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Abstract: Thermal cycling is one of the major reasons for failure in power electronic converters.
For submerged tidal turbine converters investigating this failure mode is critical in improving
the reliability, and minimizing the cost of energy from tidal turbines. This paper considers
a submerged tidal turbine converter which is passively cooled by seawater, and where the turbine has
fixed-pitch blades. In this respect, this study is different from similar studies on wind turbine
converters, which are mostly cooled by active methods, and where turbines are mostly pitch
controlled. The main goal is to quantify the impact of surface waves and turbulence in tidal stream
velocity on the lifetime of the converter IGBT (insulated gate bipolar transistor) modules. The lifetime
model of the IGBT modules is based on the accumulation of fatigue due to thermal cycling. Results
indicate that turbulence and surface waves can have a significant impact on the lifetime of the IGBT
modules. Furthermore, to accelerate the speed of the lifetime calculation, this paper uses a modified
approach by dividing the thermal models into low and high frequency models. The final calculated
lifetime values suggest that relying on passive cooling could be adequate for the tidal converters as
far as thermal cycling is concerned.

Keywords: submerged power electronics, insulated gate bipolar transistors, lifetime estimation,
passive cooling, thermal cycling, tidal turbines, turbulence, waves, active speed stall control

1. Introduction

Power electronic converters in tidal turbine drive trains regulate the power capture from
the turbine, and convert the generated electricity into a grid compliant form at fixed voltage and
frequency. The converter can be placed either onshore, on floating platforms, or they can be
seabed-mounted adjacent to the generator. In this paper we consider the seabed-mounted converter as
shown in Figure 1. This configuration is more suitable for array applications as it minimizes cabling
costs [1], involves no hanging cables, and is out of view. However, submerged power converter also
means limited access for maintenance, and hence reliability is paramount [1]. Improving reliability,
and thus capacity factor, could be a major contributor to lowering the levelized cost of energy (LCoE)
from tidal turbines [2]. According to Reference [1], subsea converters for tidal farms will demand more
than 5-year mean period between failures.
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Figure 1. Tidal turbine drive train with a direct-drive permanent magnet synchronous generator
(PMSG) and a power electronic (PE) converter.

Due to similar operating principle, it is reasonable to assume that many modes of failures in tidal
turbines would be similar to wind turbines (WTs). However, the frequency of occurrences of these
expected failure modes may differ in each case. Multiple studies have identified converters as one of
the most frequently failing subsystem in WTs [3,4]. Among converter components, phase modules
(insulated gate bipolar transistors (IGBTs), gate-drive circuits, capacitors) were found to be more
critical in terms of failure frequency [3,5,6].

Thermal cycling has been identified as one of the main reasons for failure in IGBT power
modules [3,7-10]. Early failures from thermal cycling stresses can be prevented by cooling power
modules [3,9,10]. This cooling can be provided either by active methods such as forced-water cooling,
or by passive cooling. By passive cooling we mean a system where no active devices such as pumps
or fans and so forth. are used to cool the power modules. A simple possible example is to use
a sealed enclosure inside which the power electronics module is bolted /welded to its walls, as shown
in Figure 2 [11,12]. In this case the heat is conducted from the power module base plate to the walls of
the enclosure and finally dumped in the ambient seawater by natural convection.
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Figure 2. Power electronic module in a submerged and hermetically-sealed power converter [11].

The main objective of this paper is to analyze whether passive cooling is a feasible option for
a subsea converter from the reliability viewpoint. The reliability analysis is based on estimating
the lifetime of the IGBT power modules in a tidal turbine converter, considering thermal cycling as
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the main failure mode. In this regard, the effect of turbulence in the tidal stream velocity and surface
waves on the converter lifetime is analyzed.

Liu et al. [13] consider the reliability of the power converter in a doubly-fed induction generator
based tidal turbine. They show the impact of probability distribution of tidal velocity on the converter
reliability. Ren et al. [14] use a sequential Monte-Carlo simulation-based method to quantify effects
of wake on tidal generator systems reliability in a tidal current farm. However, these studies do
not specifically target the lifetime damage from thermal cycling in power converters, nor do they
incorporate effects of turbulence or surface waves on the converter lifetime.

Extensive research has been carried out to study the lifetime models of power modules based
on thermal cycling [15-18]. Nowadays, a priori estimation of lifetime is considered a logical step
in designing reliable power electronic systems [9,19,20].

Shipurkar et al. [6] compared different 3-level converter topologies for WT converters based on
thermal lifetime models. Reliability of WT converters ranging from the influence of mission profiles
to that of reactive power on the lifetime of IGBT modules, and comparison of multilevel converter
topologies, and so forth [19,21-23] is also widely studied. Active control of cooling systems, switching
frequency and modulation strategies, and power loss redistribution (in case of parallel converters) are
some commonly used techniques to improve lifetime in WT converters [24-26]. Adding redundancy is
another way of improving the overall reliability in WT converters and subsea applications [1,27].

Most of the aforementioned WT lifetime studies cover mutli-MW pitch controlled turbines with
3-level medium voltage drives cooled by active methods (either water or air-cooled). This is the most
common topology in modern WTs. However, active cooling mechanism usually suffer from drawbacks
such as pump failure and leakage of the coolant, and so forth, which compromises the reliability to
a certain degree.

The power converter under study in this paper is different from a WT converter for the following
reasons. Firstly, this study considers a passively cooled submerged converter to minimize potential
fault points. For tidal turbines with submerged converter, an active cooling method is unsuitable due
to high maintenance costs, and limited opportunities for maintenance. Secondly, modern WTs usually
employ pitch control, which makes the converter design different from a tidal turbine converter with
active speed stall control investigated here. Thirdly, effects of site parameters, such as turbulence and
waves on sea surface, is likely to have more impact on tidal turbine converters than on WT converters
because of the higher speed oscillations in smaller scale tidal turbines. Finally, an exhaustive lifetime
analysis on the tidal turbines is missing in the literature.

Thermal cycling is not the only failure mechanism in IGBT modules. Fischer et al. [5] identified
ambient humidity and moisture as the dominant failure mechanism in WT converters. However,
in their study majority of the converters were liquid-cooled. On the other hand, hermetically sealed
converters are less likely to fail due to moisture, which is the case with subsea power converters
analysed in this study. Other failure mechanisms include corrosion, dielectric breakdown, and
so forth [27]. These failure mechanisms, however are extraneous to this study. For deep subsea
applications (>100 m) power converters are enclosed in pressurized enclosures [28,29]. However, tidal
turbines are rarely deployed at this depth, hence, we do not consider pressurized power converters
in this study:.

The IGBT power packs considered in this study are packed in the form of power modules rather
than discs. Despite low potential for cooling, modules are preferred because of better assembly,
integrated packaging, and good electrical isolation between the chip and the heat sink, and most
importantly low cost compared to other packaging methods [30].

The main contributions from this paper, therefore, are:

—  to assess the effect of turbulence and surface waves on the lifetime of semiconductor components
for a passively cooled power converter coupled to a tidal turbine;

— to demonstrate the effect of active speed stall control and lower inertia of tidal turbines
on the generator side converter lifetime; and
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— to propose a methodology for faster lifetime calculation in a passively cooled converter.

To the best of our knowledge, these factors are for the first time being addressed in the literature.

The following section defines the parameters adopted for characterizing the site conditions of
a typical tidal site. In Section 3, the description of the tidal turbine energy conversion system used
for analysis is given. Section 4 describes the methodology adopted for the calculation of lifetime
in passively cooled power converter. Section 5 briefly explains the thermal model of a seawater based
passive cooling system. Section 6 gives the results of a case study carried on a 110 kW tidal turbine
system. Conclusions from the paper are given in Section 7.

2. Site Conditions

For a submerged power converter, the thermal loading on the power module is determined by
the ambient sea conditions, and the design of the power take-off (PTO) system. In this section, we look
at the parameters used to characterize a typical tidal site for this study. The values presented here are
later used for analysis in Section 6.

2.1. Mean Tidal Velocity

A tidal site with the frequency of occurrence as a function of tidal stream velocity is shown
in Figure 3. This distribution profile is similar to that of the European Marine Energy Centre test facility
in Orkney, Scotland [31].

800

Number of hours per year

[} 0.5 1 1.5 2 2.5 3 3.5 4 45
Tidal current speed (m/s)

Figure 3. Tidal velocity distribution at EMEC site, Orkney [31].

Depending upon the location, a site may experience two flood and ebb tides roughly every
25 hours. Besides, most tidal sites also experience spring and neap tides roughly every 14 days,
as shown in Figure 4. This information is relevant to investigate if the history of tidal velocity is also
important for lifetime calculations, in addition to the instantaneous values.
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Figure 4. Tidal stream velocity profile at a typical tidal site experiencing semi-diurnal tides.

2.2. Turbulence in the Tidal Stream Velocity

The instantaneous value of the tidal velocity differs from the mean tidal stream velocity. Figure 5
shows typical oscillations of the tidal velocity about its mean value. Some of these oscillations are
attributed to the turbulence, usually characterized by the turbulence intensity values at the site.
The turbulence intensity value is defined as [32],

TI=—, @D

:I‘ =

where, 1’ and 7 denote the rms value of the velocity fluctuations and mean velocity respectively.
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Figure 5. Fluctuations in tidal stream velocity about its mean value (here taken as 3.3 m/s)
as a consequence of turbulence and wave induced oscillations.

Multiple factors are responsible for turbulence, and accurate prediction of turbulence is too
complex task to be undertaken in this analysis. Therefore in this paper, we use a stochastic flow field
simulator called Turbsim to generate a more realistic tidal stream flow data. For tidal flows, Turbsim
uses a modified version of the SMOOTH spectral model based on turbulent kinetic energy and shear.
The tool has been developed at National Renewable Energy Laboratories, US [33].

Typically turbulence values differ with mean tidal velocity and vertical position of the turbine
with respect to the seabed. Also, different turbulence intensity (TI) is expected for flood and ebb
tides [32]. For the tidal site under consideration, TI values used are listed in Table 1. Instead of using
different TI for each mean tidal velocity, we have divided them into two main categories, in accordance
with Reference [32].
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Table 1. Turbulence intensity values used to generate time series of tidal stream velocity.

Mean Velocity Range (m/s) Mean TI Values (%)

Ebb tide
05<i<11 13.9
13<u<35 11.7

Flood tide
05<u<1.1 14.5
13<u<35 12.0

2.3. Effect of Surface Waves

Waves on the sea surface may also cause oscillations in the velocity at the rotor hub. Zhou et al,,
studied the impact of these wave induced oscillations on the speed control of the tidal turbines [34].
The fluctuations about the mean tidal stream velocity at the rotor hub due to surface waves are
calculated independently assuming the linear wave theory from the following equation [34]:

27ta; cosh(2mZte

; ) t X
Au(t) = 21: T sinh(ZnZ{—,‘i) cosZn(i L +¢;), )

1

where, g;, L; and T; denote the amplitude, length and the period of the wave component respectively.
z is the depth of the rotor hub, and d is the depth of the sea from the surface. The necessary parameters
are listed in Table 2. In this paper, JONSWAP spectrum is chosen as the wave spectrum for not fully
developed waves [35]. In other words, wave spectra is more dependent on local winds rather than
the swell phenomenon [36]. Peak enhancement factor value for the spectrum is chosen as 3.3, which is
the mean value for North Sea [37]. In Figure 5 the effect of turbulence (TI of 13%) and a surface wave
(significant wave height, Hs = 5.75 m, and peak period, Tp = 11 s) on the mean tidal velocity (3.3 m/s)
is shown. The extreme wave case is chosen here to make the effects of waves more visible.

Table 2. Turbine Rotor Parameters.

Parameter Value

Hub depth from surface 20 m

Rotor Diameter 6.5m

Seabed depth from surface 30 m

A tidal site experiences different wave conditions throughout the year, and quantifying the impact
of each wave condition on the lifetime of the IGBTs is a cumbersome task. Therefore, we limit
ourselves to only analysing the impact of a representative summer and a winter month. We further
assume that 6 such summer and winter months occur in a year. The total impact from all the waves
in a year is calculated by estimating the impact from each wave condition, and then multiplying it with
its probability of occurence. Probability density matrices for a representative summer and a winter
month matrices are shown in Tables 3 and 4 [38].

Again, the idea behind including fluctuations in tidal stream velocity in this study, whether due
to turbulence or waves, is to investigate whether they will influence the lifetime of the IGBT modules.
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Table 3. Probability density (%) of waves according to significant wave heights and time periods for

May 2009 at Orkney.

Tp(s), Hs(m) 025 0.75 125 1.75 225 275 325 3.75 425 475 525 575 6.25
3 692 282 235 0 0 0 0 0 0 0 0 0 0
5 497 027 0.87 047 0 0 0 0 0 0 0 0 0
7 3.96 0 0.07 1.75 1.01 0 0.74 0 0 0 0 0 0
9 5.98 0 1.81 034 02 0 094 0.87 040 0 0 0 0
11 248 376 477 672 618 396 208 0.07 161 027 027 0.13 0
13 047 1.07 289 491 222 201 457 430 027 0 0 0.13 0.20
15 047 067 0.13 0.34 0 020 0.13 255 087 040 020 0.34 0
17 0 0 0 0 0 0 013 026 1.14 0 0 0 0

Table 4. Probability density (%) of waves according to significant wave heights and time periods for

November 2009 at Orkney.
Tp(s), Hs(m) 025 0.75 125 175 2.25 2.75 3.25 3.75 425 4.75 5.25 575 6.25
3 0 027 222 0 0 0 0 0 0 0 0 0 0
5 0 069 611 1.04 132 0.07 0 0 0 0 0 0 0
7 0 0 055 1.25 1.87 3.61 222 042 0 0 0 0 0
9 0 0 0.83 0 0.35 076 153 1.11 0 0 0 0 0
11 0 264 340 722 7.29 0.35 0 0 0 0 0 0 0
13 0 215 229 430 1395 10.07 278 0.69 0 0 0 0 0
15 0 0 146 063 1.18 75 1.87 1.39 0 0 0 0 0
17 0 0 0.21 0 0 035 201 0 0 0 0 0 0

2.4. Sea Temperature

The junction temperature of the IGBT also depends on the ambient temperature. In case of
passive cooling, the ambient temperature also affects the external heat transfer coefficient, and thus
the enclosure wall to ambient thermal resistance. For the tidal site considered near Orkney (UK),
the annual sea temperature variation is shown in Figure 6.

Sea Temperature (°C)

20

[y
al
T

Month

Figure 6. Annual sea temperature ranges at Kirkwall near Orkney, UK. The black curve in the middle
of the shaded area represents the average temperature. Data source: Reference [39].

3. System Description

The PTO in this study broadly comprises a turbine (rotor), a generator and a power electronic
converter. The turbine is rated at 110 kW with a rated speed of 30 rpm. The power rating is similar to
the power rating of actual NOVA Innovation’s M100 tidal turbine installed in Shetland, Orkney (UK).
The necessary specifications for each of these components are as follows.
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3.1. Turbine Rotor Hydrodynamic Characteristics

A fixed pitch tidal turbine was selected for this study, with a Cp — A curve shown in Figure 7.
The cut-in and cut-out speeds are 0.5 m/s and 3.3 m/s respectively. The turbine power and speed
variations with the mean tide speed are shown in Figures 8 and 9 respectively.

The speed is controlled by using the active speed stall control instead of the pitch control [40-42].
Whereas, pitch control is common for turbines with larger power ratings (>1 MW), for low power tidal
turbines (<300 kW) it is more common having fixed pitch blades or operating pitch control only when
the tides change direction. Furthermore, having no pitch control also improves the overall reliability of
the system.

0.45 T T T T T T T T

0.4

0.35

o
w

Power Coefficient (Cp)
o
o N
N al

0.15

0.05 L L L L L L L L
1 2 3 4 5 6 7 8 9 10

Tip-speeed ratio (\)

Figure 7. Cp — A curve for the tidal turbine; adapted from Reference [43].

120 — T T T T T T T T

100

80

60

40

Turbine output power (kW)

20

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
Tidal stream velocity (m/s)

Figure 8. Power curve of the fixed pitch tidal turbine as a function of the tidal stream velocity.
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Turbine angular speed (rpm)

0] 0.5 1 1.5 2 2.5 3 3.5 4 4.5
Tidal stream velocity (m/s)

Figure 9. Speed curve of the fixed pitch tidal turbine as a function of the tidal stream velocity.
3.2. Generator Speed Control

In this analysis the generator is assumed to be a direct-drive permanent magnet (PM) generator
with surface mounted magnets. The electrical parameters of the generator are listed in Table 5.
The speed of the generator is controlled by employing the classical PI-control in dg-axes.

Table 5. Generator Parameters.

Parameter Value
Rated Power 110 kW
Rated speed 30 rpm
Pole pairs 40
No-load emf at 30 rpm 188 V
Resistance per phase 0.04 Q)
Synchronous inductance per phase 4mH
Mass Moment of Inertia 6100 kg.m2

Using power invariant transform, the g-axis current is calculated from the reference torque value
T, (obtained from the external speed control loop) as,
e

iq = P/\m/ (3)

where, p is the number of pole pairs of the generator, and A, is the magnetic flux linkage due to PM.
On the other hand, flux weakening strategy is utilized if iy = O results in a higher terminal voltage
than can be delivered by the converter [43].

The d-axis current iy, is obtained as follows,

)

else, iy= — +

where v, is the d-axis terminal voltage, v, is the g-axis terminal voltage, w, is the electrical frequency
and Vjy,y is the maximum output voltage of the converter.
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3.3. Converter Specifications

The converter under investigation is a 2-level back-to-back voltage source converter (2L-VSC),
represented in Figure 10. 2L-VSCs are widely used in low voltage applications because of their
simplicity [28]. Whereas the generator side converter controls the speed/torque of the generator,
the grid side converter controls the real/reactive power flow to the grid at grid voltage and frequency.
Both the converters are connected by an intermediate DC-link capacitance.

Grid End Generator End
+
841 S S¢1 1 .51 .41 »
Tl T3 T5

V) T4 T6

Figure 10. Representative diagram of a 2-level back-to-back voltage source converter (2L-VSC).

The DC-link voltage of the converter is calculated based on the line voltage of the grid side,
according to the following equation [27]:

Vie=x—=— "V, @)

where, x is the overvoltage factor (here limited to 1.15); m is the modulation index (again, limited to
1.15) for space vector modulation; and Vj; is the line-to-line rms voltage. The DC-link capacitor value
is calculated similar to Reference [27].

The voltage rating of the IGBT is selected based on the dc-link voltage. The current rating is then
determined by the desired kVA rating of the converter. For the turbine controlled by active speed-stall
strategy, an overrated converter is required [41]. In this analysis, the cut-out speed of the turbine
is 3.3 m/s. The current rating of the converter is then determined by assuming a sudden surge of
0.9 m/s above the cut-off speed, to prevent the turbine from going into the braking/parking mode.
The maximum rms value of the current during this surge is 580 A. Furthermore, we assume should
an unaccounted surge in velocity occur, the emergency braking systems in the turbine will take over
bypassing the converter control. This could be done, for instance, by using a resistive braking system.

Based on the above discussion, Infineon’s IGBT power module with part number FF600R12ME4
(1200 V, 600 A) was selected for the 2L-VSC. If the surge current capacity is not considered, even
a 400 A switch will suffice. However, later in this paper we shall show that opting for a 600 A switch
proves useful from the lifetime perspective as well. The 4-layer Foster network thermal parameters for
FF600R12ME4 power module pack are listed in Table 6 [44].

Inside the converter enclosure each power module is mounted on a copper mounting plate, which
is attached to the enclosure wall. The thickness of the copper plate is chosen as 20 mm, as the marginal
utility in terms of reducing thermal spreading resistance decreases beyond this thickness. More details
on design of mounting plate thickness is given in Reference [11].

The IGBT power packs considered in this study are packed in the form of power modules rather
than discs. Despite low potential for cooling, modules are preferred because of better assembly,
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integrated packaging, and good electrical isolation between the chip and the heat sink, and most
importantly low cost compared to other packaging methods [30].

Table 6. Converter Parameters.

Parameter Value
DC-link voltage 600 V
Switching Frequency 2 kHz
DC-link capacitance 102 mF
IGBT part number FF600R12ME4
Voltage and Current Rating (rms) 1200V, 600 A
Module Dimensions 0.057m x 0.110 m
IGBT Ry, [0.0038 0.0312 0.0001 0.0020] K/W
IGBT 1, [0.0007 0.0247 0.050 3.485] s
Diode Ry, [0.0008 0.0489 0.002 0.0057] K/W
Diode 1y, [0.0006 0.0245 0.0733 0.9951] s
Enclosure wall thickness 0.010 m
Enclosure height 1.5m
Enclosure width 0.5m
Enclosure length 1.5m
Cu mounting plate dimensions 0.171 m x 0.330 m
Cu mounting plate thickness 0.020 m
Thermal paste thickness 0.001 m

4. Lifetime Modeling of Power Modules: Methodology

Lifetime analyses for wind energy converters based on active water cooling systems has been widely
studied [6,18,19]. Because the passive cooling system is considered here, this means that the lifetime
calculation has to be done in a slightly modified manner. This is due to the longer time constant of
the passive cooling system. The main methodology is shown in Figure 11. The calculations are performed
in time domain. The temperature cycles are then calculated using the rainflow counting algorithm [18,45].

The high thermal capacitance of the enclosure wall makes the thermal models relatively slow
in terms of computation time. For the short-term cycling, these computations are accelerated in this
paper by assuming that the enclosure wall is at a constant temperature as long as the mean tidal
velocity remains constant. The idea is to obtain the wall temperature from the model taking only mean
tidal velocity variation into account. This wall temperature information is then used as a boundary
condition in the fast converter thermal model to estimate the junction temperature cycling near
the power frequency. This is illustrated in Figure 11.

Low frequency (Fast model)

Longterm tidal velocity m o Long-term
Mean Tide Velocity (in N profile P70 Model Los Converter Thermal Lifetime Model age
steps of 0.2 m/s from (Averaged daily/monthly Model
05-33m/s) tidal profile)

z Total Lifetime
Theat snk Consumption
Short-term tidal velocity L
Turbulence Intensit profile 05§
v L proModel Converter Thermal Liftime Model
(Stochastic 20 min tidal Model (Fast) Short-term

o) Tn, AT, Damage
High frequency (Slow model)

)

urface Wave induced
oscillations

U
]

Figure 11. Methodology for lifetime calculations. Finer details of the power take-off (PTO) model are
shown in Figure 12.
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Figure 12. Internal structure of the PTO model.

Thermal cycling can be divided into two main categories: long-term and short-term. By long term
cycling we mean cycles due to variation in tidal current speeds over 12-hourly cycles, and variations
due to the spring and neap tide cycles, as shown in Figure 4. Although monthly and/or yearly
variations in the tides can also be included, these have been neglected in this analysis, as their impact
is expected to be negligible. Short-term cycling mainly refers to power-frequency thermal cycling and
other oscillations due to turbulence and surface waves in the mean tidal stream velocity.

The lifetime estimation in this work has been based on the models presented in References
[6,15]. These models give the number of thermal cycles to failure as a function of various parameters,
with emphasis on junction temperature cycling and its mean value as per the following equation:

B
Nf=A- ATjﬁl .eTj,mim B3 [Py yPs . Db, (6)

N [ is the number of cycles to failure, T]'/m is the mean junction temperature , and t,, is the on-pulse
duration, I current per wire, V is the chip blocking voltage and D is the bonding wire diameter.
The constants, A, $1 to B¢ are obtained from Reference [30], and take the following values: A =9.34 x
10 for IGBT4 modules, [B1, ..., Bs] = [-4.416,1.285 x 10%, —0.463, —0.716, —0.761, —0.5].

The lifetime calculation is based on junction temperature of the IGBT and the diode. These values
are calculated from the thermal model of the converter explained in the next section. After
the calculation of thermal cycles, the number of cycles to failure are calculated based on the Miner’s
rule [19]. That is,

Lt
N @)

where, 1; is the number of cycles to failure at the temperature cycle AT;, and N; is the number of cycles
to failures for the same amplitude and same stress type. The number of cycles for each thermal cycling
amplitude are obtained from Equation (6). Figure 13 shows how Ny typically varies with AT; for
constant T ,.
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Figure 13. Number of cycles to failure are presented as a function of temperature cycling for a constant
mean junction temperature.

Following assumptions have been made in this analysis to reduce the calculation time:

A constant seawater temperature of 15 °C was assumed, neglecting variation in annual temperature.
A constant turbulence value has been used for each mean tidal velocity, as already mentioned
in Section 2.

e  The turbine under consideration is an active speed stall controlled one, with no yawing capabilities.
It is assumed that the performance of the turbine drops negligibly between the flood and ebb tides.
Hence, as far as turbine characteristics are concerned, no distinction is made between the flood
and ebb tides.

e At the beginning of each flood and ebb tide cycle, the junction temperature of the IGBT module is
same as the ambient temperature.

e A constant power factor of operation (0.9) is assumed on the grid-side converter. In other words,
effects of varying reactive power on thermal cycling have been neglected [27].

5. Estimation of Junction Temperatures

The mean junction temperature and its amplitude about the mean value are obtained from
the thermal models of the passively cooled converter [11]. The losses inside the IGBT and diode
comprise of the conduction and the switching losses given by the following equations [27]:

Peond,igeT = tce(i) -i-dicpr,

pcond,Diode = MF(i) 1 dpiodes (®)

Psy,168T = (Eon,16BT + Eoff,16BT) * f5, and

Psw,Diode = (Eon,Diode + Eoff,Diode) ’ fs

where, Pyy,qx and Py, denote the conduction and switching losses respectively in the device 'k’.
ucg and ur represent the forward voltage drops in the IGBT and diode respectively, whereas i is
the component current. dy is the duty ratio of the switch 'k’. And, E,, x and E,¢s is the on and
off switching energy of the device 'k’; and f; is the switching frequency. Parameters for the loss
calculations can be found in datasheets for IGBT modules in Reference [46]. Details on loss calculation
in the IGBT and diodes can be found in multiple references, such as References [6,19,27].

The RC-thermal network of the submerged power converter with IGBT mounted on a Cu
mounting plate (see Figure 2) inside the sealed enclosure is shown in Figure 14 [11]. Calculation
of the thermal resistances shown in Figure 14 have been explained in Reference [11]. For the sake
of brevity, the mathematical details of the thermal model are omitted from this paper. However,
a qualitative description is given below.
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Figure 14. Lumped element thermal network model for the system shown in Figure 2 [11].

Heat transfer from the IGBT junction to the ambient seawater encounters three main thermal
resistances (networks): IGBT junction-to-case, case-to-external wall, external wall-to-ambient water.
The junction-to-case thermal network is represented typically by a 4-layer Foster network given
in the datasheet of the IGBT module [46]. However, Foster models cannot be directly connected to
the RC-ladder network of the rest of the thermal network. Therefore, a slightly modified approach
using a 1-layer equivalent network, as explained in References [11,47] is adopted as shown in Figure 14.

The mounting plate and the enclosure wall thermal impedances include the case-to-external
wall impedances. These can be represented by one-dimensional thermal resistance together with
the spreading resistances in the mounting plate and the enclosure wall [11,48]. These spreading
resistances form the bulk of the thermal resistance in case of the passively cooled submerged power
converters. Proper selection of the mounting plate material and dimensions can significantly reduce
the spreading resistance, as discussed in Reference [11]. The thermal capacitance calculations of
the mounting plate and the wall are simply calculated using the heat capacity of these blocks.

And finally, the wall-to-ambient seawater thermal resistance is calculated using empirical
relations [49], and a few steady state computational fluid dynamics (CFD) simulations, as explained
in Reference [11]. The convective heat transfer coefficient is a function of the mean power loss
and/or wall temperature. The enclosure wall resistance is thus a dynamic variable, and needs to be
recalculated continuously.

Whereas for the forced water cooling methods the case to ambient thermal resistance is almost
independent of the heat loss in the power module, same cannot be said for the passively cooled
converter. For the latter, heat transfer coefficient at the external wall of enclosure is a function
of the heat flux from the power module [11]. Commonly encountered values of case to ambient
thermal resistance for forced water cooled systems falls in the range of 0.005-0.020 K/W. In this study,
depending on the heat loss this thermal resistance falls in the range of 0.02-0.1 K/W. The case to
seawater thermal resistance decreases with increase in loss in the power module. Please note that
increased thermal resistance in passive cooling is accompanied by improved reliability due to no
moving parts.

6. Case Study: Lifetime Analysis of a Tidal Turbine Converter

In this section we apply the lifetime model presented earlier to a 110 kW tidal turbine PTO system,
for which the specifications were mentioned in Section 3. The idea is to first demonstrate the speed
control algorithm works as expected, and then assess the impact of loading on the lifetime due to
various operating conditions the PTO is subjected to.
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6.1. Speed Control

Figure 15 shows the corresponding variation in the generator speed against the tidal stream
velocity. In Figure 15 the generator is operating at the rated power near cut-off speed of 3.3 m/s.
This means that for any increase in the velocity of tidal stream, the generator rpm must drop
as a consequence of the active speed stall control to maintain constant power. As expected, for higher
fluctuation in tidal stream velocity, the generator speed also varies with higher magnitude.
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Figure 15. Active speed stall control of Generator speed as a function of change in tidal stream velocity.
Mean tidal velocity in this image is set at 3.3 m/s.

6.2. Converter Loading

The change in the tidal stream velocity is also reflected as the change in the phase current of
the generator. This can be seen in Figure 16. A comparison between Figures 15 and 16 shows that
the drop in generator speed is accompanied by the increase in current. In the constant power region,
drop in phase emf due to reduced speed is compensated by the increase in current, and vice-versa.

only mean tidal velocity‘
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3
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=
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Figure 16. Generator phase currents (RMS values).

Another observation from Figure 15 is that there is a substantial change in the generator speed
as a result of change in tidal stream velocity. This characteristic is particular to tidal turbines controlled
by active speed stall. Compare this with the data obtained from a case study of a 10 MW wind
turbine, as shown in Figure 17 [6]. Both the 10 MW wind turbine and 110 kW tidal turbine are
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operating in the region of constant power above the rated wind /tidal speed; whereas wind turbine
is pitch-controlled, the tidal turbine is active speed stall controlled. The point to note here is that
the fluctuations in wind speed will not be reflected so much in the generator currents as much as
the fluctuations in tidal speed would be. This is both a consequence of pitch control as well as the large
inertia of the wind turbine rotor over the tidal turbine.

Wind velocity and Wind Turbine Generator Speed
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Figure 17. Comparison of generator speed fluctuations in a 10 MW wind turbine and a 110 kW
tidal turbine.

As a result when a pitch controlled wind turbine operates in the region of constant power, its
speed is nearly constant and so is the magnitude of the phase currents. However, same cannot be
said of an active speed stall controlled tidal turbine, as illustrated in Figure 17. Therefore, significant
differences in the lifetime consumption of the power semiconductor devices can be expected in wind
and tidal turbines, as a result of change in the incoming wind /tidal current velocity.

6.3. Junction Temperatures

For the corresponding currents shown in Figure 16, the Generator side converter Diode (D1) and
IGBT (T1) junction temperatures are shown in Figures 18 and 19 respectively. Figure 18 also shows
the zoomed-in version, where power cycling (high frequency) can be seen alongside the low frequency
cycling caused by turbulence and surface waves. Similar high frequency cycling will also be observed
in Figure 19, however, we omit showing that here for sake of brevity. As expected, the junction
temperatures follow a similar trend to the phase currents because the losses increase with increase
in current.

The mean junction temperature of the diode increases with the increase in the tidal stream
velocity, as shown in Figure 20. At lower tidal velocities, this is because of increase in output
power. In the constant power range, the increase in mean junction temperature is inversely related to
the generator speed as explained above. Because of this a large portion of lifetime consumption of
the power semiconductor devices is expected in the constant power range. In this region high power
is accompanied by low generator speed.

The results here are shown only for a 60 s interval for a specific value of mean tidal velocity,
turbulence and wave condition. However, the total lifetime analysis is performed over the entire range
of the tidal velocity and the wave spectrum (see Tables 3 and 4), in accordance with Figure 11.



Energies 2020, 13, 1875 17 of 22

rm

only mean tidal velocit}}.l
.

o : . : I

v‘% 120 |
< 100
a5 n n ! = n
= 300 310 320 330 340 | | 380 360
|
. with turbulence| | |
(S) T T T —— T
== Ha
o
<
by n n n ¥ n
= 300 310 320 330 340 | i 350 360
|
—
. with turbulence and wave induced Ioso;illations]
o T T T — T
— 120
<
3
- 100
[} L 1
= 300 310 320 330 340 | 350 360
Time (s) | |
=L
- ~
-= ~
- ~
- ~
- ~
- ~
- ~
. - | only mean tidal velocityl N
_ - ~
O T T T T T T T T T
~ 130 8
5
© 100 4
o 1 1 1 1 1 I 1 1
343 3432 3434 3436 3438 344 3442 3444 3446 3448 345
. with turbulence
— 120 k
5
S 100k A\WANANNNNNNNNNNANANNAAANNN

k= 343 343.2 3434 3436 3438 344 3442 3444 3446 34438 345

with turbulence and wave induced oscillationsl

o . : v - - - . T T
~—_ 120
g
o
— 100 a
o L ' f L L h L L "
L 343 343.2 3434 3436 3438 344 3442 3444 3446 34438 345

Time (s)

Figure 18. Temperature of the Generator Side Converter Diode (D1) as a function of the fluctuations
in the tidal stream velocity.
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Figure 19. Temperature of the Generator Side Converter insulated gate bipolar transistor (IGBT) (T1)
as a function of the fluctuations in the tidal stream velocity.
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Figure 20. Mean junction temperature of Generator Side Converter Diode.
6.4. Lifetime Consumption

Based on the lifetime model presented earlier in Section 4, expected lifetime of the converter
is presented in Table 7. The critical component in terms of lifetime was found to be the diode of
the generator side converter, which is taken as the lifetime of the converter. For the sake of brevity,
results from the grid side converter are not presented in this paper.

Table 7. Lifetime Values.

Velocity Type Lifetime (in Years)
Considering only mean tidal velocity 1515
With turbulence 67.0
With turbulence and waves 38.2

Because of the higher fluctuations in the junction temperature due to turbulence and the wave
induced oscillations in the tidal stream velocity, the lifetime decreases accordingly. Such significant
drop in the lifetime is probably because of the higher speed oscillations of the tidal turbine generator.

Another interesting thing to note here is that even though the lifetime drops significantly because
of turbulence in the tidal stream velocity, the difference in annual loss of the converter semiconductor
switches with and without turbulence is negligible, as shown in Table 8. This also implies that in this
case is the magnitude of temperature swing is more responsible for component degradation than
the mean value of temperature. The mean junction temperature is a function of the mean power loss.
For the waveforms shown in Figure 18, the temperature swings are listed in Table 9.

Table 8. Annual Generator Side Converter Loss (includes losses for all phases).

Velocity Type Generator IGBTs (in MWh)  Generator Diodes (in MWh)
Considering only mean tidal velocity 211 2.53
With turbulence 2.07 2.44

Table 9. Diode Temperatures corresponding to Figure 18.

Velocity Type T;p1,max CCO)  Tjp1min °C)  ATjp; (°C)
Mean tidal velocity 1124 93.3 18.4
With turbulence 115.5 93.4 21.1

With turbulence and waves 129.6 915 38.1
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Normally the tidal turbines are designed to have a lifetime of 20 years. Therefore, from above
results it can be said that passive cooling can provide adequate lifetime as long as the system is
properly designed, and devices are properly rated. Moreover, improvements in lifetime can be gained
by overrating the devices further, as demonstrated in other studies [6].

6.5. Damage Distribution

To understand the damage distribution better due to turbulence and wave induced speed
oscillations, we consider the operation of the tidal turbine near rated speed (2.5 m/s). Assuming
no fluctuations in the tidal stream velocity, almost all of the damage is done by the power cycling
frequency—that is, frequency of the generator phase currents which is about 20 Hz—as shown
in Figure 21.

When turbulence is included in the tidal stream velocity, the damage distribution histogram shows
a lot of frequency components in the lower frequency range as seen in Figure 21. This arises because
of the lower frequency components in the junction temperatures of the diode when turbulence is
included. Furthermore, if a wave induced oscillation from a wave of time period of 11 s is superimposed
on the tidal stream velocity with turbulence, the damage distribution is reflected in this frequency
range (<0.10 Hz) as well. Therefore, turbulence and wave induced oscillations not only cause more
damage but also shift the damage distribution to lower frequency components.

100 T T T T T T T T T T
- I Only mean velocity
S 80 - I with turbulence |
S I \ith turbulence and wave induced oscillations
5
o 60r d
=
L0
() L d
P 40
>
©
E 20f ]
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PN R ST AP
R IR ORIV P SRS MO M N N
PO P NN S N TN .

Frequency of Temperature cycle (Hz)

Figure 21. Percentage of total damage vs. frequency of thermal cycling, when turbulence and surface
wave (Hs =5.75m, Tp = 11 s) is superimposed to the mean tidal velocity of 2.5 m/s.

There is another component of thermal cycling or damage not seen in Figure 21. This thermal
cycling component arises because of the daily variation of mean tidal velocity as explained in Section 4.
The mean junction temperature of the Generator Diode D1 varies with the tidal stream velocity as
shown in Figure 20. This low frequency cycling in the mean junction temperature is what we refer to
as long term damage. The frequency and magnitude of long term cycling depends on the history of
the mean tidal velocity. In other words, the amplitude and period of each long term cycle depends on
whether it was a spring or a neap tide cycle; this was highlighted in Section 2.

The net lifetime damage due to long term cycling is constant irrespective of whether turbulence
and waves are included or not. Therefore, the damage contribution in percentage from long term
cycling is less when other effects such as turbulence or waves are not accounted for, as seen in Table 10.
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Table 10. Lifetime Values.

Velocity Type Damage from Daily Cycling (%)
Considering only mean tidal velocity 27
With turbulence 12
With turbulence and waves 6.9

7. Conclusions

The purpose of this paper was to investigate the thermal cycling failures in IGBT modules for
tidal turbine power converters. The converter is submerged and passively cooled by seawater. Results
indicate that in such a converter significant reduction in lifetime of the IGBT modules can occur because
of the turbulence and surface waves. Daily variations in the mean tidal velocity also contribute, albeit
little, to the reduction in lifetime. It was observed that passive cooling can yield adequate lifetime for
the IGBT modules in tidal turbine converters. Whereas passive cooling is less prone to failure than
forced water cooling methods, the latter can provide better cooling. On the other hand, passive cooling
on account of its reliability can minimize maintenance expenses, and reduce cost of energy in the long
term. Unless even the most optimally designed passive cooling system proves inadequate, forced
cooling methods should not necessarily be the first choice. Furthermore, passive cooling systems have
longer thermal time constants than forced cooling systems, which would mean longer computation
time for the thermal models. Therefore, this paper used a modified approach to reduce the computation
time by dividing the thermal model into low and high frequency models.
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