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Abstract: This paper compares active and passive cooling systems in tidal turbine power electronic
converters. The comparison is based on the lifetime of the IGBT (insulated gate bipolar transistor)
power modules, calculated from the accumulated fatigue due to thermal cycling. The lifetime
analysis accounts for the influence of site conditions, namely turbulence and surface waves. Results
indicate that active cooling results in a significant improvement in IGBT lifetime over passive cooling.
However, since passive cooling systems are inherently more reliable than active systems, passive
systems can present a better solution overall, provided adequate lifetime values are achieved. On
another note, the influence of pitch control and active speed stall control on the IGBT lifetime was
also investigated. It is shown that the IGBT modules in pitch-controlled turbines are likely to have
longer lifetimes than their counterparts in active stall-controlled turbines for the same power rating.
Opverall, it is demonstrated that passive cooling systems can provide adequate cooling in tidal turbine
converters to last longer than the typical lifetime of tidal turbines (>25 years), both for pitch-controlled
and active speed stall-controlled turbines.

Keywords: forced water cooling; insulated gate bipolar transistors; lifetime estimation; passive
cooling; reliability; submerged power electronic converter; thermal cycling; tidal turbines; turbulence;
waves

1. Introduction

Tidal energy is a predictable source of energy, which gives it an advantage over
other renewable forms of energy. Among methods of harvesting tidal energy, tidal stream
turbines (TSTs) are becoming popular compared to tidal dams. Currently, however, the cost
of energy from TSTs is high compared to traditional forms of clean energy [1]. To minimize
the cost of energy, improving reliability and/or minimizing maintenance expenses is
necessary [1]. In this regard, this paper investigates the reliability of power electronic
converters in different TST energy conversion systems. The TST systems in this paper
are classified based on the cooling system in the power electronic converters (passive and
forced-water cooling) and the power regulation scheme employed in the turbine (pitch and
stall control).

A typical tidal stream turbine system is shown in Figure 1. For array instalments,
a submerged converter is more suitable than onshore converters; this makes converter
reliability even more critical [2]. Power converters require cooling in order to prevent their
early failure from thermo-mechanical stress. Such failures occur mostly in IGBT (insulated
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gate bipolar transistors) power modules from thermal cycling [3,4]. The time to failure
from this failure mechanism can be prolonged by providing adequate cooling to the IGBT
power modules. For a submerged power converter, an active cooling method, such as
forced-water cooling, is undesirable due to the limited opportunities for maintenance [5].
On the other hand, passive cooling systems offer a higher degree of reliability, albeit at a
lower cooling efficacy [3,5]. Therefore, a comparison between different cooling systems
becomes imperative.

Submerged PE Converter

3 F A =

(Cable to shore

idal Turbine

Figure 1. Tidal turbine drive train with a direct-drive permanent magnet synchronous generator
(PMSG) and a power electronic (PE) converter [2].

In a passively cooled system, IGBT modules can be mounted directly on the interior
walls of the sealed enclosure via a mounting plate, as shown in Figure 2 [5,6]. The external
walls of the enclosure directly exchange heat with the seawater via natural convection. For
actively cooled systems, the modules are mounted on a heat sink through which a coolant
is driven by means of a pump [3], as seen in Figure 3.
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Figure 2. Passive cooling: IGBT module in a submerged and hermetically sealed power converter [5].
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Figure 3. Active cooling: Water is passed through a heat sink on which the IGBT modules are
mounted. The coolant then exchanges the heat with the ambient seawater through a separate heat
exchanger, which may be embedded in the enclosure walls. This is only a representative diagram;
heat exchangers on the cabinet surface can look differently than presented here.

This paper furthers the work done in [2], where the lifetime analysis of IGBT modules
in a passively cooled converter was studied. In this paper, the feasibility of the passive
cooling system is evaluated by comparing it with an active cooling system. Here, by active
cooling system, a forced-water cooling system is implied. The reason is that forced-water



Energies 2021, 14, 6457

30f25

cooling is the standard choice in tidal turbine converters, whereas passive cooling offers
higher reliability, is cheaper, and involves no energy consumption. The cooling systems are
compared in terms of the mean junction temperatures, the amplitude of thermal cycling,
annual losses in the IGBT modules, and damage distribution with respect to the tidal
velocity. We also overrate the forced-water cooling system to show how it can be used to
further improve the lifetime.

Furthermore, the lifetime of the IGBT modules is evaluated in two similarly rated
(power and speed) tidal turbines. The turbines differ in the mechanism of power regulation
beyond the rated speed. One of the turbines utilizes active speed stall control, whereas
the other employs pitch control [7,8]. Both these systems can be found in commercial tidal
turbines [9].

The main contributions from this paper can be summarized as:

e  Evaluating active and passive cooling systems in terms of the lifetime of IGBT modules
in tidal turbine converters;
*  Studying the impact of active speed stall and pitch control on the IGBT lifetime.

To the best of our knowledge, these factors have not been addressed in the literature before
for the TST applications. The paper does not claim any novelty in terms of methodology or
measurement techniques. The contribution is primarily presenting trade-offs in the selec-
tion of power electronic converter rating and topology from the viewpoint of improving
the reliability of TST systems.

The rest of the paper is structured as follows. The following section gives a literature
review of active and passive cooling systems used for the cooling of power semiconductor
devices (including IGBT modules) and lifetime analyses of IGBT modules. In doing so,
Section 2 also justifies the system selected for this study. In Section 3, the description of the
tidal stream turbine system used for analysis in this paper is given. Section 4 describes the
methodology adopted for the calculation of IGBT module lifetime. Section 5 briefly explains
the thermal model for active (forced-water) and passive cooling systems. Section 6 gives
the results for the IGBT lifetimes for active and passive cooling systems on two 110 kW
tidal turbine systems (active speed stall- and pitch-controlled turbines). Conclusions from
the paper are given in Section 7.

2. Literature Review

Few data are available regarding the failures of power electronics in tidal turbines.
Due to the similarity with wind turbines, it is reasonable to assume that similar failures
would occur in TSTs. For direct drive generators with fully rated converters, a majority of
the converter failures relate to the cooling system [10-12].

IGBT modules are one of the most commonly failing components in power
converters [13-15]. Multiple studies suggest that IGBT modules fail due to fatigue ac-
cumulated from thermal cycling [15-17]. Such failures are mainly due to ageing of bond-
wires [16,18] and solder fatigue [16,19].

However, recently, Fischer et al. [14] claimed that most failures in wind turbines
occurred from moisture and humidity, rather than thermal cycling. Because the submerged
converter is hermetically sealed, the moisture amount in the enclosure can be controlled.
No fresh air circulates in the cabinet, and the moisture already present inside can be
absorbed by materials, such as silica. Another alternative could be to fill the cabinet with
dehumidified air before submersion. Under these circumstances, thermal cycling can be
expected to be a major failure mode in subsea power electronics.

The cooling methods for IGBTs can broadly be classified into active and passive
cooling methods. Active methods are comprised of [3]:

*  Forced-air cooling;

¢ Forced-liquid cooling;

e Micro-channel heat sinks;

¢  Two-phase forced convection cooling;
¢ Jetimpingement and spray cooling;
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e  Hybrid solid and liquid cooling.

Active cooling systems can also be adaptively controlled to improve the lifetime of IGBT
modules [20,21] by controlling the sink-to-ambient thermal resistance. Most actively
cooled systems utilize rotating components, such as pumps, which compromise reliability.
However, an exception can be found in [22], where a liquid metal coolant is driven by a
magnetohydrodynamic pump. However, this system comes with its own set of challenges
and is not examined here.

On the other hand, passive cooling could be either of the following:

*  Air cooling [3];

*  Submerged water cooling [5,6].

Of these aforementioned cooling techniques, this paper compares forced-liquid (water)
cooling with submerged water cooling. This is because these two systems are more likely
to be found in submerged TST power converters.

In addition to cooling, the lifetime of converters can also be enhanced by using dif-
ferent converter topologies [15,23] in three-level converters. This paper, however, focuses
on a two-level back-to-back converter. Two-level converters are widely used for low
voltage applications owing to their simplicity [24]. Other methods of improving lifetime
include control of modulation strategies, switching frequency, reactive current circula-
tion, active gate gate-driver control, and, in the case of parallel converters, power loss
redistribution [25-31]. These methods are not investigated in this paper, and the focus is
solely on cooling system.

Ma and Blaabjerg [32] compared thermal performance in a three-level NPC converter
with IGBT module, IGBT press-pack, and IGCT press-pack packaging technologies. IGBT
modules were shown to have the lowest losses and lowest temperature cycling compared to
the other two technologies. Furthermore, IGBT modules exhibit better insulation between
the chip and heat sink and are cheaper and easier to maintain [4,32]. For these reasons,
IGBT modules are more prevalent in renewable energy applications and are thus analysed
in this paper.

Lifetime estimation during the design phase is a critical step in ensuring long term
reliability [33]. Lifetime evaluation of IGBT modules mostly falls under either a priori
lifetime assessment or condition monitoring techniques [13,18]. The former requires prior
knowledge of loading patterns and system parameters and is mainly done for an estimate
of lifetime prior to deployment. The latter is more concerned with real-time measurements
and monitoring ageing in the modules. This paper deals with the lifetime assessment prior
to deployment.

The aforementioned literature addresses several aspects related to the lifetime analysis
of power semiconductor devices. However, none of the research has analysed IGBT
lifetimes either in the context of comparing passive and active cooling systems or in the
context of active speed stall and pitch control in submerged TSTs. Furthermore, assuming
a passive cooling system is inherently more reliable than an active cooled one, the objective
is to study the feasibility of the passive system over the active one. This paper addresses
these questions by means of investigating a TST system described in the following section.

3. System Description

The lifetime of IGBT modules depends strongly on their loading mission profile
as well as the system design [2,27]. Thus, defining the site conditions and the turbine-
generator-converter specifications is mandatory to contextualize the obtained lifetime
results.

3.1. Site Conditions

The main characteristics of a tidal site pertinent for lifetime analysis are the mean tidal
velocity, turbulence in the tidal stream velocity, and surface waves [2]. The parameters
used in this paper are the same as those used in [2].
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The main idea behind defining these parameters is to obtain a realistic instantaneous
tidal stream velocity time series. This is achieved by the superimposition of turbulence and
surface wave induced oscillations on the mean tidal stream velocity, as described in [2]:

vtide(t) = Umean + AVtyrpulence + DVwaves - 1)

These components are described in Appendix A. For a more detailed understanding
of how Uyean, AVsputences and AVygpes are used in calculating the time series of the tidal
stream velocity, please see [2,34]. Please note that this study only accounts for the ambient
turbulence. Turbulence induced due to stall operation or pitch control at the blades is not
included in this study. These effects might have a further impact on the lifetime and must
be considered in a future study.

An example of a tidal stream velocity time series is shown in Figure 4. The necessary
turbine parameters are listed in Table 1.

Velocity (m/s)

= = = only mean tidal velocity

05 velocity with turbulence

velocity with turbulence and wave induced oscillations
. .

0 . . . . I
200 250 300 350 400 450 500 550 600
Time (s)

Figure 4. Fluctuations in the tidal stream velocity about its mean value (here taken as 3.3 m/s) as a
consequence of turbulence and wave induced oscillations are shown here. In this figure, a TI value of
13% is used, and a surface wave of significant wave height Hs = 5.75 m and peak period = 11 s are
used. This is an extreme case of wave induced oscillation to highlight the impact of waves. It must
be noted such waves rarely occur [2].

Table 1. Turbine rotor parameters.

Parameter Value

Rotor diameter 6.5m
Rated tidal stream speed 2.5m/s

Hub depth from surface 20m

Seabed depth from surface 30 m

3.2. Turbine and Generator Specifications

Our previous work [2] performed a lifetime analysis of a fixed-pitch turbine rated
at 110 kW with a rated speed of 30 rpm. Power regulation of the fixed-pitch turbine was
achieved by the active speed stall mechanism. In this paper, the fixed-pitch turbine is
compared with a pitch-controlled turbine [2,7,8]. For comparison purposes, both turbines
arerated at 110 kW and have the same power-tidal speed curve shown in Figure 5. However,
their rpm-tidal speed profiles are different, as shown in Figure 6. The maximum value of
C, for both the turbines is roughly 0.43, and thus they have the same power output even
below the rated tidal stream speed.

The active speed stall-controlled turbine has the following C, — A equation [2]:

Cp(A) = 0.000342A* — 0.008056A° + 0.046882A% — 0.000434) + 0.045225 (2)
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where C), is the power coefficient of the turbine, and A is the tip-speed ratio. Tip-speed
ratio is the ratio of the blade tip-speed to the incoming velocity of the fluid.
The pitch-controlled turbine has the following C, — A relation:

—11
Cp(A,B) = 0.6 (%8 ~0256-2) ™
1
1 1 0.035 ®)

A A+0088 B+1’

where f is the blade pitch angle. The C, — A curve for the pitch-controlled turbine and
the pitch controller used here is similar to that of the 120 kW turbine studied in [35]. The
maximum rate for the pitch controller is limited to £5° per second.

120

I
S)
o

80

60

Turbi ne speed (rpm)

40

20

0 0.5 1 15 2 25 3 3.5
Tidal streamvelocity (nis)

Figure 5. Power curve of the pitch- and active speed (stall)- [2] controlled tidal turbines as a function
of tidal stream velocity.
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Figure 6. Speed curves of the pitch- and active speed (stall)- [2] controlled tidal turbines as a function
of the tidal stream velocity.

For both turbines, the same generator is assumed, which is a direct-drive permanent
magnet synchronous generator (PMSG). The parameters of this PMSG are listed in Table 2.

Table 2. 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 O
Synchronous inductance per phase 4mH

Mass moment of inertia 6100 kg-m?
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Both turbines operate in the maximum power point tracking (MPPT) mode until they
reach their rated speed. In the MPPT region, the required torque is given by

T* = Kw?, (4)

where K is a constant depending on factors such as nominal turbine speed and power,
maximum value of power coefficient C,, and the optimal tip-speed ratio, etc. [36]. wy is the
rotational speed of the turbine. Torque control is achieved by employing the classical PI
control strategy in generator dg-axes. The g-axis current is obtained from the desired torque
requirement of the generator [2]. If possible, d-axis current is kept at zero. Otherwise, a flux
weakening strategy is employed to ensure that the required output voltage is deliverable
from the converter [2,37].

Beyond rated speed, the pitch-controlled turbine keeps operating at the rated rpm,
using the blade pitch angle to maintain the rated power [35]. On the other hand, in the
stall-controlled turbine, the speed of the turbine is reduced to lower C, and regulate the
output power [2].

3.3. Converter Specifications

For the power rating and the voltage level used in this study, a two-level low voltage
back-to-back converter is suitable. A representative diagram of this converter is shown
in Figure 7. The specifications of interest in the converter are the power loss and thermal
parameters of the IGBT modules and the thermal parameters of the cooling system. In this
section the specifications for the IGBT modules are given; cooling system specifications are
given later in Section 5.

Grid End Generator End
+
541 S S¢1 1 .84 .8 1 »
Tl 5 T3 T5

=
sl 4 s 4o { +@ o
. T T4 T6

Figure 7. A representative diagram of a two-level voltage source converter [2].

The loss parameters can be determined from the IGBT module datasheet. It is clear
that the current rating of the IGBTs in the active stall-controlled must be higher, owing
to its lower rpm at rated power. For comparison purposes, the same IGBT module in the
pitch-controlled turbine as in the active stall-controlled one is used. The selection of the
proper IGBT module for the active stall-controlled turbine is explained in our previous
work [2]. For this analysis, Infineon’s IGBT module FF600R12ME4 (1200 V, 600 A) is an
appropriate choice. The parameters corresponding to this module are listed in Table 3.
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Table 3. Converter parameters.

Parameter Value

DC-link voltage 600 V

Switching frequency 2kHz

DC-link capacitance 102 mF

IGBT part number FF600R12ME4

Voltage and current rating (rms) 1200V, 600 A

Module dimensions 0.057 m x 0.110 m

IGBT thermal resistance Ry, (4-layer Foster form) [0.0038 0.0312 0.0001 0.0020] K/W
IGBT thermal time constant 7y, (4-layer Foster form) [0.0007 0.0247 0.050 3.485] s
Diode thermal resistance Ry, ;. (4-layer Foster form) [0.0008 0.0489 0.002 0.0057] K/W
Diode thermal time constant 1y, (4-layer Foster form) [0.0006 0.0245 0.0733 0.9951] s

4. Methodology

This section briefly describes how the lifetime of the IGBT module can be estimated
based on thermal cycling. The approach used here has been adopted in various studies
across applications [15,38—42].

The procedure can be broadly divided into three modelling layers:

1.  Estimation of power loss in IGBT modules;
2. Thermal modelling of the IGBT modules;
3.  Lifetime estimation based on thermal cycling.

4.1. Estimation of Power Loss

For this purpose, first the converter currents must be determined. This is done using
the information about the tidal stream velocity time series, turbine characteristics, and
generator and converter parameters, as described in [2,15]. The algorithm is summarised
in Figure 8 [2].

6’@ Series of Tidal Stream Veloc9

Turbine Model fF----------- !

:Speed
1
!
i———-> PM Generator Model Converter Control
|
|
| 1
IV Itage :
: oltag DutyiRatios
| |
|
|

————— Converter Model [¢----------=

I

Converter current, duty ratio

Loss Model

Figure 8. Calculating converter currents and duty ratios for loss calculation in IGBT modules; image
adapted from [2].

IGBTs and diodes in a power module experience conduction and switching losses [15,27].
Both of these losses are a function of the junction temperature [43]. Figure 9 shows the
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loss calculation flowchart. More details on the loss calculation can be found in multiple
references [15,44,45].

Voltage,v ——
, Conduction
Current,i —
Loss
R [T avin |
Duty cycle, d Pioss  [Thermal T
z — 5 > 1)
Model
Switching frequency, fi ——|
Switching
DC Voltage, Vye —| LosS
Current,i —|

Figure 9. Loss calculation in IGBT and diode. The diagram shows that losses also depend on the
junction temperature Tj ; hence, the feedback loop from the thermal model.

4.2. IGBT Thermal Modelling

From the power loss in the IGBT modules, thermal models are used to estimate the
junction temperature (mean and amplitude). Thermal modelling must be performed for
each operating point corresponding to Figure 5, in conjunction with the knowledge of
turbulence and surface waves.

Thermal models for IGBT modules can be categorized into three types, namely an-
alytical, numerical, and thermal network models [3]. Analytical models are primarily
based on analytical solutions of the heat diffusion equation. These models are fast but can
only be applied for simple geometries and with simplified boundary conditions [46,47].
Numerical models are usually based on finite element analysis, sometimes coupled with
computational fluid dynamics (CFD) analysis [48,49]. These models are extremely time
consuming and are unsuitable for dynamic electro-thermal simulations.

When it comes to using thermal models for lifetime analysis, thermal network models
based on RC elements are the most suitable way forward [2,50-52]. The simplicity of these
models, fast results, and the possibility of combining RC elements of different individual
components (especially in the Cauer form) into a combined RC network of the whole
system are their main advantages [51,52]; this is described in Section 5. A main drawback
of the simplified one-dimensional RC network models is that the thermal cross-coupling
between different IGBT chips within the same module are neglected [4,53]. This may
result in an error in junction temperature estimation. However, this error is more likely to
contribute to mean junction temperature rather than amplitude of temperature cycling. In
other words, such an approximation has little consequence for the final conclusions of this

paper.

4.3. Lifetime Estimation

After knowing the junction temperature values, the thermal fatigue accumulated for
each operating point is calculated. This is done using the lifetime models for the IGBT
power modules as explained below.

The lifetime estimation technique used in this paper is the same as adopted in [2,15].
The number of cycles to failure Ny is estimated based on the models presented in [15,54],
given by the equation

B2
Ny=A- AT],ﬁl . Tjmt273 tf,;,i LJBs . yBs . DPs. 5)

where T]m is the mean junction temperature, t,, is the on-pulse duration, I is the current
per wire, V is the chip blocking voltage, and D is the bonding wire diameter. The constants
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A and B to B¢ are obtained from [4] and take the following values: A = 9.34 X 104 for
IGBT4 modules, [B1, ..., Be] = [—4.416,1.285 x 103, —0.463, —0.716, —0.761, —0.5].

For each operating point in Figure 5, different values of N ; and n; are calculated using
the rainflow counting algorithms. Here, 1; is the number of cycles experienced annually,
and Ny, is the number of cycles to failure for ith operating point. Subsequently, the net
accumulated damage corresponding to all the operating point within a year is estimated
from the Miner’s rule [38]:

n;

Ny, i ®)

Annual Damage = 2

1

The number of cycles for each thermal cycling amplitude is obtained from Equation (5).
Figure 10 shows how N typically varies with AT; for constant Tj ;. The number of years
to failure or lifetime (in years) is then calculated as

1
Annual Damage

Lifetime (in years) =

@)

0.8 1 1.2 14 16 18 2 22
log, (A T)

Figure 10. Number of cycles to failure is presented as a function of temperature cycling for a constant
mean junction temperature [21].

To take into account the effects of both long term cycling (daily variation in tidal
velocity) as well as high frequency cycling due to turbulence and waves, the models are
divided into two sections as shown in Figure 11. Multiplying the fatigue for each operating
point with the probability of occurrence of each operating point, the net fatigue in the year
is calculated. From this information, the number of years to failure is estimated.

Low frequency cycling
T AT Long-term
fdean T Velocity Long-term tidal velocity Los: mr=r Damage
lean Tide Velocity (in ) ]
profile Converter Thermal Lifetime
steps of 0.2 m/s from (Averaged daily/monthly| =] PTOModel -% Model "1 Model
05-33mfs) tidal profile)
Z Total Lifetime
Consumption
M Short-term tidal velocity
Turbulence Intensity z profile B3l 1o Model Loss Converter Thermal Lifetime
(Stochastic 20 min tidal Model Model Short-term
profile)
Tn, AT Damage
urface Wave induced ngh f requency.cy Clmg
oscillations

Figure 11. Methodology for lifetime calculations: low and high frequency thermal cycling. Image
adapted from [2].

To simplify the calculations, the following assumptions are made.
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e  The ambient seawater temperature throughout the year is assumed to be 15 °C. This
is the maximum temperature at the Orkney (UK) tidal site [55].

* A constant turbulence value has been used for each mean tidal velocity, as described
in Appendix A.

e  The performance of the turbine is same during the flood and ebb tides [2].

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

e  Effects of varying reactive power on the thermal cycling of the grid-side converter
have been neglected. A constant value (0.9) is assumed [21].

5. Thermal Models for Active and Passive Cooling Systems

In this section a brief explanation is given of how the active (forced-water cooling)
and passive cooling systems are modelled into the thermal models for the IGBT modules in
a submerged power converter. Furthermore, the specifications of the two cooling systems
are also presented, along with necessary assumptions made in the thermal models.

In both active and passive systems, constant thermal resistances (junction-to-case)
for the IGBT module are used in this study. In practice, this thermal resistance varies
with the temperature [56]. However, when combined with the case-to-ambient thermal
resistance, the net variation in junction-to-ambient thermal resistance will not be more than
5% for the extremities observed in this case study. In other words, it is possible that the
junction temperature estimation will have an error of 5%. Still, this error is too little to have
significant ramifications for the lifetime analysis conducted in this paper.

5.1. Forced-Water Cooling

For the forced-water cooling system, IGBT modules are mounted on a water cooled
heat sink. The water is circulated in and out of the heat sink using a pump, as shown in
Figure 3. Two different configurations of the forced cooling system were evaluated in this
paper:

*  Six-pass system;

¢  Four-pass system.

Two different forced-water cooling systems are evaluated to demonstrate that further
improvement in lifetime is possible by overrating the heat sink. There is also a possibility
of overrating a heat sink by increasing the flow rate of the coolant. However, the latter is
not investigated here.

In the 6-pass system, three modules (each corresponding to one phase of the generator
side converter) are mounted on a single heat sink. This is shown in Figure 12. In the 4-pass
system, only one phase module is mounted on a single heat sink. The necessary thermal
parameters corresponding to each of these cooling configurations are listed in Table 4. The
heat sinks correspond to the commercial manufacturer Wakefield-Vette [57].

Figure 13 shows the thermal circuit for the IGBT module coupled with the water
cooled heat sink. The combined Cauer-Foster network used in Figure 13 is based on [5,58].
For simplification, uniform heat sink temperatures are assumed for all the modules (IGBTs
as well as diodes) mounted on the same heat sink [45].
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IGBT Modules

Wall Mounted Water
Cooled Heat Sink

O
Water In

O
Water Out

Figure 12. Three phase modules of the generator side converter mounted on a single water cooled
heat sink (6-pass cold plate from Wakefield-Vette). In the case of 4-pass cold plate, only one phase

module is mounted on each cold plate.

Table 4. Forced-water cooling parameters.

Parameter Value
6-pass cold plate
No. of dual IGBT modules per heat sink 3
Rated fluid flow rate 5 litre/min
Fluid inlet temperature 15°C
Thermal resistance Ry, ., 0.01 K/W
Thermal capacitance 1930 W.s/K

Cold plate dimensions

0.304m x 0.177 m x 0.0152 m

4-pass cold plate

No. of dual IGBT modules per heat sink 1
Rated fluid flow rate 5 litre/min
Fluid inlet temperature 15°C
Thermal resistance Ry, ., 0.02K/W
Thermal capacitance 690 W.s/K
Cold plate dimensions 0.152m x 0.127 m x 0.0152 m

Module 4 Layer - Foster Model
(From Datasheet)

Tamb

IGBT module Liquid Cold
1-layer Cauer Model plate

]

Case Temperature

Tamb Ambient
temperature

Figure 13. Thermal circuit for determining IGBT and diode junction temperatures in an actively
cooled converter, adapted from [5]. T}, shown in the figure, is the junction temperature of interest in
the lifetime model used in this paper. This T; can correspond to either the junction temperature of
the IGBT or the diode, depending on which 4-layer Foster network is used.



Energies 2021, 14, 6457

13 of 25

5.2. Passively Cooled System

Figure 14 shows the placement of the switches in the passively cooled converter. Each
module corresponds to a phase leg of the generator side converter and is mounted on a
separate mounting plate. The mounting plate is made of a thermally conductive material,
such as copper [5]. The dimensions of the mounting plate are listed in Table 5. For sake of
brevity, the detailed modelling of the passive cooling system is omitted here. The system
used here is the same as in [2], and the modelling of the passively cooled system can be
found in the same paper.

Mounting Plates

= & &
: /

| IGBT
! Modules

Sealed
Enclosure

Figure 14. Three phase IGBT modules for generator side converter mounted on the inner walls of
the submerged cabinet via a copper mounting plate. The copper mounting plate minimizes the
spreading thermal resistance [5].

There is an important point of difference between the active and the passive cooling
systems. Whereas in the active cooling system, R;_, (sink-to-ambient thermal resistance)
is assumed to be constant, the same cannot be done in the passively cooled system. The
reason is that the external convective heat transfer coefficient in Figure 15 is a function of the
heat flux from the IGBT power module [5,59]. As a result, the spreading thermal resistances
in the enclosure frame and the mounting plate are modelled as variable resistances in
Figure 15 [5,60].

Table 5. Passive water cooling parameters.

Parameter Value
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 resistance Ry, ., (function of heat
loss) including thermal paste

Thermal capacitance 7862 W-s/K

0.05-0.13 K/W [2]
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Module 4 Layer - Foster Model
(From Datasheet)

Convective
IGBT module Mounting Enclosure  heat transfer
1-layer Cauer Model Plate Frame coefficient

Ploss J‘
i I

Aml:;ient

Wall temperature
temperature

Case Temperature

Figure 15. Thermal circuit for determining IGBT and diode junction temperatures in a passively
cooled converter, from [5]. T;, shown in the figure, is the junction temperature of interest in the
lifetime model used in this paper. This T; can correspond to either the junction temperature of the
IGBT or the diode, depending on which 4-layer Foster network is used.

6. Case Study: Lifetime Analysis of 110 kW Tidal Turbines

In this section, the cooling systems in the submerged power converter for a 110 kW
tidal turbine described in Section 3 are compared. The analysis is divided into two parts.
Section 6.1 compares different cooling systems in terms of mean junction temperatures,
temperature cycling amplitudes, lifetime of the IGBT modules, and annual losses in the
IGBT modules for the active stall-controlled tidal turbine. On the other hand, Section
6.2 compares IGBT lifetimes in pitch-controlled and active stall-controlled turbines. In
both cases, the lifetime of the IGBT modules is taken to be the lifetime of the diodes in the
generator side converter. This is because the lifetime of the diodes on the generator side
converter is the minimum of all IGBTs and diodes in the back-to-back converter shown in
Figure 7 [2].

6.1. Comparison of Different Cooling Systems

Figure 16 demonstrates the speed variation of the generator as a consequence of the
variation in the tidal stream velocity for the active speed stall-controlled turbine. The tidal
velocity variations correspond to a part of Figure 4. Because the velocity at all times in
Figure 16 is greater than the rated speed of 2.5 m/s, the generator power is maintained at
110 kW. Consequently, the rise/fall in the generator speed is reflected by corresponding
fall/rise in the rms value of the generator phase currents, as seen in Figure 17.

45 T : - - - 45

4

N
o

3.5

w
a

3k

)
o

25

N
o

2L

N
(=]

Velocity (m/s)

1.5 7

=
5

Generator Speed (rpm)

1r velocity with turbulence b
— — — velocity with turbulence and wave induced oscillations
rpm with turbulence 7
— — — rpm with turbulence and wave induced oscillations

=
S)

0.5

o

o ‘ ‘ ‘ o
300 310 320 330 340 350 360
Time (s)

Figure 16. 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 [2].
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with turbulence ‘

600 T T T T T
< 400¢ .
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3
5200 |
O 1 1 1 1 1
300 310 320 330 340 350 360
with turbulence and wave induced oscillations
600 T T T T T

1 1 1 1 1

300 310 320 330 340 350 360
Time (s)
Figure 17. Generator phase currents (rms values). The variations in the phase current value are a
direct consequence of the generator speed variations in Figure 16. This also illustrates why an IGBT
module with 600 A rating was selected in this paper. The above graph would have depicted a flat
line (about 380 A) without any velocity oscillations.

Figure 18 shows the estimated lifetime for the IGBT modules including the effects
of turbulence, with and without the impact of surface waves. Clearly, forced-water cool-
ing systems show significantly improved lifetime values over passive cooling systems.
However, this increase in lifetime reduces when waves are also considered, in addition to
turbulence.

200

Il Passive Cooling
I Forced Cooling (6-pass)
Il Forced Cooling (4-pass)

150

100

Lifetime (in years)

50

wi t hout Waves wi th Waves

Figure 18. Estimated lifetime of the IGBT modules on the generator side converter with different
cooling systems.

Even though there seems to be a significant difference in lifetime, the annual IGBT
module losses in the generator side converter do not seem to be that different. This can
be seen in Table 6. The losses in the passive cooling system are higher because higher
junction temperatures also mean more losses in the IGBT modules. Figure 19 shows the
mean junction temperatures as a function of tidal stream velocity. The passive cooling
system has higher thermal resistance (sink-to-ambient) compared to forced-water cooling
systems. Therefore, similar magnitudes of losses result in a higher temperature compared
to the forced-water cooling systems.
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100k|” ¥ = Passive Cooling ‘ *
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90 | —+— Forced Water Cooling (4-pass) ¥ 4
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60

50

40
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0 0.5 1 1.5 2 25 3 3.5
tidal stream velocity (m/s)
Figure 19. Comparison of mean junction temperatures between different cooling systems as a
function of tidal stream velocity. Data for passive cooling is taken from
mbox|[2].

Table 6. Annual loss in the generator side converter for passive and active cooling systems, without

waves.
Cooling System IGBTs Loss (in MWh) Diodes Loss (in MWh)
Passive cooling 2.11 2.53
Forced-wéaoties1 ;?Zg;g (6-pass 1.90 236
Forced-water cooling (4-pass 1.89 235

cold plate)

There is not much difference between the mean temperatures of 4-pass and 6-pass
cooling systems, except at higher tidal velocities. The difference in lifetimes of 6-pass and
4-pass cooling systems is because bulk lifetime consumption also occurs at higher tidal
velocities. This is shown in Figure 20. This predominant lifetime consumption at high ve-
locities is a consequence of the active stall control mechanism. In the active control strategy,
at higher tidal velocities, rated power is delivered at a lower rpm and higher currents. This
means more losses in the IGBT modules and hence more lifetime consumption. In other
words, lifetime consumption below rated tidal speed can be neglected.

100

—————
I Passive Cooling

[ Forced Water Cooling (6-pass)
g0 - | Forced Water Cooling (4-pass)

60 -

40

20 -

Normalized Damage Distribution (%)

L L L L L L L L i . Hmm

R I - I - I N N R

Tidal stream velocity (m/s)

Figure 20. Annual damage distribution between different cooling systems as a function of tidal
stream velocity. The values are normalized with respect to annual damage in passively cooled
systems. Lifetime consumption mostly happens at higher tidal velocities.

Figures 21 and 22 show the diode junction temperature variation corresponding to the
velocity variations in Figure 16. The amplitude of thermal cycling appears similar in all the
three cases. Although passive systems have a higher thermal time constant for the heat
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sink, for cycling of the junction temperature, IGBT/diode thermal capacitances are more

influential.
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Figure 21. Comparison of cooling systems in terms of diode junction temperature cycling considering
only turbulence in tidal stream velocity shown in Figure 16. This plot only corresponds to a time
duration of 60 s under certain turbulence conditions. Results at different time instants and different
values of mean tidal velocity and turbulence will give different values.

From the above discussion, we conclude that the difference in the lifetime for different
cooling systems is primarily due to the difference in mean junction temperatures, and not
so much due to thermal cycling. This is shown more clearly in Figure 23. On the other
hand, considering the same cooling system, the lifetime reduction when including waves
is due to the higher amplitude of thermal cycling.
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Figure 22. Comparison of cooling systems in terms of diode junction temperature cycling considering

both turbulence and waves in tidal stream velocity shown in Figure 16.
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Figure 23. Diode junction temperature swing for different cooling systems at mean velocity of
3.3m/s and TI value of 13%. Temperature swing is shown without waves and with a wave of

=5.75m and Ty = 11 s. For different cooling systems with same wave conditions, the temperature
swing is nearly the same, albeit with a difference in mean temperatures. However, for the same
cooling system, with and without waves, the mean temperature is the same but with a difference in

temperature swing. PC—passive cooling; FWC—forced-water cooling.

6.2. Comparing Active Speed Stall and Pitch Control

Here, the comparison of the lifetime of IGBT modules in active stall- and pitch-
controlled turbines is given. This analysis has only been done considering the forced-water
cooling (6-pass coldplate) system. Table 7 shows the lifetime values for pitch and active
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stall turbines. Lifetime values of pitch-controlled turbines are large because the device
(IGBT) selection was done considering the active stall control (i.e., at high rms current
values). The main reason for this is the lower mean junction temperature and temperature
cycling experienced in pitch-controlled turbines, especially at higher tidal velocities, see
Figure 24. Because the IGBT was overrated for the pitch-controlled turbine, it can be said
that overrating the IGBT also improves the lifetime.

Table 7. IGBT lifetime comparison between active speed stall-controlled and pitch-controlled tur-
bines.

Turbine Lifetime (in years)
Active speed stall control 55
Pitch control 30 x 103

60
— © — active speed stall control
— 3 — pitch control
50 B
o]
P
,e
G4or Je) ]
= g,'*- = ¥
e %
=1
E3of P F
)
o
£ g
F oot @ & Q'Q
& ®®-
10 -
0 . . . . . .
0 0.5 1 15 2 25 3 3.5

tidal stream velocity (m/s)

Figure 24. Mean junction temperatures of the diode (in the generator side converter) as a function of
tidal stream velocity. Both turbines deliver the same power, albeit at different generator speeds. Below
2.5 m/s, active stall-controlled turbine operates at higher speed and thus has a lower temperature.
Above 2.5 m/s, pitch-controlled turbine runs at higher speed. See Figure 6.

For the similar power rating and turbine size, pitch-controlled turbines draw a lower
phase current above the rated speed because of smaller oscillations and a higher mean value
of generator speed (see Figures 25 and 26). Consequently, the diode junction temperature
has a lower mean value and lower amplitude of temperature cycling, as seen in Figure 27.
Another point to note is the distribution of the lifetime damage with respect to the tidal
stream velocity in active speed stall and pitch-controlled turbines, as shown in Figure 28.
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Figure 25. Variation of generator speed as a function of change in tidal stream velocity in a pitch-
controlled turbine. Compare this with the generator speed variations in Figure 16.
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Figure 26. Generator phase currents (rms values) in the active speed stall- and the pitch-controlled

turbine, under the influence of turbulence and wave-induced tidal stream velocity oscillation (as
shown in Figure 4).
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Figure 27. Comparison of the diode junction temperatures in turbines with active stall control
and pitch control. It is clearly seen that pitch control mitigates the diode temperature cycling by
maintaining nearly the same current even under significant wave-induced oscillations by virtue of
maintaining nearly the same generator speed.
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Figure 28. Damage distribution in active stall-controlled and pitch-controlled turbines (each normal-
ized to 100%). Overall IGBT lifetime in the pitch-controlled turbine is much higher than in the active
stall-controlled turbine. Whereas the lifetime consumption is concentrated at higher tidal velocities
in the active stall-controlled turbine, it is more distributed in the pitch-controlled turbine.
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7. Conclusions

In this paper, active and passive cooling systems for TST converters were compared
based on the useful lifetime. The cooling systems were compared for the active stall-
controlled as well as pitch-controlled tidal turbines. The comparison assumed thermal
cycling as the main failure mode in IGBT modules. The results indicate that the forced-
water cooling (active) system can yield a significant improvement in the lifetime of IGBT
modules over passive systems; this result is valid for stall-controlled as well as pitch-
controlled turbines. This improvement is primarily due to the decrease in the mean
junction temperature of the IGBT modules rather than the decrease in the amplitude of
thermal cycling. In other words, the amplitude of the thermal cycling is determined by the
IGBT thermal capacitance (junction-to-case) and not the capacitance of the cooling system.
When comparing the stall-controlled and pitch-controlled turbines, it was observed that
the lifetime of the IGBT modules increases significantly when pitch control is used instead
of the active stall control. Furthermore, in the pitch-controlled turbine, lifetime damage is
more widespread over the tidal velocity range rather than just being concentrated at higher
tidal velocities, as is the case in the active stall-controlled turbine. These conclusions hold
true irrespective of the type of cooling system used in the converter.

Compared to the active cooling system, the passive cooling system is inherently more
reliable, but it results in a lower estimated lifetime of IGBT modules. However, through
this work, it is shown that passive cooling systems can still achieve acceptable lifetimes in
TST converters and hence must be considered in future TST systems to lower the cost of
levelized energy.

In the future, for a better understanding of the performance of cooling systems, it is
important that the effect of natural processes, such as biofouling on the converter cabinet
surface, is also investigated. This study neglected any deterioration in the cooling efficiency
of the system over time due to biofouling. A way forward could be to estimate a reliable
safety factor to account for the effects of biofouling, as such processes are generally difficult
to model and heavily dependent on site conditions.
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Appendix A
Appendix A.1. Mean Tidal Velocity

A typical tidal site with the frequency of occurrence as a function of tidal stream
velocity is shown in Figure A1 [2].
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Figure A1. Tidal velocity distribution at EMEC site, Orkney [61].

Appendix A.2. Turbulence in the Sea

Different values of turbulence intensity (TI) are used for flood and ebb tides [2,62].
Table A1 lists TI values used in this paper. Please note that this analysis only uses the
average value of TL; in reality, different values of TI are possible for the same mean tidal
velocity.

Table Al. TI values used to generate time series of tidal stream velocity [2].

Mean Velocity Range (m/s) Mean TI Values (%)
Ebb tide
05<a<11 13.9
13<a<33 11.7
Flood tide
05<a<11 14.5
13<a<33 12.0

Appendix A.3. Surface Waves

The surface wave conditions used in this analysis are listed in Tables A2 and A3, with
their probability densities [2]. JONSWAP spectrum is chosen for the surface waves, in
accordance with [2,63], with a peak enhancement factor, v = 3.3 [2,34].

The probabilities are given to ensure all waves are included in proportion to their
occurrence; neglecting this could result in grossly miscalculated lifetime values. In addition,
because different wave conditions occur in summer and winter, two probability density
tables, each corresponding to a representative summer (May) and winter month (Nov),
were used in this study [64].

Table A2. Probability density (%) of waves according to significant wave heights (Hs) and peak time periods (Tp) for May

2009 at Orkney [2].
Tp(s), 0.25 0.75 1.25 1.75 2.25 2.75 3.25 3.75 4.25 4.75 5.25 5.75 6.25
Hs(m) . . . . . . . . . . .
3 6.92 2.82 2.35 0 0 0 0 0 0 0 0 0 0
5 497 0.27 0.87 0.47 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 0.34 0.2 0 0.94 0.87 0.40 0 0 0 0
11 2.48 3.76 4.77 6.72 6.18 3.96 2.08 0.07 1.61 0.27 0.27 0.13 0
13 047 1.07 2.89 491 2.22 2.01 4.57 4.30 0.27 0 0 0.13 0.20
15 047 0.67 0.13 0.34 0 0.20 0.13 2.55 0.87 0.40 0.20 0.34 0
17 0 0 0 0 0 0 0.13 0.26 1.14 0 0 0 0
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Table A3. Probability density (%) of waves according to significant wave heights (Hs) and peak time periods (Tp) for

November 2009 at Orkney [2].

Tp(s), 0.25 0.75 1.25 1.75 2.25 2.75 3.25 3.75 4.25 4.75 5.25 5.75 6.25
Hs(m)
3 0 0.27 222 0 0 0 0 0 0 0 0 0 0
5 0 0.69 6.11 1.04 1.32 0.07 0 0 0 0 0 0 0
7 0 0 0.55 1.25 1.87 3.61 2.22 0.42 0 0 0 0 0
9 0 0 0.83 0 0.35 0.76 1.53 1.11 0 0 0 0 0
11 0 2.64 3.40 7.22 7.29 0.35 0 0 0 0 0 0 0
13 0 2.15 2.29 4.30 13.95 10.07 2.78 0.69 0 0 0 0 0
15 0 0 1.46 0.63 1.18 7.5 1.87 1.39 0 0 0 0 0
17 0 0 0.21 0 0 0.35 2.01 0 0 0 0 0 0
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