltage measurement.

¢ Technique T2—machine phase voltage measurement.

¢ Technique T3—system line voltage measurement.

¢ Technique T4—machine neutral voltage measurement.

The detection of the fault condition is achieved by comparing the voltage measurements
to their respective references. The fault condition is detected within one fourth of the
fundamental cycle. These fault detection techniques need to incorporate extra voltage
sensors in the system. However, this is justified when it is necessary to increase the
reliability of those systems.

At the same time, some advanced algorithms such as expert systems, fuzzy logic and
neural networks have been applied in power electronic converter fault diagnosis ' 1% 1>
18, 20, 25, 26] Although the validities of different algorithms have been demonstrated by
simulation or experiment research, the real-time requirement of fault detection and the
algorithm complexity should be taken into consideration for practical industry application.

The existing intelligent power module (IPM) and advanced drive circuit have integrated
fault detection function based on various sensor technologies.
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SEMIKRON IGBT Driver-SEMIDRIVER™ has the short-circuit detection function %,
Detection of the short-circuit current is done via desaturation monitoring. As illustrated in
Fig. 5, for detection of a short-circuit current, the collector-emitter voltage (Vcg) of an

IGBT can be utilized because it rapidly increases as a result of desaturation caused by the
device short circuit fault.

Processing of Desaturation Monitoring Short-Circuit during Operation

v T
Q
15
Error signal ! _\
to controller Error On dela Ves \
¢ memaory Y ™ detection [* 0
n Re '< , Veewt [ \l
CEs F
Output ms B \h,//
buffer Ve
Vegsat
© 0
>

furnoninstant

Technical Advantages of SEMIKRON Driver Electronics User Benefits

Ve trip level varied to suit the IGBT in use Adaptable to various IGBT technologies and applications.

Adjustable delay time for the Vce signal. Prevents false short-circuit signal to the Ve monitoring circuit

Fig. 5 Short-Circuit detection technique of SEMIKRON Drive

The SKiiP (SEMIKRON IGBT IPM) features the following integrated sensors to detect

the converter faults: compensated current sensor per phase, temperature sensor on
ceramic substrate, sensing of DC link voltage '**.
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b. Skiip compensated current sensor

Fig. 6 SKiiP compensated current sensor

SKiiP integrates one current transformer per power section (phase) to measure the AC
output current. Current transformers are working according to the compensation principle.
The magnetic field caused by the load current is detected by a magnetic field sensor. This
is not a Hall element but a small coil with a high permeable core. Due to the properties of
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this sensing element there is no offset failure and the operation is almost temperature
independence. An electronic circuit keeps evaluating the value of the field sensor and
feeds a current into the compensation coil in order to keep the effective magnetic field to
zero. The compensation current gives an image of the load current and is evaluated across
a burden resistor with an electronic circuit.

The integrated temperature sensor in SKiiP is a semiconductor resistor with a linear
proportional characteristic to the temperature (PTC characteristic). The sensor is soldered
onto the ceramic substrate close to the IGBT and freewheeling diode and indicates the
actual substrate temperature. The sensor is insulated. An evaluation circuit realized on the
integrated driver provides a normalized, analogue voltage signal of the actual ceramic
substrate temperature value. The ceramic substrate temperature is very close to the heat
sink temperature.

With the option "analogue DC-link voltage-sense", a normalized, analogue voltage signal
of the actual DC-link voltage level is available at the DIN 41651 connector of the gate
driver in SKiiP. The measurement is realized by a high impedance differential amplifier.
The circuit is designed, manufactured and tested according to standard EN50178
(VDEO0160).

2.2.2 Protection against Faults

In most circumstances, the active techniques are adopted in a power electronic converter
to prevent catastrophic consequence at the system level upon a device failure. > ¢!

SEMIKRON IGBT Driver-SEMIDRIVER™ has active protection functionality
including short-circuit detection and Soft Turn-Off °*. The detection of a short-circuit
fault as well as response signal processing in the electronic monitoring stage takes time.
To prevent electrical components from being subjected to unwanted stresses and to
achieve a high degree of reliability, it is always an advantage to terminate the short-
circuit current as quickly as possible. To this end, the turn-off signal should be applied to
the driver stage of the IGBT with the shortest possible delay. However in short-circuit
conditions the IGBT's peak current can increase to extreme values and lead to the
generation of a high di/dt during turn-off. Due to stray inductances that are always
present in the power circuit, a high voltage spike will be produced. The voltage spike can
be reduced by soft-turn-off. In the event of a short-circuit fault, the soft turn-off circuit
automatically increases the IGBT turn-off time. This reduces the di/dt and, consequently,
the voltage spike across the collector and emitter of the IGBT, enabling the use of higher
DC-bus voltages. This in turn means an increase in the final output power.

According to the handbook of SEMIKRON IPM, the gate drivers of SKiiP have the
following comprehensive protection and supervisory functions [*!:

¢ Interlock and dead time

e Short pulse suppression

¢ Input pulse shaping

12



Input signal clamping

Under voltage monitoring of the (internal) supply voltage on primary side
Transient over voltage and inverted polarity protection by suppressor diode

Over temperature protection

Short circuit and over current protection (by current sensor and Vcesat monitoring)
Line to ground fault protection

Over voltage protection of the DC link voltage

The integrated current sensors per AC terminal can be used for AC current control. In
addition they are used to protect the SKiiP system against over currents. The over current
protection reacts independently of the temperature level and provides a reliable protection
of the SKiiP system. If the AC output current is higher than the maximum permissible
level of 125 % I, the IGBTs are immediately switched off and switching pulses from the
controller are ignored. The error latch is set. The output "ERROR OUT" is in HIGH state.
In addition a Vcgge monitoring circuit is implemented to protect the phase leg against
internal short circuit ("shoot through protection").

The temperature of the ceramic substrate is monitored by an integrated temperature
sensor. The over temperature trip threshold has been chosen at T = 115 £ 5 °C. At that
temperature the IGBTs are switched off and switching pulses from the controller are
ignored. The error latch is set. The outputs "Overtemp. OUT" and "ERROR OUT" are in
HIGH state.

The under voltage protection of the primary side monitors the internal 15VDC which is
provided by the internal DC/DC converter. If the operating DC link voltage is higher than
VCCmax the IGBTs are turned off and switching pulses from the controller are ignored.
The error latch is set. The output "ERROR OUT" is in HIGH state.

The gate voltage has great influence on the characteristics of IGBTs. An Active gate
drive protection is reported in [65]

\ — l—
l Yee' DESAT
o)} o
- dVee/dt
4 =t - Veemax
; Q
ERROR F-E
E . ) fe Rgodl E ‘ K
=] 0 Gate Dri
O OFF voltage  {— e
} - eralor stage
Ve
I
’ i Lin <
o
a. A conventional gate driver b. A typical active gate driver topology

Fig. 7 The conventional and active gate drivers
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A fully active gate driver may effectively control the collector current slope and the
IGBT may work under all conditions including overload or short circuit at the highest bus
voltage. The active gate driver consists of several functional blocks. Over-current
protection is usually based on desaturation of the IGBT at high collector current, and it is
well known detection method.

Topology of an active gate driver is depicted in Fig 7. The dV./dt and V emax control
circuit is based on direct measurement of the collector emitter voltage via nonlinear RCD
network. The feed-forward gate voltage shape generator provides direct control of the
collector emitter over-voltage in case of arm short circuit fault. All these functions of the
active gate driver provide safe operation under all possible working conditions including
overload and short circuit at the highest bus voltage.

Despite the active protection, a high-power IGBT still has a small risk of exhibiting a
violent rupture in the case of a fault, and one solution is to protect the converter with
high-speed fuses. [29-31]

There may naturally be a reluctance to use fuse protection in IGBT converters because it
takes up extra space, it is an extra cost, it introduces extra losses and finally a fuse will
add some extra stray inductance. The last issue might be critical because it will increase
switching losses and over-voltage during turn-off. These drawbacks may, however, be
counterbalanced by the advantages such as no rupture, lesser problems with certification
and no need for a special explosion chamber in the design. It is explained in paper [31]
what the motivation for using high-speed fuses in medium-size and large dc-link IGBT
converters is. It is not possible to give one simple answer to that question because it
might depend on a number of factors, including how the converter is constructed and
manufactured. Experiments show that a fuse can prevent an IGBT-module rupture in the
case of a short-circuit. The fuse furthermore helps to protect the IGBT driver circuit
against over-voltage. In this paper, the problem of adding inductance is treated, the
inductance of existing high-speed fuses are measured, and possible future low-inductance
fuse designs are proposed.

Of course, careful selection of the right fuse for a power electronic equipment is
necessary and more and more sophisticated calculation and simulation are required 1641 1t
is reported in [30] that the medium power IGBT converters can be protected against case
explosion by fast fuses correctly selected according to I’t values. However, in high power
converters it is necessary to take into account the possibility of IGBT module explosion.
There are no fast fuses adequate to the highest rating IGBT modules and such fuses
would be very expensive. A designer of high power IGBT converters must incorporate
protection against structural damage of the equipment by providing the separating walls
mentioned above. This solution will lead to cost saving if is introduced instead of
complex over-current protection. An introduction of a disc shape construction with press-
pack technology for high power IGBT modules enables dual side cooling and limits
consequences of their explosions.
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2.2.3 Fault Isolation and Fault-tolerant Control

In some safety-critical applications, the power device can be isolated after a fault and the
system can operate continuously under special fault-tolerant control without being fully

shut down. Many research works have been carried out in this area. 1 3¢
1 3 L]
CcRPWM —:_ . R 2
0 [']
Machine
' ‘” el
By
cﬂ’ﬂ, e
Three-leg (o]
_ | Tnverter a b c
Traditional fault isolation scheme

Proposed fault isolation scheme
Fig. 8 Topologies for isolation a short circuited inverter switch

Paper [36] presented an approach to faulty switch isolation in an inverter drive.
Traditional method to isolate a short-circuited switch is to simply shoot-through or short
circuit the faulty leg of the inverter by turning on the other switch in the same inverter leg.
With this method, two fuses per inverter leg are required, Fig. 8. However, because of the
over-current limit of the switches and the clearing characteristics of the fuses, a new
short-circuited switch may be created even though the original fault has been cleared. In
such cases, there is no means to isolate the newly created short-circuited switch. Hence,
the motor cannot be operated and must be shut down to remove the fault.

The working principle of proposed isolation method is that: once a failure indicating a
short circuit signal is sensed, the other switch in the same leg is blocked and the triac of
the appropriate phase is instead triggered on. This results in the short circuit of the
capacitor of half DC supply. The energy stored in the capacitor will then blow out the fast
active fuse and isolate the shorted switch of the inverter.

The approach utilizes low cost thyristor/fuse technology to isolate the shorted switch
thereby permitting continued operation either by connecting the phase previously
experiencing the fault back to the centre point of the DC bus or, when insufficient voltage
is available, by connecting the neutral back to the centre point of the dc bus and simply
operating with the two healthy phases. After fault isolation, the motor is under two-phase
control, which has reduced driving terminal voltage as well as reduced current regulation
capability.
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Paper [37] considers variable frequency variable voltage operation of a three-phase
induction motor in single-phase mode for two common faults of a three-phase inverter,
i.e., open base drive and device short-circuit. The motor performance has been
extensively analyzed in single-phase mode and remedial strategies have been developed
to neutralize large second and other lower order harmonic pulsating torques. In a single-
phase open loop volts/Hz control mode of a faulty three-phase inverter, it has been
demonstrated that odd harmonic voltages at appropriate phase angles can be injected to
neutralize the low frequency pulsating torques so as to permit smooth drive operation. It
has been shown that the pulsating torque can be further reduced by load dependent flux
programming rather than operating with constant rated flux.

There have not been studies on the impact of fault tolerant operation on the DC link
capacitor of the drive, which no doubt will present a constraint.

The investigation of fault-tolerant control techniques for PMSM drives is arousing lively
interest, to extend their use to applications where high reliability is a key feature, such as
aircraft and automotive auxiliaries. Paper [39] describes a study and an experimental
verification of remedial strategies against failures in the inverter power devices. The
basic idea of this design consists in incorporating a fourth inverter pole, with the same
topology and capabilities of the other conventional three poles. This minimal redundant
hardware, appropriately connected and controlled, allows the drive to face a variety of
power device fault conditions while maintaining a smooth torque production. The
achieved results also show the industrial feasibility of the proposed fault-tolerant control,
which could fit many practical applications.
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Fig. 9 Fault-tolerant drive schemes

As shown in Fig. 9, the cost introduced by this fault-tolerant technology is some isolation
devices (e.g. fuses), connecting devices (e.g., a TRIAC or a pair of back-to-back
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thyristors), an additional inverter leg and some control software modifications. The rating
increasing of the power devices might be considered for one of the fault-tolerant methods
presented in this paper. The fault isolation and fault-tolerant control methods described in
this paper are practical not only for PMSM drives but also can be applied for other drive
systems by some adequate modifications.

Two possible modes of operation of an induction motor drive under inverter fault,
utilising only four possible voltage vectors, in different ways are researched in paper [5].
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Fig. 10 AC drive reconfiguration '*!

Paper [48] developed a fault tolerant-control (FTC) system based on reliability analysis
dedicated to an active power filter. Once a fault has been detected and isolated, all
possible structures of the system that preserve pre-specified performance are analyzed
and the highest reliability indicate the optimal structure.
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Fig. 11 Two different fault tolerant control strategies for APF

The features, cost, and limitations of the fault tolerant three-phase ac motor drive
topologies that have been presented in the literature were reviewed and compared in
detail in paper [43]. This review of the alternative topologies and control methods makes
it clear that there is significant cost associated with providing fault tolerant operation. All
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of the topologies require additional components in the form of silicon switches and/or
fuses to provide this capacity in the presence of a fault that would otherwise not be
present in a standard three-phase inverter drive. In conclusion, a careful assessment of the
likelihood of each type of fault and the required post-fault capacity is necessary to
determine which topology is best suited for each application.

Currently, the research of fault-tolerant control not only concentrates on the traditional
two-level converter. Multi-level converter topologies, which are inherently suitable for
fault tolerant operation with better reliability, are attracting more and more attention in
academic and industry [50-59

Redundant modules and topology configuration redundancy stand out as two fault-
tolerance techniques that are suitable for multilevel converters respectively applied in
naval ship propulsion systems 1591 The paper presents a unique design for flying capacitor
type multilevel inverters with fault-tolerant features. Instead of sacrificing some of the
line-to-ground voltage converting levels, the proposed design can guarantee consistent
line-to-ground converting levels when a single-switch-fault per phase occurs.

3. Review of Condition Monitoring for Power Electronics

Reference [66-74] describe recent work on condition monitoring technology aiming to
improve the power electronics reliability.

According to previous research, some condition variables, such as collector emitter
voltage V.., device on-state resistance R,,, thermal resistance Ry, and gate signals have
been correlated to the health of a power device. Moreover, some special techniques i.e.
sensor-tech and system identification have been applied for condition monitoring of
power electronics as well.

3.1 V. or R,, Based Condition Monitoring Technology

Power devices such as IGBT, MOSFET always work like a switch, which has two states:
on and off. During the on-state, there is a small voltage drop between collector and
emitter V. while conducting a current I.. R,, defined as the on-state resistance of device,
describes the electrical characteristic of a semiconductor. Research shows that there are
changes in Ry, (or V) of device after a long-term power cycling operation, which has
been utilized to monitor the bond wire lift failure (% 6862 and 711

Fig. 12a shows the results of an active power cycling test of a SKiip3 IGBT module with
14 chips in parallel per switch®. The jump in the collector-emitter saturation voltage
Veesat in Fig. 12a is caused by the final failure: bond wire contact loss in one or more of
the parallel switched IGBT chips. In contrast to the power cycling test in Fig. 12a, Fig.
12b shows an active power cycling test with a different behaviour in the end-of-life phase.
Starting around 21500 power cycles, the collector emitter saturation voltage Ve, and the
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maximum junction temperature Tjm.x show a continuous increase, due to a rise in thermal
resistance caused by degradation of the soldering. Though the final failure detected in Fig.
12b is also bond wire lifting off; it is, unlike the lift-off in Fig. 12a, a secondary failure
following on the primary mechanism of solder fatigue. Depending on the values for the
accelerating factors (e.g. Tjmax, ATj) used in the end-of-life testing, it is possible to
distinguish between two primary end-of-life failure mechanisms: solder fatigue and bond
wire lift-off. In both cases, however, the bond wire lift-off with its characteristic steps in
the graph of the forward voltage drop Vesa is the terminal failure mechanism.
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In the integrated power module diagnosis unit patented by Ford Motor Company in 1996
66 the on-state voltage across the device as well as the current through the device are
monitored periodically. As shown in Fig. 13, for a specific device current, the measured
on-state voltage across the device is compared against a value obtained from a look-up
table. The difference or the deviation is an indication of the integrity of the bond wires
and the level of deterioration to power cycling.
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Fig. 13 Power cycling failure diagnosis in the integrated power module diagnosis unit
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A quasi real-time IGBT failure prognostic system based on monitoring the abnormal
V.esat Variation at specific currents and temperatures is developed in paper [69], which is
designed to improve the reliability of power module in the electrical vehicle.

Except these existing current, voltage and temperature sensors in a normal AC drive
system, three extra voltage sensors are placed at the positions a, b, and c, respectively, as
shown in Fig. 14. They can directly obtain the V. on three bottom leg IGBT chips, V,,
Vy and V.. The V. on three upper leg IGBT chips can be obtained from Vg4, and V,, Vy,
V., respectively.

_|

J

=

P

.
A

jj\h ’xﬂ
(&)

— o

B

Fig. 14 Senors topology for Vcesat monitoring system '

The algorithm is based on monitoring the abnormal V., variation at the specific current
and temperature conditions. The basic idea is: an IGBT will be considered as being
seriously “degraded” if its measured Ve, increases by more than +15% from its
“normal” reference value. In practice, a prognostic subroutine was inserted to the vehicle
control system immediately after the key-on and/or key-off of each vehicle use period to
collect the necessary data for “normal” reference. The check-up routine typically lasts no
more than a fraction of a second and does not change the normal operation of the vehicle.

A so called “loss-related health monitoring” method is reported in paper [71], which is
based on the monitoring of MOSFET on-resistance (R,,) using an embedded digital
controller. It is shown that available converter operating information can be processed to
detect a significant (e.g. 2x) change in the power MOSFET R,,.

3.2 Ry, Based Condition Monitoring Technology

The information of power module and sink temperatures at a certain load current value
captured and stored on a day-to-day basis have been used to predict any change in the
module’s thermal resistance or possible degradation of the cooling system [s61,

The block diagram describing the transistor stack failure diagnosis approach is shown in
Fig. 15. The junction temperature T;, case temperature T, sink temperature Ts and device
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current are monitored periodically. Using this information by diagnosis in accordance
with Fig.15, the junction to case thermal resistance (Rys) and case to sink thermal
resistance (Ryes) and junction to sink thermal resistance (Ry;s) could be calculated. These
would be stored to study the trend and determine if the solder interfaces (silicon die to
substrate or the case to sink interface at the thermal grease or the thermal pad layer) are
degrading over time.
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Fig. 15 Transistor power stack failure diagnosis

3.3 Gate Signal Based Condition Monitoring Technology

An IGBT failure detection method during a short-circuit fault is proposed based on the
comparison of the gate voltages in fault free and faulty condition ). The key issue in
this work is to analyze the gate voltage signal in order to generate the reference signal
under faulty condition. This analysis is based on degradation of electrical parameters (Cgq:
capacitor between gate and drain) of IGBT due to the destructive effect which modifies
particularly the gate charge signal.

Experimental results in Fig. 16 show the significant variation in the IGBT gate charge in
presence of IGBT failure by short circuit. In this way, a detection window can be defined
from the beginning of phase 1 to the end of phase 2 for an early detection. On the other
hand, to give greater robustness to fault detection it is possible to set thresholds that
contemplate the variation of the electrical parameters of the IGBTs caused by natural

aging.
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Although the very fast protection requirement (about 500 ns) may mitigate the practice of
this technology, this paper demonstrates a possibility to detect an electrical fault for
IGBT. It is reported that the depletion region is more vulnerable to an electrical fault,
whose aging mechanism should be investigated further. If the critical short-circuit ability
of a power device can be monitored during a normal operation at early stage, the
catastrophic fault could be avoided with lower real-time requirement.
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Fig. 16 Fault detection based on gate voltage monitoring

3.4 Switch Time Based Condition Monitoring Technology

The known degradation of modules of semiductors impinge on the switching
characteristics of a device in several ways /' Typically, power semiconductor devices
are comprised of many devices in parallel: either as individual segments on the silicon die
(as in a GTO), or as many dies connected together in a single package (as with most large
IGBT modules). Partial failure of the device, where some of these segments or dies cease
to function, can result in longer transition times (that is turn-on and/or turn-off time) for a
given amount of device current. Higher device junction temperature can result in
prolonged switching times, and can be caused by several factors related to degradation
including: higher leakage current, higher on-state voltage due to bond wires lifting, and
higher thermal impedance due to die delamination, for example. On system-level, loss of
converter cooling will also increase device temperature and will increase the switching
times of the devices in a converter as a group.

In the gate driver of each device there typically exists one or more power supplies that
incorporate electrolytic capacitors. Over time, these capacitors experience a decrease in
capacitance and increase in equivalent series resistance (ESR) and temperature. Such
degradation reduces the strength of the transitions of the devices. Likewise, the gate
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driver often has several power electronic devices (e.g. MOSFETSs) operating in its output
circuitry. A failure of one or more of these devices will also prolong the switching times
of power electronic device.

A method for monitoring the health of power electronics was invented by GE Company,
which uses the switching time to determine a diagnosis condition of the power electronic
device and/or the gate driver 1671 Under typical operation of a power electronics converter,
hundreds or even thousands of switching events can be measured every second. The
regression of these measurements will produce a very high-resolution, time-averaged and
noise immune signature for each power electronic device/ gate driver pair.
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Fig. 17 Condition monitoring method based on device switch time

3.5 Sensor Based Condition Monitoring Technology

An approach is presented by SEMIKRON for detecting bond wire lift-off in power
semiconductor devices while they are in operation 18] The aim is to improve the
reliability of power electronic system. The diagnostic functionality presented makes use
of specific bond assemblies and integrated subcircuits, e.g. as part of the gate drive in
IPMs, and serves to detect bond wire lift-off in power devices in any localisation, such as
emitter, sense or gate failure inside single chip or parallel-connected systems.

Some modification of the assembly and of the DCB layout is called for. As can be seen in
Fig. 18a, the IGBT collector is conventionally contacted to the DCB substrate by
soldering, whereas the emitter and gate are contacted by bond wires. The modification
suggested is the use of an additional contact area (labelled Sense) on DCB substrate. This
bond wire does not conduct the emitter current in normal operation because of its higher
impedance, but it does make sure the chip retains some controllability and is not damaged
even if all the standard emitter-bonds lift off. The extra bond wires to all the IGBT
emitters are separated into groups by means of low ohmic resistors which are either
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placed on the DCB or integrated monolithically into the IGBT. The midpoint of the
resistor sub networks (Sense) is fed into control circuitry which can be part of the gate
driver. Fig.18b shows a practical implementation of this assembly structure for a module
with four IGBTs in parallel. The equivalent electrical network is represented in Fig.18c.
If the bond wire contact to the IGBT emitter is lost as a result of bond wire lift-off,
controllability of the affected chip will nevertheless be maintained, as the resistor
network implemented will take over the role of ensuring a low ohmic coupling between
the IGBT emitter and the controlling gate driver. The resulting feedback in the emitter
branch is advantageous because it automatically means that IGBT1 has a considerably
reduced being strong enough and close to the emitter potential, is analysable. Fig.18d
indicates the different characteristics of the sense emitter voltage Vsg with and without
bond wire lift-off. The sense signal is about 0.9 V and relatively independent to the
values of actual sense resistances and of the collector current. Comparator can be used by
the monitoring circuitry to evaluate this sensor signal.
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Fig. 18 Detection of emitter bond wire lift-off for IGBTSs in parallel
There are corresponding solutions for emitter wire lift-off detection in a single IGBT-chip

and gate bond wire lift-off detection. The monitoring circuits are also reported in the
paper [68] as well.
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In US patent [74], SIEMENS presented a method for early failure recognition in power
semiconductor modules which employs a measurement across a resistor between a
bonded emitter terminal and a bonded auxiliary emitter terminal that identifies the
degradation of the bond point which triggers an early warning signal so that the power
semiconductor module can be changed before failure and the overall reliability of an
electronic power system can thereby be increased.
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Fig. 19 SIEMENS invented sensor based condition monitoring technology

The sensor based condition monitoring technology for power electronics is reliable and
accurate. However, there is no doubt that the modification of the assembly and of the
DCB layout will increase the complexity and the cost of the power device chip or module.

3.6 System Identification Based Condition Monitoring
Technology

As a system, any degradation of a power device in a power electronic system will affect
the system response theoretically. Therefore, it is possible to diagnose the internal failure
of power devices based on the system identification method. References [70, 73] and [71]
reported the applications of system identification for power electronics condition
monitoring.

Paper [70] outlines a non-invasive method for the detection of failure precursors for
optical isolators used in switch-mode power supplies (SMPS). The method relies on the
transfer characteristics of the closed loop operation of the power supply circuit to
evaluate gain, rather than direct measurement of current at the isolator terminals.

The opto-isolator is one of a few high failure-in-time (FIT) rate items in the SMPS. The
degradation progression for this component is a relatively slow decrease in CTR (Current
Transfer Ratio) over time, which initially does not affect steady state operation of the
circuit. Only when the CTR falls below a critical threshold value does the circuit cease to
regulate and the output voltage begin to drift upward. However, well before this failure
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point, the health of the optical coupler can be measured from the observation of the
crossover frequency. This frequency will decrease as CTR is reduced (see Fig. 20)

20 f AL €
2 Y. Af- § TCTRESNT T yo -
e e \
—G H_&_e_,e e ©
— o S
S v S ["CTREDY
L 0 i —-— . g . \"l/\/
2 S v
c
N 3
. @
= 2
ZECETREEG N ] E
—=—iCTR=0{7 €
NN §
% 3
-0
1000 10000 100000 02 0o . 02 04
Frequency (Hz) Time (ms)
a. Shift in Crossover Frequency b. Voltage transient response to load current
due to Decreased CTR impulse with two different CTR

Fig. 20 Condition monitoring CTR for opto-isolator

It was recently shown that hardware-efficient system identification is possible for
switching power converters containing a digital control loop. U The proposed
monitoring system can be used to detect degradation of converter stability margins,
leading to system failure. The diagram for a forward converter system identification
process including digital pre-filter and post-filter can be found in Fig. 21.
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Fig. 22 Experiment results for two different output filter capacitances

The techniques are verified experimentally on a 90 W 50-15V forward converter with
FPGA control. In this experiment, only output filter capacitance was varied to force
changes in stability margins, possibly indicative of degradation or failure of capacitors on
a voltage bus. The method also applies to other variations in the system leading to
potential instabilities and can be used to provide early warning to local or system level
controllers.

The identification-based condition monitoring technology can be implemented without
any additional sensing points other than those required for operation of the converter and
with minimal additional digital hardware. However, the accurate correlation between
some specific failure modes and the system characteristics and the advanced signal
process algorithms for high-frequency noise attenuation are very important for the
practicability of this technology.

3.7 Comparison of Different Condition Monitoring Technologies

All the condition monitoring technologies discussed previously are compared in Table 3.

Table 3 Comparison of different condition monitoring technologies for power electronics

Method Application Advantages & Disadvantages Organizations
Advantage:
Well known relationship between | Ford %%

Ve or Ron and the bond wire lift-
off failure University of
Disadvantage: Colorado "

Small Vce needs high accuracy

Vee OF Rop Bond wire lift-off
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Advantage:
The solder degradation process
Solder can .be mpnitored before. an §nd— -
R . of-life failure of bond wire lift-off. | Ford
degradation .
Disadvantage:
Junction temperature estimation
difficult
Advantage:
Short-circuit More failure i.e. (electrical feature
Gate signal capability degradation) detectable CENIDET!?
deterioration Disadvantage:
High real-time requirement
Advantage:
‘ . Device and gate Gate drive failure detectable o
Switch time drive degradation Disadvantage: GE
Short switch time measurement
needed
Advantage:
Reliable and accurate SEMIKRON!®®!
Sensor-tech | Bond wire lift-off | Disadvantage:
DCB Layout modification SIEMENS 74
Increasing complexity and cost
Advantage: )
Opto-isolator No additional hardware Rldget[%? 73]
i e Group
System and ogtput filter modification B
. o capacitor Excellent adaptability . .
identification . . University of
degradation in Disadvantage: Colorado 1)
SMPS Difficult correlation
Complicate algorithm
4. Summary

As discussed in the previous chapters, a lot of work has been carried out in the power
electronics system fault and its condition monitoring area. Some key points can be
summarised as follows.

1) Among fault studies of various power electronic systems, the drive systems applied in
safety-critical applications are the main concern, in which an unexpected shut-down may
lead to severe accident and/or economic losses.

2) By means of adequate protection and/or fault tolerant-control, most power device

faults can be safely isolated and there’s no further catastrophic consequence in a system,
while shut-down or operation with reduced performance (e.g. over-current, harmonics,
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pulsating torque etc.) is inevitable. In some severe circumstances, repute faults can occur,
which may be protected by fast acting fuses.

The semiconductor device faults so far treated most often are short-circuit and open-
circuit faults. For the sake of condition monitoring for power electronic systems, the
effect of device characteristics deterioration, such as V. and/or dv/dt changes, could be
taken into consideration in further study.

3) The fault consequences have been studied in detail in some references. However, most
of them focused on the over-current and pulsing torque problems caused by a device fault.
Little research has been reported concerning the over-voltage problem caused by a initial
device fault, which may damage other healthy devices in a cascaded mode. It is suggested
that a further study on this problem could be carried out.

4) Although the existing drive and/or IPM integrated sensors can detect a device fault
accurately and rapidly, some fault diagnosis methods based on the features of system
current and voltage could be borrowed for the study of condition monitoring technology
for power electronics.

5) There are many ‘active’ and ‘passive’ protection techniques adopted in modern power
electronic converters. However, a COMPERE technology can further improve the
reliability and reduce the requirement of protection. Especially for safety-critical
application and high power converter, in which the protection becomes more complex
and difficult, the COMPERE technology will be a good solution for these applications.

6) Since it is possible to get the operational information of semiconductor device prior to
a fault, the condition monitoring technology is important for the power electronic systems,
especially for the safety-critical applications. Comparing with the existing protection and
fault-tolerant control techniques which could prevent the system from a catastrophic fault
and an unexpected shutdown, the application of condition monitoring in power electronic
systems has many advantages including prevention of severe transient, reduction of
1solation and re-connection of devices and condition based maintenance, which means
better performance at lower cost. It is suggested that an ‘active’ fault-tolerant control
method based on the power device fault prognosis be investigated in further study.

7) The condition monitoring technology for power electronics is attracting more and
more attention from industry and academic and some research works have been done
based on different condition variables. In spite of existing studies, the device failure
mechanism, condition variable correlation and efficient condition monitoring method are
still needed for more reliable, accurate and low-cost application in order to improve the
reliability of power electronic systems.
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