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Abstract— The majority of electrical failures in wind
turbines occur in the semiconductor components
(IGBTs) of converters. To increase reliability and
decrease the maintenance costs associated with this
component, several health-monitoring methods have
been proposed in the literature. Many laboratory-based
tests have been conducted to detect the failure
mechanisms of the IGBT in their early stages through
monitoring the variations of thermo-sensitive electrical
parameters. The methods are generally proposed and
validated with a single-phase converter with an air-
cored inductive or resistive load. However, limited work
has been carried out considering limitations associated
with measurement and processing of these parameters
in a three-phase converter. Furthermore, looking at just
variations of the module junction temperature will most
likely lead to unreliable health monitoring as different
failure mechanisms have their own individual effects on
temperature variations of some, or all, of the electrical
parameters. A reliable health monitoring system is
necessary to determine whether the temperature
variations are due to the presence of a premature failure
or from normal converter operation. To address this
issue, a temperature measurement approach should be
independent from the failure mechanisms. In this paper,
temperature is estimated by monitoring an electrical
parameter particularly affected by different failure
types. Early bond wire lift-off is detected by another
electrical parameter that is sensitive to the progress of
the failure. Considering two separate electrical
parameters, one for estimation of temperature
(switching off time) and another to detect the premature
bond wire lift-off (collector emitter on-state voltage)
enhance the reliability of an IGBT could increase the
accuracy of the temperature estimation as well as pre-
mature failure detection.

Keywords—IGBT, Bond wire lift-off, Renewable

energy, Switching times, Wind turbine reliability,
Temperature estimation
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l. INTRODUCTION

Wind power is ranked as the number one power generation
method amongst all renewable power sources, generating
14% of the EU’s power demand of 362 TWh in 2018 [1].
Wind turbines (WTs) are mainly installed in remote, often
offshore, areas which incurs additional expenditure
associated with foundations, substations and subsea cables
of offshore turbines as well as maintenance costs [2].
Reducing maintenance costs by enhancing the reliability of
wind turbines can steadily reduce total expenditure. Failures
within the electrical drivetrain, particularly in the power
converters, are the major contributor to maintenance costs
[3]. This restriction steadily increases the expenditure
associated with foundations, substations and subsea cables
of offshore WTs as well as their maintenance costs [4].

A health monitoring system of the electrical drivetrain can
increase the probability of finding the early signs of
degradation, preventing total failure by informing
maintenance decisions. In this case, an effective
maintenance schedule can be applied to avoid urgent
maintenance and reduce the time taken to fix the problem
[5].

Insulated gate bipolar transistors (IGBTs) are widely used
in wind turbine power converters because of their
availability and low costs. However, they also have the
highest rate of failure amongst the components commonly
found in WT converters. Thus, the reliability of the IGBTs
plays a significant role in increasing availability of the WTs
and minimizing the down time [6]. IGBTs are sensitive to
temperature variations and electrical stresses. These stresses
mainly originate from load swings, which accelerate their
degradation. Because of wind speed variability (load
swings), IGBT failures occur too frequently, prompting
interest in improving their reliability in service.

A pitch controller can keep the generator speed constant for
higher than rated wind speeds and hence temperature
fluctuations for IGBT are almost constant for wind speed
higher than rated. In fact, the generator speed remains
constant for higher than rated wind speeds through pitch
controller is applied. This can help to reduce load
fluctuations and consequently temperature swings of the
IGBTs in rotor side converter. However, not all WTs are
equipped with a pitch angle controller. In addition, the
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adverse effects of wind fluctuations are still of concern for
lower-than-rated wind speeds even for WTs. The effect of
using pitch angle controller on the operation of the IGBTs
can be a further study.

Rapid cycling of load and temperature induces thermo-
mechanical stresses in the IGBT. The multi-layer, multi-
material structure (Fig 1) exhibits different thermal
expansion coefficients for each layer that can result in
increased thermally driven stresses [7].

Bond wire
Bond wire lift off
— ; _ Silicon die
Solder fatigue \pf— Chip solder
DCB substrate
S

§ Baseplate solder

Fig 1. Multilayer structure of the IGBT [7]

Baseplate

Results from field tests show that two of the most common
failures are bond wire lift-off (BWLO) [8] and solder fatigue
(SF). To implement accurate health monitoring, tracking of
temperature variation of the components is essential.
However, the maximum temperature-induced stress is
observed at the junction (silicon die) of the device, which
cannot easily be directly measured [9]. In addition, it is
difficult to track the transient changes of temperature due to
the slow response of sensors. As an alternative to a physical
sensor, several methods have been presented in the literature
to estimate junction temperature, T;, by monitoring certain
electrical parameters.

These methods are either based on direct measurement or
data-driven methods as summarized in Fig 2 [10-12]. The
direct method is not widely used due to the high
implementation costs and the requirement to access the
inside of the module. Data-driven methods are most popular
because of the accessibility of measurement points and these
are mainly based on the monitoring thermo-sensitive
electrical parameters of the IGBT.

Health monitoring

Data driven
method
Model driven Inherent failure detector

method parameters

Direct Measurement;

Optical IR-Camera
Sensor

Fig 2. Health monitoring methods of an IGBT

In this paper, monitoring of switching off time (t,¢f) is
proposed to estimate 7; as an electrical parameter
independent of the progress of the BWLO failure. The
detection of BWLO is achieved through a different
electrical parameter, the collector emitter on-state voltage,
Ve on - TO test this approach, a calibration process has been
carried out to understand the sensitivity of Vg, to T; at
different IGBT health levels. A three-phase converter was
designed and built to test the proposed estimation of T; and

detection of BWLO within an operational converter. While
this paper has considered BWLO as the failure mode of
interest, similar work has been done to detect another
common failure mechanism, namely solder fatigue, within
the operation of the converter.

Il. ESTIMATION OF TEMPERATURE

A double pulse test was carried out to find the relationship
between t, . and T; for various load currents (Fig 3). Time
toss is a function of ic and T; [13]. The pulse durations for
this test are short enough that self-heating is negligible. The
case and heatsink temperatures are continuously monitored
and logged using thermocouples to make sure there is no
deviation from expected temperature. Here, t, s is defined
as the sum of turn off delay time (t4,,) and fall time (t),
in (1), [14].
torr = taorr T tf 1)

where t; ¢ is the time from when the gate-emitter voltage
drops below 90% of the drive voltage to when the collector
current drops below 90% of specified inductor current.
Quantity ¢, is the time taken for the collector current to drop
from 90 to 10%.

Fig 3. Electrical schematic of the double pulse test in four stages
(top left: stage 1, top right: stage 2, bottom left: stage 3 and bottom right:
stage 4)

Three different parameters: the gate-emiter voltage (V;g);
the collector-emitter voltage (V.z); and collector current (i..)
are captured simultaneously to allow estimation of the
switching times An example of a double-pulse result is
shown in Fig 4.
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Fig 4. An example of the double pulse test output



Duration ¢, is estimated at three different temperatures:
25°C; 80 °C; and 150°C. Lines through three points and the
corresponding linear equations are shown in Fig 5. The
results show a positive correlation between ¢, ¢, and T;. The
sensitivity of t,.r to T; is found to be higher than
sensitivity of other switching time parameters, i.e t,,,
taonand tqorr to T; (as analysed in Tablel). Based on the
double-pulse test result, a linear model has been obtained
(least squares fit) as a result of calibration, shown in Fig 6.

Fig 6, seems to suggest three different loads (i, ), 40 A,
60 A and 80 A.
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Fig 5. tozf versus T; at different load currents

TABLE 1. Sensitivity of switching time to load current at constant DC-

link voltage at 70 V
iL ton td,on toff td,off
40 A -0.028 -0.032 0.932 0.088
60 A -0.036 -0.032 0.597 0.168
80 A -0.044 -0.032 0.466 0.248

Temperature ['C]

140

120

100

20 40 60 80 100
Current [A]
Fig 6. A 2D contour plot for t,;, at 70 V

As previously mentioned, T; increases in the presence of
failure mechanisms and consequently changes in T; can be
a symptom of failure in an IGBT. Understanding the
sensitivity of switching off time (¢, ) to the progress of
BWLO is therefore necessary. The lower the sensitivity to
this failure, the more accurate the estimation of T;. In this

paper, BWLO is simulated by manual cutting of the bond
wires, shown in Fig 7.

Fig 7. Imposing BWLO on the IGBT

Recall that ¢,/ is the sum of t, and t, , (1). Fig 8 shows
that ¢, increases as the number of cut bond wires increases,
whereas t;,¢¢ reduces significantly. The x-axis in Fig. 8
shows the number of cut bond wires from 0 (healthy) to 5
(as many as can be cut before total failure). A significant
increase in tr (from 96.85 to 101.8 ns) can be seen.
Sensitivity of ¢,¢r to the number of cut wires is shown in

Table 2.
Table 2. Sensitivity of t, . to progress of bond wire lift-off

Progress of failure Sensitivity of t,¢r (ns)
One wire cut 0.02
Two wires cut 0.03
Three wires cut 0.06
Four wires cut 0.04
Five wires cut 0.08

This significant change chould be due to the faster discharge
of the IGBT parasitic capacitances within the progress of
failure and decrease in length of Miller Plateau. The
decrease in tq sy almost matches the increase in ty, S0 ¢, ¢
remains almost constant as BWLO failures progress. The
sensitivity of t,;r to the number of cut wires is
approximately 0.02 ns, so t,¢r is almost independent of
BWLO. This independency helps to make t,rr a good
candidate as a temperature sensor. It is necessary to mention
that the variations of ¢, . and ty cannot alter the switching
speed of the devices. In fact, the ty,rr plus ty (i€, tofs)
remains almost constant after cycling. The results show that
tors is not significantly changed in the presence of BWLO,
making it the best choice for estimating of T;.

. I . . | . i | i | t
s o . " : " . " . S s
Nomber of cut wires

Fig 8. Sensitivity of ¢, ¢, tr and t,¢r parameters to number of cut wires

I1l.  DETECTION OF BOND WIRE LIFT-OFF

A. Topology of interest

Manufacturers have managed to increase current capacity
and also improved heat tolerance of IGBTs by linking the
chip and the emitter terminals with several parallel wires.
These wires can become detached (lifted-off) during power
cycling due to temperature stresses. From early failure when



one bond wire is lifted off to almost 65% of the wires lifted
off, the IGBT is still able to function, albeit with a
significantly increased risk of total failure [12]. Voltage
drop across the bond wires increases as bond wires come
adrift because of the increased load current passing through
the remaining wires.

B. Calibration of Vg o,

A relationship between Vg ,,, and ic and temperature has
been obtained using the calibration circuit shown in Fig 9.

Fe S
_r—fwv-'i };]_
100hm
Ya

82 92
y il |: Y VIl

o a1

Tor

Fig 9. Calibration circuit used to evaluate variations of V¢ o,

There is a negative linear correlation between Vg ,,, and T;
as shown in Fig 10.
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The sensitivity of V¢g ., to T; reduces as i, increases. Based
on the calibration results, a linear relationship
between V¢g o, ic and T; can be found in (2-4). Here T,
represents the simulations 7; when Vg o, (Cal) desired to
be measured.

Vegon,gye = —0-072i% + 21ic +75 2)
Vegon,,, = —(8:5e7° x i¢) +(0.02i2) — (1.7i¢) + (66ic) + 860  (3)

), () O

Verons (Cal) = Vg gnyge (1 -
The higher sensitivity of Vg ,,, to i¢ rather than to T; make
this parameter a good failure detector for BWLO. Deviation
of Vg on fOr agiven ic and 7; can be used to indicate assess
the possibility of BWLO. Fig 11 shows the detail.
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Fig 11. Sensitivity of Vg ,,, to BWLO coming from calibration board

IV. DETECTING BWLO IN A THREE-PHASE CONVERTER

A. Test rig set up

A three-phase converter was constructed to examine the
feasibility of measuring the proposed electrical parameters
in an operational converter. The converter is connected to
the three-phase permanent magnet machine of a micro WT,
shown in Fig 12.

DC Link 1

DC Power capacitor|_] Mechanical '.‘ ¢
Supply 5_{ ” ke 97:"
| E <l

Wind turbine

Three phase
converter

Fig 12. Test set up

Fig 13 shows the controller algorithm implementation in the
microcontroller for both experiment and modelling
(section V). The inner control loop is the current controller,
based on the field-oriented control (FOC) [15]. A speed
controller forms the outer loop. For the current controller,
iy is considered zero and torque is only controlled
through i, since flux is constant in a permanent magnet
machine. A block diagram showing the controller
parameters (kp and ki) of the current controller are shown
in Fig 14 and obtained in (5-7). Figs 14 and 16 represent the
control system shows in Fig 13 in further details. In Fig 14,
igqrepresents reference current for both d-axis and g-axis
(i.e, idrer and igrer in Fig 13). wy, and wy, in Fig 16 refers
to the speed-ref and speed in Fig 13.

Error signal vd

PI_Current r
- Controller
id
la_ref_grror signd|
PI_Current Ve

Controller

Id_ref=0 f

Error signal

PI_SPEED
Controller

Speed_ref

PWM

Clarks Park ar"’"“’a"’""’ Generator

N

Q
encoder

Inverse
Clarks Park
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Fig 13. Controller(s) for the rotor side converter

_1
R, +Lgs

KPdr+Kidr(1/S)

Fig 14. Current controller loop

1
V2’ Wpr = 2xn xfnR1 fnR = 2000 (5)
Kpar = 2 X Lg X Tg X Wpp , kige = Ls X (wng*)) (6)

TR = &=

. Ts . .
kpar = kpar — (Kigr X ;), Kigr = Kigg X Ts  (7)

To validate the current controller, iy ,.f is set to 2 A. As
shown in Fig 15, i, follows i .
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Fig 15. Validation of the current controllers

The block diagram for the speed controller is shown in
Fig 16. Control parameters, KP; and Kl are calculated in
(8) and (9).

T, (s)

o (s
) KP1+K|11 B 1J
0 (5) s +Js

Fig 16. Speed controller block diagram
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T=]—"+Pwy,,
Ky —] X wp?,

KP1=2X]X(nX0Jn (8)

rad

n=2XTXf (_) )

In Fig 17 the speed controller output (blue) approximately
follows the speed reference input speed,., (red) as the
reference speed varies from 0 to 180 rpm. The offset arises
despite the integral action in the control loop because of
numerical representation errors inside the controller.
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Fig 17. Validation of speed controller

B. Processing the measured data

Four parameters T; , Ic , V¢g . Vg were measured
simultaneously. The output of the oscilloscope (2.5 GS/s) is
saved for further processing. Parasitic oscillations are
present in the V;z and I, signals, caused by inductance and
capacitance within the IGBT and in the surrounding circuit.
A state machine algorithm was developed to identify the
first crossings of 10% and 90% values to obtain the
switching times. These tests are run with three phase
sinewave PWM mode at ambient temperature. This
operating condition is more like that found in a real
application compared to the conditions found in lab-based
DC power cycling load tests with constant load current.

A histogram of all the data in each signal was been used to
find out the high (100%) and low (0%) values at which the
signal spends most of its time. From this, the 10% and 90%
levels of Vg, or other signals, can be found. Unfortunately,
ringing can lead to several 10% and 90% candidate times
being identified.

® ty,n -turn-on delay time is the time from when the gate
emitter voltage rises past 10% of the drive voltage to
when the collector current rises past 10% of the specified
load current.

® tgorr - turn-off delay time is the time from when the
gate emitter voltage drops below 90% of the drive
voltage to when the collector current drops below 90%
of specified load current. This gives an indication of the
delay before current begins to transition in the load.

e t,. -rise time is the time between the collector current
rising from 10% to 90% start to stop of the specified load
current.

o t, - fall time is the time between the collector current
dropping from 90% to 10% start to stop of the specified
load current.

To find 10% of i., the correct point is defined based on the
closest points to 10% of V. To find 90% of i, during rise
time, correct point is defined based on the closest point to
10% of i..This is shown more clearly in Fig 18.

Current(A)

I I I I
1.46 1.465 1.47 1.475 1.48 1.485 1.49
time(s) x10*

Fig 18: Switching on time of the IGBT

To find 90% of V,; during the fall time, the correct point is
defined based on considering the closest points to 10% of
Vg as areference point. To find 10% of i, the correct point
is defined based on the closest points to 90% of i, as
reference. This is shown more clearly in Fig 19.
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Fig 19: Switching off time of the IGBT

C. Health monitoring of IGBT in three phase converter

Quantity Vcgon i sensed using a precision difference
amplifier that can accept a common mode voltage of up to
600 V. Variation of V¢ ,,, has been studied in presence of
BWLO for the three-phase converter (shown in Fig 11). The
figure shows a pattern of Vgg,, against current that
represents the IGBT behavior for positive currents. As
shown in Fig 20, V¢g oy, increases from healthy mode to 5
wires cut within operation of the converter.
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Fig 20. V¢g o Versus i, in different level of healthy status

Temperature T; varies in time because of conduction power
losses of the IGBT and hence the converter, and with the
progress of the failure. T; is estimated 65.2°C by look up
table shown in Figure 6.

V. CONCLUSION AND FUTURE WORK

Unpredictable nature of wind speed causes stress,
degradation and subsequent reduction in lifetime of IGBTs
used in wind turbine converter. Healthy monitoring of the
IGBT can diminish down time of the wind turbine
converter. In this paper, two separates IGBTs’ electrical
parameters are used to estimate junction temperature
(switching times-(2)) and to detect bond wire lift-off
(Vce,on)- Collector emitter on-state voltage shows a positive
sensitivity to the progress of the bond wire lift-off. With
progress of bond wire lift-off, the voltage increase from its
value in healthy status. The voltage has linear relation to
collector current and junction temperature. Therefore, to use
this voltage as a failure detector, the temperature and current
should be simultaneously measured. Switching off time
shows a negligible sensitivity to the progress of bond wire
lift-off, which makes this parameter as a good choice of
estimating junction temperature.
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