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Abstract

Submodules are the building blocks for MMC-type HVDC converters and therefore of utmost impor-
tance for converter reliability. In order to unlock smarter maintenance strategies for submodule semi-
conductors, the technical condition of the semiconductors needs to be estimated to form a health index.
Besides the non-project-specific traditional health index methods, a complete practical implementable
data-driven lifetime estimation approach for individual converters is needed to determine the exact re-
maining useful lifetime of all submodule semiconductors. The methodologies should finally explore a
new research direction in the optimization of the converter lifetime considering maintenance intervals.

This thesis presents a health index methodology applicable to submodule semiconductors in mod-
ernMMC-type HVDC converters. TheON-state collector-emitter voltage is used as a condition indicator
and external influences are neglected with electrical and thermal models. These models are needed to
estimate the junction temperature in the submodule semiconductors due to the temperature-dependent
ON-state collector-emitter voltage.

A novel lifetime optimization methodology is presented that determines the submodule that is near
its end-of-lifetime and should be replaced in the next maintenance interval. In order to optimize the
converter lifetime, the selected submodule is switched more frequently based on a selection window
generated from the submodule insertion vector. Switching this submodule more frequently can en-
sure that it fails exactly at a determined time instant and allows other submodules to be switched less
frequently extending their remaining useful lifetime.

Finally, a complete data-driven lifetime estimation methodology has been described that uses avail-
able measurements in existing MMC-type HVDC converters. Based on the converter load profile and
the semiconductor specifications, estimations are made on the submodule semiconductors’ lifetime.
Simulations show the significant influence of the DC-current based on different voltage class semicon-
ductors and their limitations considering obtaining the minimum required lifetime.
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1
Introduction

The energy transition poses many different challenges to the electrical transmission system. While
previously the electrical network was built to connect centrally located generation units to customers,
nowadays renewable energy sources are being installed depending on the energy source availability.
The energy resource usable for geographic areas depends on the local climate, where e.g. hydro-
powered energy is preferred for mountainous areas while photovoltaic plants can be used for a desert
landscape. Although many different energy resources are needed to produce constant renewable
energy, the distance between those locational preferred energy resources is large. Long-distance bulk
energy transport is therefore even more relevant in the future. The technology used is a High-Voltage
Direct Current (HVDC) transmission system consisting of two converters and conductors.

This development emphasizes the importance of HVDC transmission systems in the modern en-
ergy system as these will form the backbone of the existing Alternating Current (AC) transport system.
The reliability of those transmission systems is therefore of utmost importance and should be carefully
considered. Unexpected outages of critical nodes in the system can cause large-scale blackouts.

In the last years, Modular-Multilevel Converters (MMC) have replaced line-commutated convert-
ers as a preferred technology for transferring renewable energy due to benefits, e.g., fully active and
reactive power control, grid forming capabilities, and reduced harmonic distortion.

1.1. Problem Statement
TenneT TSO is a transmission system operator responsible for the Netherlands and a large part of
Germany. A remarkable cost difference in maintenance costs is observed by TenneT TSO between
onshore- and offshore-located HVDC converters. Maintenance to onshore converters is cheaper be-
cause the stations can be accessed more easily compared to budget-wise expensive maintenance
offshore converters. These offshore converters are placed on platforms and preferably designed to be
operated unmanned to reduce the platform size. Most of the maintenance expenses are due to physical
inspections verifying the condition of converter components. Condition monitoring systems can reduce
the number of required physical inspections and thus reduce subsequent costs. These systems should
be accessible from the mainland - preferably from an office workplace.

TenneT TSO is planning to install at least 14 large-scale offshore MMCs with its 2GW program and
specifications for all condition monitoring systems should be determined before those converters are
built. Adjustments to converters (extra sensor installations, data requests) are almost impossible after
hand-over. Although previous progress has been made with health estimation and condition monitoring
of some converter auxiliary systems, the understanding of the degradation mechanisms of the most
critical elements, the submodule semiconductors, is lacking. Condition indicators for these systems
should be found whereafter a condition monitoring strategy should be developed.

1.2. Existing Framework
Condition monitoring of the submodule semiconductors in MMC belongs to a wider portfolio of health
indexing applied in TSO TenneT. This refers to the estimation of the technical condition of an asset
to enable a data-driven maintenance strategy. It has been decided to change the existing time-based
maintenance strategy, with fixed time intervals, to a more intelligent condition-based maintenance strat-
egy. Information about the asset, such as its operational conditions and operational lifetime, is used in
mathematical formulation to estimate the health of the component. This health is divided into ten levels
indicating the condition of an element as shown in Table 1.1.
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2 Chapter 1. Introduction

Table 1.1: Health index applied in TSO TenneT.

Level Color Definition

1 Purple Within 3 years, 80% chance that the component is irreparably damaged
2 Purple Within 3 years, 50% chance that the component is irreparably damaged
3 Purple Within 3 years, 20% chance that the component is irreparably damaged
4 Red Within 7 years, 80% chance that the component is irreparably damaged
5 Red Within 7 years, 50% chance that the component is irreparably damaged
6 Red Within 7 years, 20% chance that the component is irreparably damaged
7 Orange The component is older than 75% of the average lifetime
8 Orange The component is between 60% and 75% of the average lifetime
9 Green The component is more than 5 years old and less than 60% of the average lifetime
10 Green The component is less than 5 years old

The condition indicators for most existing components are their age and failure rate. These are
weighted in a mathematical summation producing a number representing its health level. TSO TenneT
aims to improve the health framework more intelligently, also taking operational conditions and asset-
specific factors into account. This is an important step since none of the components is identical;
a circuit breaker frequently switching will experience faster deterioration than a circuit breaker less
frequently switching [1].

Although these operational conditions improve the health indexing slightly, taking more indicators
into the mathematical summation is still only applicable for components where lots of historical data are
available. Technical improvements in components over time can alter the determined average lifetimes
and other indicators of similar components already in operation. Discrepancies will occur as the health
index will only be applicable for certain versions of specific components.

In particular, this a is major concern for submodule semiconductors applied in MMC. It is observed
that none of the HVDC converters in TSO TenneT are identical; different manufacturers and sub-
manufacturers are used and technical improvements between the projects are rapid. Sometimes con-
trol system software updates during operation already have a significant influence on the failure rate of
the submodules. A more intelligent condition monitoring methodology should be studied in parallel to
determine the feasibility of project-specific health indexing of submodule semiconductors.

1.3. Scope of the Research
The overall goal of this research is to develop a data-driven health index for MMC submodule semicon-
ductors. This health index shall be used to estimate the remaining lifetime of the semiconductors and
improve submodule maintenance and inspection planning. Besides, the condition indicators compat-
ible with the current way of working in the health index framework, the feasibility of a project-specific
condition monitoring method for submodule semiconductors shall be studied. The method shall be
developed and tested with existing converters if applicable.

Since the developments of MMC and HVDC systems are rapid and difficult to predict, it shall be
determined which submodule semiconductors shows the most potential to be used in future projects.
Based on this the health indexing can be aimed at the most promising technology making it compatible
with futuristic projects that are still under development, but it is preferred that the methodology also
works with all existing converters.

These requirements can be briefly elaborated within the following research questions:

1. Which are the failure mechanisms for the most promising submodule semiconductors?

2. What is the most suitable condition indicator to measure the degradation of the submodule semi-
conductors?

3. How can the technical condition of the submodule semiconductors be estimated with the es-
teemed condition indicator?

4. How can the lifetime of the submodule semiconductors be prolonged or how to utilize this lifetime
more efficiently?
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5. How can a project-specific condition monitoring strategy for submodule semiconductors in MMC-
type HVDC converters be developed?

1.4. Main Results and Thesis Outline
In this thesis, a new health index for MMC submodule semiconductors is presented. Since required
sensors are not installed in existing converters, these can be requested for future projects. A converter
control system update is proposed to optimize the maintenance windows. Lastly, a method to calculate
the remaining lifetime of all individual MMC submodule semiconductors with existing available data is
presented. These outcomes are divided into the following chapters:

Semiconductor Monitoring is the first chapter in which the different HVDC system topologies and
submodule configurations in MMC are discussed. The half-bridge submodule configuration is selected
after comparison with the full-bridge submodule configuration. This is followed by a thorough analysis
of different semiconductors and their housings. Failure modes and observations during degradation
are carefully outlined. A condition monitoring methodology is presented where it is shown that the ON-
state collector-emitter voltage should be measured. An estimation model for this condition indicator is
presented such that external influences are excluded.

Semiconductor Power Losses continues from the condition indicator estimation model to minimize
external influences. The first step is to estimate the average power losses in the IGBT and Free-
Wheeling Diode (FWD) semiconductors. For the IGBT switching losses, a comparison is made be-
tween a linear and non-linear approximation, where the latter is difficult to estimate from available data
in practice. It is shown that the component losses of conventional IGBTs in half-bridge configurated sub-
modules are different in the rectifier- and inverter mode. For Reverse Conducting (RC) IGBT devices],
these losses are more homogeneous for both operation modes.

Converter Thermodynamics is the last step in the condition indicator estimation model to minimize
external influences. The junction temperature steady-state temperature and its fluctuation over the half-
wave AC-cycle is estimated. The steady-state value is explicitly modelled from the heat-sink coolant
inlet temperature since the coolant temperature is measured at specific locations in real converters. It
is shown that bypass FWD experiences the highest overall junction temperature fluctuation, meaning
it degrades fastest without modifications in the gate-driver circuits or over-dimensioning.

Lifetime Optimization outlines a novel MMC inner-control methodology to optimize maintenance
interval utilization. Conventional presented MMC inner-controllers only ensure capacitor voltage bal-
ance while this novel controller also switches the least-healthy submodule more frequently such that it
breaks exactly when the maintenance interval starts. As a result, other submodules are switched less
frequently and therefore have a prolonged remaining useful lifetime.

Reliability Centered Maintenance is the last part where a method is presented to estimate the re-
maining useful lifetime of all semiconductors in an MMC with available measurements provided by real
converters. The model is finally tested on an actual converter where historical data was available. It
is shown that currently, the submodule semiconductors are not the critical element in the converter
considering the designed lifetime.
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Semiconductor Monitoring

As discussed in Chapter 1, the first step of this research is defining the current state-of-the-art for MMC
and HVDC systems. A condition indicator to estimate the health of submodule semiconductors in MMC
should be found applicable for the most promising semiconductor.

This chapter first discusses the HVDC system configurations applied in practice. After this, the MMC
and its characteristics are outlined in more detail followed by a comparison between the most utilised
submodule topologies, the half-bridge and full-bridge circuits. The semiconductors used in these cir-
cuits are compared whereafter the three different housings together with their failure mechanisms and
observations are thoroughly analyzed. Finally, the most suitable condition indicator is determined and
an estimation methodology is presented.

2.1. Converter Station Topologies
Different HVDC system configurations have been used in practice. These can be categorized into
monopolar and bipolar configurations. Both systems are further explained in the following sections.

2.1.1. Monopolar configuration
The monopolar configuration has only one converter unit between the DC terminals and the converter-
transformer. Only one high-voltage insulated conductor is needed as the earth surface or a low-voltage
insulated neutral conductor can be used for the return path. A low voltage insulated conductor is
usually more cost-effective compared to a high voltage insulated conductor because the latter weighs
significantly in the total transmission system costs [2]. A disadvantage of this configuration is the loss
of a single system element requires the system to be shut down because there is only one converter
unit. The current return path distinguishes the system into a symmetrical monopole or an asymmetrical
monopole.

Symmetrical Monopole A symmetrical monopole has a metallic neutral return low-voltage insulated
conductor. The neutral return conductor operates on zero potential which makes its design more
straightforward. The system thus has two conductors insulated for the complete DC voltage with
its converter-transformer connected to the mid-point between the positive and neutral DC conductor.
There is no DC voltage stress on the converter-transformer and this allows therefore more flexibility in
the step-up transformer design.

Assymmetrical monopole Contrary to the symmetrical monopole, only one conductor, rated to the
full DC potential, is required for an asymmetrical monopolar system. The return path consists of the
earth’s surface and is connected to the converters with big electrodes. However, the current through
the physical ground gives often complications with existing infrastructure and environmental constraints
such as the maximum permissible ground current and the eco-system. This monopolar system config-
uration is therefore not a preferred option in practice [3].

2.1.2. Bipolar Configuration
A parallel connection of two monopolar systems results in a bipolar HVDC transmission system con-
figuration. It has two converter units between the two DC high-voltage insulated conductors and the
converter transformer. One DC conductor is rated for positive polarity while the other is negative po-
larity. In case a converter unit or DC conductor is disrupted, the system is still able to transport a

5



6 Chapter 2. Semiconductor Monitoring

significant part of the rated power, depending on factors such as the designed overload capacity [3].
Since both conductors must be rated for the full DC potential, and the cable costs are a significant
part of the total transmission system costs, a bipolar configuration is more expensive compared to a
monopolar configuration [4].

A return conductor connected between the converter units can be used in case the system is un-
balanced. This classifies the configuration into a symmetrical or asymmetrical system.

Symmetrical bipolar The symmetrical bipolar configuration has a return conductor between the pos-
itive and negative DC terminals. This return conductor can be either the physical ground or a metallic
return conductor and is normally grounded at one end of the transmission system [5].

Assymmetrical bipolar An asymmetrical bipolar configuration does not have a current return path
and has a disadvantage when the loads are unbalanced. The two poles do not operate in a balanced
mode [5].

2.2. Modular Multilevel Converter
Each converter unit consists of six arms connected to the three phases of the AC system. The upper
arms connect the highest DC potential terminal to the phases while the lower arms connect the lowest
DC potential terminal to the phases. The arms have DC storage capacitors in series which can be
switched in or bypassed between the AC phase and DC terminal such that a desired waveform can
be generated. A modular multi-level converter consists of many submodules with DC storage capac-
itors and semiconductor switches that can be controlled individually to create a smoother AC voltage
waveform over the submodules. This results in less harmonic distortion and allows for the use of lower
switching frequencies reducing the switching losses [6]. Other advantages of modular multi-level con-
verters are [7]:

• The modularity assures easy scalability in the design process.

• Each submodule offers a simple structure reducing manufacturing costs.

• The output voltage and current ripple are very low due to the many switching devices in series,
this also reduces the total harmonic distortion.

• The high number of series modules allows for many steps thus a lower submodule switching
frequency can be used.

• Extra submodules can be placed in series to increase redundancy when some submodules fail.

2.2.1. Submodule topology
Commonly used submodule configurations are the half-bridge and full-bridge topology [8]. These are
further outlined in the following paragraphs.

Half-bridge The half-bridge configuration has two semiconductor switches and one DC storage ca-
pacitor for temporary energy storage. The semiconductors can be switched in conducting ON-state
Sx = 1 or blocking OFF-state Sx = 0 using a control signal generated in two gate-driving modules inte-
grated into each submodule. An anti-parallel diode prevents damage in the reverse blocking direction
during DC-system faults and can conduct during reverse conducting conditions. If e.g. the arm current
is negative (ixy < 0), the submodule can be bypassed with the anti-parallel diode.

Each submodule semiconductor should be operated such that the voltage over the capacitor re-
mains constant at the desired value. Both semiconductors are operated in a contrary manner such
that the capacitor can not be short-circuited; if S1 is switched in ON-state, S2 is switched in OFF-state.
When S1 is in ON-state for duration τ , the capacitor conducts AC-current ixy and the DC-storage ca-
pacitor voltage Vc rises,

Vc (t+ τ) =
1

C

∫ t+τ

t

ixy (t)S1dt+ Vc (t) , (2.1)
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Figure 2.1: Overview of an MMC with two different submodule configurations depicted. The half-bridge submodule has two
switches and the full-bridge submodule has four switches.

under the condition ixy is positive (entering the top terminal in Figure 2.1) while Vc decreases if ixy is
negative and the submodule is enabled (S1 in ON-state).

This configuration can produce two different submodule voltages, acting as a two-level converter.
Depending on the AC current ixy direction to the capacitor positive terminal, the submodule voltage thus
subsequently charges or discharges. The effect of the possible switching states and current direction
in half-bridge submodules is summarized in Table 2.1.

Table 2.1: Switching states of the half-bridge submodule [8].

Switching State S1 S2 VSM ixy>0 ixy<0

1 1 0 Vc Vc ↑ Vc ↓
2 0 1 0 Vc ≈ Vc ≈

↑ = Increasing, ≈ = No change, ↓ = Decreasing

Full bridge The full-bridge submodule configuration has four semiconductors composed of two par-
allel half-bridge legs. A capacitor between these legs serves for temporary energy storage. Each
semiconductor has anti-parallel diodes to generate the desired voltage during both AC-current ixy direc-
tions, meaning the submodule can be bypassed and inserted. Both switches in the legs are operated
in a complementary manner such that the capacitor cannot be short-circuited. This implies if the top
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switch in a leg is in ON-state (Sx = 1), the bottom switch in this leg shall be in OFF-state (Sx = 0) where
the latter is referred to as Sx. The voltage over the submodule capacitor can be written,

Vc (t+ τ) =
1

C

∫ t+τ

t

(
S1S2 − S1S2

)
ixy (t) dt+ Vc (t) , (2.2)

as a function of these switching states and AC-current ixy. If both are in the complementary state, the
capacitor will charge or discharge depending on which switch is enabled and the direction of ixy.

Using the complementary operation of both switches in the legs with Sx representing the upper
switch and Sx the lower switch makes it a three-level converter. An additional blocking mode is possible
where all four switches are switched to OFF-state (Sx = 0, Sx = 0) which can be used to suppress DC-
fault currents with a negative ixy. The possible submodule output voltages are shown in Table 2.2.

Table 2.2: Switching states of the full-bridge submodule.

Switching state S1 S1 S2 S2 VSM ixy>0 ixy<0

1 1 0 1 0 0 Vc ≈ Vc ≈
2 1 0 0 1 Vc Vc ↑ Vc ↓
3 0 1 1 0 -Vc Vc ↓ Vc ↑
4 0 1 0 1 0 Vc ≈ Vc ≈
BM 0 0 0 0 -Vc N/A Vc ↓

↑ = Increasing, ≈ = No change, ↓ = Decreasing
BM = Blocking mode

Comparison The differences between half-bridge and full-bridge submodule configurations should
be studied to determine the most suitable configuration for future MMC projects. While the half-bridge
configuration operates as a two-quadrant converter, the full-bridge operates as a four-quadrant con-
verter and is able to generate a negative submodule voltage. This is particularly useful in the case
of temporary DC-faults, by inserting a series of negative voltages in between the AC-system voltage
and the faulted DC terminal, the fault impedance approaches zero such that the current stops flowing.
After DC-fault removal, the converter can resume nominal operation by inserting the submodules in a
normal way. This DC-fault blocking capability is a significant advantage from full-bridge submodules to
half-bridge submodules. A comparison between all metrics is shown in Table 2.3.

Table 2.3: Comparison between the two submodule configurations in MMC
used in practice. The major performance metrics are mentioned [8].

Metric Half-bridge SM Full-bridge SM

Output voltage levels 2 3
Max. blocking voltage Vc Vc
IGBT devices 2 4
DC capacitors 1 1
Power losses Low Moderate
DC fault suppression No Yes

While the blocking voltage capability is similar for both submodule configurations, the semiconductor
power losses are higher for full-bridge submodules. This is because the currents pass two semiconduc-
tors compared to a single semiconductor in half-bridge configured submodules. On top of this, double
the amount of semiconductors is needed for the full-bridge submodules which increases the converter
capital expenditures.

The half-bridge submodule is nowadaysmost suitable for offshore applications according to Siemens
Energy [9]. The higher reliability due to the reduced amount of semiconductors compared to the full-
bridge submodule is essential for remote locations. The full-bridge configuration is primarily used for
HVDC systems comprising overhead lines as the fault can be cleared by shortly reversing the line po-
larity thus di-ionizing the arc. As the Multi-Terminal HVDC grids are emerging, these already comprise
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HVDC circuit breakers which makes full-bridge configuration not necessary. This thesis will focus on
the half-bridge configured submodules because of the aforementioned reasons.

2.3. Semiconductor Study
A voltage source converter requires submodule semiconductors that are able to both conduct (Sx = 1)
the arm current and block (Sx = 0) the DC-storage capacitor voltage as controlled by the applied
gate-signal send by the two submodule control modules. These fully-controllable semiconductors are
nowadays in rapid development. The developments and state-of-the-art are briefly summarized in the
following paragraphs.

Gate Turn-off Thyristor The Gate Turn-Off Thyristor (GTO) is a three-terminal semiconductor device
and has been developed in the 1970s [10]. The device can be turned on with a small current pulse
while for turning it off, a large negative current pulse is required. A disadvantage of GTOs is their large
turn-off time limiting the use of high switching frequencies in the modules to 1 kHz. Higher turn-off times
also lead to an increase in switching losses. Moreover, a switching stress reduction network is needed
to decrease dv/dt and di/dt transients and is implemented in the form of a snubber.

As improvement to the GTO, the Integrated Gate-Commutated Thyristor (IGCT) was developed. An
IGCT has its gate integrated next to the thyristor minimizing the parasitic gate inductance [11]. This
reduces undesired induced gate currents and increases the withstand rate of voltage rise (dv/dt) thus
omitting the need for a gate snubber network. The homogeneous switching across the semiconductor
chip area reduces the switching losses compared to a GTO.

Insulated Gate Bipolar Transistor The IGBT is widely used in the industry for voltage source con-
verters and in particular for MMC-type converters. The device is a combination of a bipolar junction
transistor and a field effect transistor, combining the advantages of both devices. This gives the de-
vice a high input impedance at the control gate thus neglecting the need for a high power supply [10].
Whereas the high switching speed from the field effect transistor allows the usage of high switching
frequencies in the IGBT. The bipolar transistor structure further marks withstanding capability against
high voltages and currents. An IGBT device structure allows for easy semiconductor chip paralleling
to increase the current rating of the device.

A promising development is a Reverse-Conducting IGBT (RC-IGBT) developed by Hitachi En-
ergy [12]. This variant has its anti-parallel diode semiconductor chips merged together with the IGBT
semiconductor chips and shows smoother switching waveforms and reduced losses. This device is ex-
pected to be used in future projects. This thesis will focus on the conventional IGBT and the RC-IGBT
variant for the aforementioned advantages and the future outlook.

2.4. Device Structure
The IGBT and FWD semiconductor chips can be positioned in parallel to increase the submodule
current rating. Stacking devices in series chains increases the voltage withstand capability. The amount
of devices in series and parallel is a trade-off between reliability and costs. Stacking many chips in
series increases the module voltage withstand capability such that the submodule can operate with
a higher voltage. This will reduce the number of needed submodules to reach the arm voltage and
significantly reduces the converter capital expenditures. On the other hand, the more semiconductor
chips are stacked in series, the higher the impact of a single failed semiconductor chip; if a single
semiconductor in the chain fails, the whole submodule will be out of service.

There are three semiconductor housing structures used in the industry. These are the wire-bonded,
rigid press-pack, and compliant press-pack structures. Their properties are further explained below
together with their degradation mechanisms [13].

2.4.1. Wire-bonded device
The IGBT semiconductor chips are soldered on directly bonded copper substrates and connected to
the case terminals by wire bonds. Silicon gel is applied to keep the bond wires in place and improve
heat dissipation from the bond wires to the case. The device is cooled from the base plate as cooling
from the top side is not possible due to the placement of the terminals. Wire-bonded devices are older
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and have the disadvantage that they fall into an open-circuit failure mode. This means that a whole
series chain of modules is out of operation in case of failure. A cross-section view of a wire-bonded
IGBT device is shown in Figure 2.2.

Figure 2.2: Side-view of a wire bonded housing structure for IGBT and anti-parallel diode semiconductor chips [13].

The main failure mechanisms for wire-bonded devices are bond-wire degradation and solder layer
degradation [14], [15]. These failuremechanisms are further discussed below together with the physical
process during the degradation till device failure.

Bond-wire degradation Bond-wire degradation can be categorized into complete bond-wire lift-off
and bond-wire heel cracks. When the semiconductor chip heats up during operation, it will expand
according to the Coefficient of Thermal Expansion (CTE). As the aluminum bond wires have a different
CTE than the semiconductor chips, the interface between the bond wire and the semiconductor chips
experiences mechanical stress. This results in small cracks and after many repetitions eventually
lead to a bond wire cut off or heal crack. The electrical resistance of the semiconductor chips will
increase and further result in more heat dissipation in the semiconductor chips. This will increase the
semiconductor chip temperature and the IGBT ON-state collector-emitter voltage.

An experiment was performed on a 1200V/ 50A bond-wire IGBT module by Chen et al. including
two IGBT semiconductor chips and two anti-parallel diode semiconductor chips [16]. The chips were
connected by four bond wires, connected to the chips each in two locations subsequently. The total
collector-emitter voltage drop was determined to be over the IGBT chip and package materials. These
package materials are further divided into terminal resistance, copper layer resistance (between termi-
nal and bond-wire), bond wire resistance, and chip solder layer resistance (below Chip in Figure 2.2).
This proves the ON-state collector-emitter voltage drop incline in case the bond wire resistance in-
creases as a result of degradation. To mimic the bond-wire degradation, different cuts were made in
the bond-wires. The ON-state collector-emitter voltage of the healthy module was measured to be
2164mV, while it increased to 2172mV after one bond wire was cut resulting in one connection left for
this bond wire. The ON-state collector-emitter voltage increased to 2201mV after this bond-wire was
completely cut-off, and increased further to 2213mV after the second bond-wire was also partially cut,
and finally to 2249mV after all four bond-wire feet were cut off. The bond-wire electrical resistance
increased subsequently from 1.37mΩ for the healthy module, to 1.49mΩ after the first cut, to 1.87mΩ
after the second cut, and 2.01mΩ after the third cut and 2.49mΩ after the last cut.

Solder layer degradation The expansion due to the difference in material CTE parameters results in
an increase in heat dissipation. With the solder layer being the most crucial part in the heat conduction
path, it is the layer dominantly to degradation as a result of thermal cycling. Cracks will start to form in
this layer and reduce the heat dissipation capability further. This will lead to a positive feedback process
and eventually to the device’s failure. There are two solder layers, where the solder layer between direct
copper bonded and baseplate is the most prone to failure due to the higher CTE mismatch compared
to the layer between the silicon IGBT chip and direct copper bonded substrate [15].

The study performed by Jia et al. revealed that the solder layer degradation mechanism of bond-
wire IGBTs modules is similar for press-pack IGBTs [17]. It is common that an 5% increase in on-
state collector-emitter voltage and a junction thermal resistance increase of 20% indicate solder-layer
degradation [18].
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2.4.2. Rigid press-pack device
A rigid press-pack device uses contact pressure technology to connect the rigid electrodes with the
IGBT semiconductor chips. Electrode pillars are used for mechanical support and are typically made
of annealed copper with high elastic properties. The housing is hermetically sealed and made from
ceramic material [13]. Pressure is applied externally from the top and bottom side by clamps.

The rigid press-pack devices were developed to improve the open-circuit failure mode. If one of
the IGBT chips fails, a conductive intermetallic consisting of aluminum from adjacent components is
formed, creating a short circuit. In case a press-pack IGBT fails, it falls into a short-circuit failure mode
due to the contact pressure on the device’s top and bottom. An additional submodule bypass switch
is not needed with this failure-mode property. Another advantage of the structure is the possibility of
applying cooling plates both on top and at the bottom of the device.

Figure 2.3: Side-view of a rigid press pack device [13].

During manufacturing, it is almost impossible to have all element dimensions inside the rigid-press
pack device exactly equal. A small difference in the semiconductor chip size or electrode pillar height
contributes to pressure non-uniformity. The external clamping pressure non-ideality adds to this effect
and results in some IGBT chips suspected to have higher clamping pressure and thus takemore current
during ON-state. This will eventually result in device degradation. The exact degradation mechanisms
are assumed to be similar to compliant press-pack devices (both are press-pack devices) and are
summarized in the following section.

2.4.3. Compliant press-pack device
As development to the rigid press-pack devices, compliant devices are made of non-hermetic plastic
housing and have disc springs with higher elastic properties compared to electrode pillars inside the
package [13]. This improves the pressure distribution more evenly over the semiconductor chips and
thus has a better current density rating per IGBT chip and is less susceptible to overpressure on the
semiconductor chips in the centre of the module. External clamping pressure is also applied but is
limited. Those disc springs are bigger in size compared to the electrode pillars used in rigid press-pack
devices, which makes the available area for the IGBT chips smaller thus limiting the package’s total
current conduction capability. The devices are single-sided cooled at the bottom plate due to the spring
connection between top plate and IGBT chip.

Figure 2.4: Side-view of a compliant press pack device [13].

Four degradation mechanisms for press-pack packages are described in more detail. These are
fretting wear degradation, gate-oxide degradation, spring degradation, and lid warping degradation [19].
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Fretting wear degradation Fretting wear degradation is the dominant degradation mechanism of
press-pack devices and is caused by the difference in CTE in the package materials similar to the
main degradation mechanism for wire-bonded devices. However, for press-pack devices, the contact
surfaces between the layers will undergo fretting wear. During power cycling, the internal pressure will
fluctuate which stresses the internal package layers and is amplified specifically for rigid press-pack
devices due to the decreased elastic properties of the electrode pillars compared to the disc springs
used in compliant press-pack devices. This pressure cycling eventually leads to increased contact
layer roughness and thus a higher electrical and thermal contact resistance. The higher thermal contact
resistance will reduce the package’s cooling ability and causes the junction temperature to increase.
This process could eventually lead to thermal runaway of the module.

Jia et al. studied a 1200V/ 50A rigid press-pack IGBT module with two IGBT semiconductor chips
and two FWD semiconductor chips configured as half-bridge [17]. The chips are welded on a directly
bonded copper layer through die-attach solder layers, further welded to a copper baseplate. It is noted
that a 20% increase in junction-to-case thermal resistance and 5% increase in collector-emitter voltage
usually indicates thermal failure due to solder degradation. The experiment showed that the collector-
emitter voltage increased by 4.42% while the junction-to-case thermal resistance increased by roughly
31%.

Huang et al. modeled and did practical accelerated ageing experiments with six IGBTmodules rated
1700V/ 3600A [20]. Solder cracks were observed in the die-attach layer in between the semiconductor
chip and the directly bonded copper layer during power cycling. While one IGBT chip observed an
33% increase in junction-to-case thermal resistance, the other only experienced an 15% increase. The
observed incline in ON-state collector-emitter voltage was respectively 1.8% and 2%.

The effect of fretting damage on a single IGBT chip has less effect on the complete module ON-state
collector-emitter voltage compared to the voltage of the single IGBT chip ON-state collector-emitter
voltage due to the parallel structure. This could explain the variations found by the different researchers
and emphasizes the accuracy requirements.

Gate-oxide degradation Besides fretting damage, gate-oxide degradation is another major failure
mechanism for press-pack IGBT devices. Due to the extrusion of the emitter layer under cyclic stress,
the oxide layer between the gate and the emitter will start deteriorating. This reduces the gate-emitter
electrical resistance causing a leakage current to flow from the gate to the emitter. This process con-
tinues till the gate is not able to supply the current resulting in a gate-emitter voltage decline. The
conductive channel between the gate and emitter will narrow as a result which further increases the
on-state voltage between the collector and emitter. Eventually, this overstress will result in device
failure.

Tinschert et al. did practical experiments with 4.5 kV/ 1600A press-pack IGBT devices [21]. These
devices consisted of many individual IGBT chips and contained anti-parallel diode chips. Eight of the ten
tested devices failed because of gate-oxide degradation and micro arcing during power cycling tests.
Multiple parameter observations were made during the degradation process and moment of failure.
First, a sudden step in ON-state collector-emitter saturation voltage was measured of roughly 4% for a
device while multiple steps were observed for another device of varying magnitude (same order as the
first device) with the last step roughly 30%. Secondly, a significant increase of gate-emitter current was
observed and a decrease of gate-emitter resistance to 80–500 kΩ was seen. Lastly, a reduced blocking
capability was measured where the devices were not able to block the rated voltage anymore. It was
noted that the reduction of gate-emitter resistance will increase the collector-emitter saturation voltage
in all parallel chips inside a module.

Another experiment was performed by Liu et al. in which three 3300V/ 50A press-pack IGBTs were
exposed to power cycling tests [22]. It was observed that the gate surface changed from smooth and
flat before the test, to rough after the test. Also, the gate-emitter resistances drastically decreased
and leakage current increased during the degradation process pointing to the gate-oxide degradation
mechanism. The devices’ gate-emitter resistances were measured 1000MΩ before the test. After
failure, the first device measured a device gate-emitter resistance of 8.7Ω, second 314.6Ω, and third
6.9 kΩ. During the process of degradation, the collector-emitter voltage increased in many small steps
to approximately 30% at the moment of failure, where a high incline of 67–97% in collector-emitter
voltage was observed as the gate driver was not able to supply the required leakage current and the
increase of gate resistance.
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Spring degradation Each IGBT semiconductor chip in press-pack IGBT devices has its gate terminal
connected to one of the module gate driver modules by a special spring construction. This construction
consists of a pin head, pin tube, and a spring where the spring is most susceptible to degradation.
Spring fatigue leads to an increased electric contact resistance between gate terminal and gate driver
module thus increasing the power losses and the temperature at the IGBT chip gate. This temperature
incline results in a higher gate-emitter leakage current [23]. The contact resistance can increase in the
range of 102 to 103 times the initial contact resistance [19]. The higher gate resistance affects the IGBT
switching: the switching time will be longer resulting in higher switching losses and thus a temperature
increase while the higher resistance damps the ringing: smaller collector-emitter voltage gradients and
collector current gradients will be observed. The larger switching time will further increase the switching
losses of the device. The switching performance degradation of a single IGBT semiconductor chip has
little effect on the performance of the whole multi-chip device.

Lid warping degradation The applied external clamping pressure should be extremely uniform for
both press-pack device categories. This holds also for the internal pressure from the springs for com-
pliant press-pack devices. Multi-chip IGBT modules experience lid-warping degradation due to the
temperature gradient inside the module during thermal cycling. This temperature gradient is caused
by the heat conduction parameter that differs horizontally from the inner side of the module to the outer
side. Thermal expansion, therefore, is more significant for the IGBT chips on the inner side compared
to the outer side. This leads to a reduced contact surface and increased electrical contact resistance
for the semiconductor chips on the outer side, thus a reduced current through the outer semiconductor
chips and an increased current through the inner semiconductor chips is experienced. The thermal
resistance for the outer modules will incline as a result of the reduced contact area, which causes a
temperature increase in those semiconductor chips if the power dissipation in those chips decreases
slower than the thermal resistance increases.

A practical experiment together with simulations was performed by Lai et al. on two press-pack
IGBTs rated 3300V/ 1500A [24]. Each device consisted of 30 IGBT chips and 14 FWD chips. All FWD
chips were placed around the square IGBT chip configuration, resulting in 4 IGBT chips positioned in the
corners. By applying an unbalanced external clamping force, lid warping degradation was mimicked
and the expected physical processes were observed. The junction temperature difference between
cells in the centre and the outer ring was measured to be 23degC with an outer chip surface roughness
of 1.27µm with the inner chips being colder. Using finite-element-modelling, a current difference of
15.6A ampere was measured between inner IGBT chips and the 4 corner IGBT chips, with the inner
chips conducting 58.1A and outer chips conducting 42.5A. An accelerated-aging experiment showed
a temperature difference after 6060 cycles of 53.6degC between inner and outer chips with the inner
semiconductor chips being colder. The conduction current density difference was 20.8A, with inner
conducting 58.9A and outer conducting 38.1A. It was observed that the main chip degradation mech-
anism is sliding between chips, which refers to fretting wear damage. However, the main degradation
mechanism is different, it was shown that lid warping degradation significantly contributes to the com-
plete degradation, and because of this, the centre chips are more prone to fretting wear damage as
those withstand higher temperature cycling stress. This process was also observed by Tinschert et
al. with a test performed on 4.5 kV/ 1600A multi-chip press-pack IGBTs but referred to as arcing failure
mechanism [21]. The assessed degradation mechanism was identical and therefore in this research
categorized as lid-warping degradation. A temperature difference of roughly 35degC was determined
from a comparative simulation between inner and outer chips, where the outer chip layer was warmer.

2.5. Monitoring Methodology
It was shown that several degradation mechanisms are observed in the literature. While only wire-
bonded devices suffer from bond-wire degradation, all of them suffer from solder layer degradation.
Besides this, both the press-pack devices additionally endure fretting wear degradation, gate-oxide
degradation, spring degradation, and lid-warping degradation. These damage processes affect sev-
eral device parameters which need to be studied to select a suitable condition indicator for condition
monitoring. This condition indicator should be used to assess the health of the different IGBT devices
used in practice and is further discussed in the following sections.
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2.5.1. Parameter selection
Observed parameter fluctuations due to the discussed degradation mechanisms were experimentally
verified by several researchers. Bond-wire degradation mainly results in a change of ON-state collector-
emitter voltage and a semiconductor chip junction temperature increase. This phenomenon was similar
for solder layer degradation in both press-pack device types. The dominant fretting-wear degradation in
press-pack devicesmainly causes a semiconductor junction temperature increase. This further affected
the ON-state collector-emitter voltage to incline. Gate-oxide degradation was determined to have its
main effect on the device switching behaviour: turn-on time and gate-emitter resistance are mainly
altered but also an increase in ON-state collector-emitter voltage can be measured.

The press-pack device failure modes spring degradation and lid warping degradation were not pri-
marily related to ON-state collector-emitter voltage increase. While spring degradation mainly affects
the switching behaviour and so the device temperature, the increase in ON-state collector-emitter volt-
age is only a secondary consequence. Lid warping degradation was determined as a side-effect of
other degradation mechanisms such as fretting wear. Lid warping degradation was shown to affect the
individual semiconductor chip junction temperatures and currents in multi-chip devices.

Since the most dominant failure modes affect the ON-state collector-emitter voltage, this is the
most suitable parameter to monitor. Another reason is that from an operational perspective, it is only
important to know the condition of the device and its remaining lifetime, whereas the exact degrada-
tion mechanism is irrelevant as IGBT devices can only be replaced per device and not per internal
semiconductor chip due to their complex and tight structure.

2.5.2. External influence
With the condition indicator determined to be the ON-state collector-emitter voltage, external influences
on this condition indicator need to be studied. It is important that deviations in measurements are solely
due to device degradation. First, the theoretical equation will be given followed by a practical approach
using available parameters. Lastly, a methodology is presented to exclude external influences on the
selected condition indicator. The ON-state collector-emitter voltage Vce,on can be written according to
the device geometry and characteristics. In general, this involves many parameters [25],

Vce,on =
2kBT
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µniCox (VG − VTH)
, (2.3)

where kb is the Boltzmann constant, T the junction temperature, WN width of the N+ region, Jc collector-
current density, ni intrinsic carrier concentration, Da ambipolar diffusion coefficient, La ambipolar diffu-
sion length, Lch ambipolar diffusion length, Cox channel length, ρ indicated cell pitch, VG applied gate
voltage, Vth the gate threshold voltage, and µni the inverse layer mobility [26].

It is obvious that Vce,on depends on many parameters subject to the IGBT design which are prone to
intellectual property. In order to establish a generalized mathematical methodology for IGBT condition
assessment that is manufacturer-independent, it is needed to eliminate all operational independent
device design parameters. Although datasheets usually show Vce,on against ic curves for two or three
junction temperatures, a continuous temperature range is needed for operational independent condition
assessment. Using unknown parameter vector x = [x1 x2 x3 x4], curve fitting on

Vce,on = x1 × Ix2
c × log10 (x3 × T ) + x4, (2.4)

has shown to be accurate to obtain the current dependency with extrapolation to a continuous tempera-
ture range. The results as shown in Figure 2.5 are obtained for the Hitachi Energy 5SJA 3000L520300
RC-IGBT device.

These datasets can be used as references representing a healthy device. During operation, ic and
Tj should be obtained and the measured Vce,on can be compared to the device reference dataset. If
deviation to ranges specified in section 2.4 are recognized, the device undergoes degradation and the
deviations between different IGBTs in an MMC can be compared to estimate the relative health.

The advantage of using this methodology is that only a junction temperature estimation is needed
instead of accurate computation. The junction temperature estimation methodology is explained in the
following section.
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Figure 2.5: Extracted reference model for a healthy 5SJA 3000L520300 RC-IGBT module with a continuous junction
temperature Tj range based on the datasheet with two given temperatures.

2.6. Estimation Model
Obviously, the junction temperature in all submodule semiconductors in an MMC should be estimated
during condition monitoring. If a measured Vce,on is compared to its reference value both should be
computed at the same junction temperature Tj and collector current ic. Since the arm current, if a semi-
conductor switch is enabled (Sx = 1) equal to the collector current, can be easily measured, the focus
will be on the junction temperature estimation. The junction temperature is a result of semiconductor
power losses which are dissipated into heat [27]. This causes a temperature drop over the semiconduc-
tor housing between the chip and the module case. These power losses should be estimated based
on the submodule arm-current ixy and the device characteristics. The semiconductor housing’s abso-
lute temperature is affected by the cooling system: the more heat energy is removed from the module
case, the lower the junction temperature will be. The cooling system thermodynamic performance is
therefore the last step in the junction temperature determination process.

The complete methodology for junction temperature Tj estimation in all submodule semiconductors
is presented in Figure 2.6.

The estimation methodology is divided into two chapters, each focusing on a different aspect of the
methodology.

Semiconductor power losses describes the power loss estimation in each semiconductor. These
losses depend on the current through each semiconductor device and its loss characteristics. Since
the current through each semiconductor is not measured, this should be estimated from the converter’s
set points. The focus in this chapter has been on set points that are available in higher levels of the
converter control system, implying that the methodology can be used in real projects.

Converter thermodynamics specifies the semiconductor junction temperature estimation as a result
of the semiconductor power losses. The steady-state temperature and a ripple due to the half-wave
AC cycles are examined. The steady-state value depends on the heat-sink performance connected
to the submodule semiconductor. As there are only temperature sensors at each converter tower, the
heat-sink temperatures have to be estimated. The focus here is on a general methodology where the
cooling system configuration can be different.
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Figure 2.6: Methodology to estimate the junction temperature of each submodule semiconductor.



3
Semiconductor Power Losses

In this chapter, the power losses in all submodule semiconductors are estimated. These power losses
depend on the device’s current and the device’s loss characteristics. Since there are no current sen-
sors installed directly to the semiconductors, the estimation is based on higher level parameters that
are widely available in converter control systems such as the DC-pole current. Analysis is performed
between a linear- and non-linear computation of the switching losses, where the feasibility of obtaining
necessary parameters with real components is assessed. This is particularly useful to assure a general
estimation process applicable to different converter vendors and semiconductor manufacturers. Finally,
the semiconductor power losses in half-bridge submodules are compared for a converter operating in
rectifier mode and a converter operating in inverter mode where the differences are discussed.

3.1. Submodule Analysis
The first step in the power loss estimation process is the computation of the current through each
submodule semiconductor. Average and RMS currents through each semiconductors in half-bridge
configuration can be calculated using the operational conditions of the converter, also referred to as
mission profile in literature [28], [29]. A symmetrical monopolar system is assumed for the analysis
for simplicity. The results can be easily adjusted for a symmetrical bipolar system under steady-state
operation. Here, the DC-pole voltage will be half of the value for a symmetrical bipolar system. With
the three AC phases being symmetrical, only one of them has been used (va, ia). First, the voltage and
current for a single phase in the AC system can be written as:

va (t) =Em sin (ωnt)

ia (t) =Im sin (ωnt+ θ)
(3.1)

with Em and Im representing the respective amplitude. Supposing inverter operation, where the DC
current Idc flows into the positive terminal of the upper arm and out of the negative terminal of the lower
arm, the currents through the upper arm iau and lower arm iial,

iau (t) =
Idc
3

+
ia (t)

2

ial (t) =
Idc
3

− ia (t)

2
,

(3.2)

both contain a DC- and an AC component. By substituting ia (t) from (3.1) into (3.5) and using current
ratio k = 3Im/2Idc, the arm currents can we written as function of variables ωn, θ, and Idc,

iau (t) = [1 + k sin (ωnt+ θ)]
Idc
3

ial (t) = [1− k sin (ωnt+ θ)]
Idc
3

,

(3.3)

which can be measured at the converter terminals and assures the methodology can be applied in
practice since these are widely available in converter control systems. In order to generate a sinusoidal
waveform on the AC side from constant DC voltage, the arm voltages should be sinusoidal with the
upper and lower arm voltages 180 out of phase. These upper uau (t) and lower arm ual (t) voltages,

uau (t) =
Udc

2
− va (t)

ual (t) =
Udc

2
+ va (t) ,

(3.4)
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also contain a DC- and AC component but are perpendicular to the respective arm-current AC com-
ponent. Assuming that the number of submodules per arm is sufficient to neglect non-fundamental
harmonics in the sinusoidal waveforms, va (t) from (3.1) can be substituted into (3.5), and by using
modulation index m = 2Em/Udc, the arm voltages can be rewritten to:

uau (t) = [1−m sin (ωnt)]
Udc

2

ual (t) = [1 +m sin (ωnt)]
Udc

2

(3.5)

In order to generate a sinusoidal arm voltage, half-bridge submodules can be enabled giving V SM = V c
or bypassed resulting in V SM = 0. The number of modules enabled in the upper arm nau (t) and lower
arm nal (t) depends on the sinusoidal arm voltage amplitudes uau (t) and ual (t),

nau (t) =
uau (t)

Uc
= n [1−m sin (ωnt)]

nal (t) =
ual (t)

Uc
= n [1 +m sin (ωnt)] ,

(3.6)

and can further be written as a function of the number of submodules 2n in an arm. This number should
be large enough to neglect non-fundamental harmonics in the arm voltages and rounded to an integer
value. Multiple submodule insertion strategies exist so that an expression for the current through an
individual submodule is complex. Under the reasonable assumption that all submodules are inserted
evenly over time, the probability of an enabled submodule pau (t) in the upper arm and pal (t) in the
lower arm can be calculated with the average number of submodules enabled in an arm nau (t), nal (t)
and the total number of modules in this arm 2n,

pau (t) =
nau (t)

2n
=

1−m sin (ωnt)

2

pal (t) =
nal (t)

2n
=

1 +m sin (ωnt)

2
,

(3.7)

which can be seen as depending on the modulation index m and AC-system angular frequency ωn.
From the energy conservation relationship neglecting the losses in MMC,

UdcIdc
3

=
ImEm cos (θ)

2
, (3.8)

which describes the power balance between the AC- and DC-side of the converter and modulation
index, it is possible to write current-ratio k,

k =
2

m cos (θ)
, (3.9)

from the converter set points available in the control system. Each semiconductor (IGBT or FWD) in
a half-bridge configuration conducts in a half-wave AC period depending on the AC-current direction
and the submodule voltage state VSM (enabled or bypassed). When the submodule is bypassed, T2
is conducting when ixy> 0 while D2 conducts when ixy< 0. The other semiconductors (T1 and D1)
follow a similar methodology depending on the submodule insertion state and AC-current ixy direction.
Trigonometric formulae can be used to solve the arm current zero crossings iau (t) = 0 and ial (t) = 0
from (3.3). If the converter operates in inverter mode, the arm-current zero crossings are calculated
using,

ωnt1 =− θ − arcsin 1

k

ωnt2 =− θ + π + arcsin 1

k
,

(3.10)

while in the same operational mode these arm-current zero crossings are in the lower arm:

ωnt1 =− θ + arcsin 1

k

ωnt2 =− θ + π − arcsin 1

k

(3.11)
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If the converter operates in rectifier mode, these zero-crosings in the upper-arm are,

ωnt1 =− θ + arcsin 1

k

ωnt2 =− θ + π − arcsin 1

k
,

(3.12)

while in the lower arm these are computed using:

ωnt1 =− θ − arcsin 1

k

ωnt2 =− θ + π + arcsin 1

k

(3.13)

The resulting average and RMS-squared currents can be calculated by multiplying the current through
the module (3.3) with the semiconductor conduction probability (3.7) and integrating over the time-
period determined previously. In this example only the inverter operation and the upper arm is elab-
orated since the other modes can be computed using the same methodology. The average current
through each submodule semiconductor can be computed here:

IT1,av =
1

2π

∫ ωnt1+2π

ωnt2

Idc
3

[1 + k sin (ωnt+ θ)]
1−m sin (ωnt)

2
dωnt

IT2,av =
1

2π

∫ ωnt2

ωnt1

Idc
3

[1 + k sin (ωnt+ θ)]
1 +m sin (ωnt)

2
dωnt

ID1,av =
1

2π

∫ ωnt2

ωnt1

Idc
3

[1 + k sin (ωnt+ θ)]
1−m sin (ωnt)

2
dωnt

ID2,av =
1

2π

∫ ωnt1+2π

ωnt2

Idc
3

[1 + k sin (ωnt+ θ)]
1 +m sin (ωnt)

2
dωnt

(3.14)

While finally the RMS-squared current through each submodule semiconductor can be computed using:

I2T1,rms =
1

2π

∫ ωnt1+2π

ωnt2

I2dc
9

[1 + k sin (ωnt+ θ)]
2 1−m sin (ωnt)

2
dωnt

I2T2,rms =
1

2π

∫ ωnt2

ωnt1

I2dc
9

[1 + k sin (ωnt+ θ)]
2 1 +m sin (ωnt)

2
dωnt

I2D1,rms =
1

2π

∫ ωnt2

ωnt1

I2dc
9

[1 + k sin (ωnt+ θ)]
2 1−m sin (ωnt)

2
dωnt

I2D2,rms =
1

2π

∫ ωnt1+2π

ωnt2

I2dc
9

[1 + k sin (ωnt+ θ)]
2 1 +m sin (ωnt)

2
dωnt

(3.15)

3.2. Device Losses
With the average and RMS-squared currents determined through each submodule semiconductor, the
power losses can be calculated. These power losses are dissipated into heat and propagate from the
semiconductor chip junctions to the device case. There are four types of power losses in IGBT and
FWD semiconductors:

• Conduction losses: During ON-state, both IGBT and FWD semiconductors dissipate power due
to a small voltage drop over the non-ideal devices causing conduction losses.

• Blocking losses: In OFF-state, both IGBT and FWD semiconductors suffer from a small leakage
current through the devices which causes blocking losses.

• Switching losses: During the transition between both states, the IGBT experiences switching
losses as a result of a non-ideal transition.

• Reverse recovery losses: When switching from ON-state to OFF-state, the FWD experiences
reverse recovery losses as a result of a non-ideal transition.
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Because of the very-short on-time (time duration of the transition from OFF-state to ON-state) and
the very small FWD reverse blocking current, the turn-on losses, as of switching from OFF-state to
ON-state, and blocking losses for the FWD can be neglected [30]. Similarly, the blocking losses for the
IGBT are very small such that these can also be neglected. For both devices, the drive losses (from the
gate signal) have been excluded since this does not directly affect the junction temperature. Besides,
these losses can be neglected due to their low contribution to the total losses [30]. The computation
for the conduction losses, switching losses, and reverse-recovery (FWD switching) losses is further
explained in the following sections.

3.2.1. Conduction losses
The conduction losses for IGBT and FWD semiconductors are caused by a small voltage drop over the
devices during the device ON-state. This voltage drop is represented by the non-linear voltage-current
characteristics. This dependency can be approximated using first-, second-, or higher-order polynomi-
als. For an 5SNA 1200G450300 Hitachi Energy IGBT device it was shown that a first-order polynomial
approximation is sufficient to match real datasheet curves [31], while in section 2.5.2 a different order
approximation with temperature dependency was used for the 5SJA 3000L520300 Hitachi Energy RC-
IGBT module. For a first-order approximation, the IGBT ON-state collector-emitter voltage Vce,on and
the FWD forward voltage VF can be written as:

Vce,on =Vce,on,0 +Rcic

VF =VF,0 +RF iF
(3.16)

with Vce,on,0 and VF,0 representing the conduction state zero-current forward voltage drop of the respec-
tive semiconductor, while Rc and RF are the conduction state resistances. The temperature depen-
dency of these resistances is neglected in this first-order approximation. The instantaneous power
dissipation equals the convolution of current and voltage while the average conduction power loss for
the IGBT and FWD semiconductors during one AC fundamental frequency cycle,

P c,T/D =
1

2π

∫ 2π

0

Vce,on,0ic +Rci
2
c dωt, (3.17)

is calculated by the multiplication of (3.16) with the collector-current ic. The resulting average conduc-
tion losses for the IGBT and FWD semiconductors (device x) is therefore:

Pc,T/D = |Iav,x|V0,x +R0,xI
2
rms,x (3.18)

with Iav,x representing the average current through the device, V0,x the forward device voltage, R0,x the
conduction state resistance, and Irms,x the RMS current through the device.

3.2.2. Switching losses
An IGBT semiconductor suffers from switching losses when the device switches between the conduc-
tion (Sx = 1) and blocking state (Sx = 0) due to a non-ideal transition; voltage over the device and
current through the device do not change instantly.

Switching process A general illustration of the voltage and current of an IGBT device during switch-
ing from OFF-state to ON-state is shown in Figure 3.1

The analytical evaluation of the switching process is adopted fromTu et al. in [33]. An IGBT operates
in its cut-off region when it is in a blocking state. In order to switch the IGBT to a conduction state, a
positive voltage VGG is applied to the gate, with respect to the emitter. This voltage charges non-linear
parasitic gate-collector Cgc (Miller) and gate-emitter Cge capacitances, seen in parallel from the gate
as Cies and rises until it reaches gate-threshold voltage Vth. Under the assumption that the impedance
effect from the parasitic gate inductance Lg is much smaller compared to the gate resistance Rg, the
gate-emitter voltage rise,

Vge (t) = (Vg,0 − VM ) e
−t

RgCies , (3.19)

is exponential and depends on the gate resistance Rg, Cies, and the Miller plateau voltage VM. When
Vth has been reached, the MOS channel has been built, and collector current Ic starts to flow. At first,
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Figure 3.1: IGBT voltage and current during switching from OFF-state to ON-state [32].

Vce is much bigger than Vge such that the MOS channel is saturated and the IGBT operates in the active
region. The collector current rise can be expressed as the time-derivative of the current in the active
region,

Ic =K (Vge − Vth)
2

dic
dt

=2K (Vge − Vth)
dVge

dt
,

(3.20)

with K representing the specific transconductance depending on the device geometry and electrophysi-
cal parameters. The current flowing through the gate thus charges Cies. This current can be expressed
as,

Ig = Cies
dVge

dt
=

VGG − Vge

Rg
, (3.21)

and results in a voltage drop (VGG - Vge) over the gate-resistor Rg. Substituting dVge/dt from (3.21) into
(3.20) gives the expression of the collector current rise when Vth has been reached,

dic
dt

=
2K (Vge − Vth) (VGG − Vge)

RgCies
(3.22)

indicating that the rise of collector-current depends on the applied gate-voltage VGG resulting in gate-
emitter voltage Vge, Vth, Rg, and Cies. The lower the gate resistance, the higher the rise in collector
current, thus the faster the IGBT turns on. Meanwhile, Vce has a slight drop as a result of this rising Ic
through the stray series inductance Ls:

∆Vce,1 = Ls
dic
dt

(3.23)

The energy loss in this turn-on region can be approximated using,

Eon,1 =

∫ t3

t1

(Vce −∆Vce) icdt (3.24)

and thus significantly depends on the gate-resistor Rg and parasitic capacitance Cies.
With the FWD parallel to the IGBT, implying (IL = Ic + Id), a rise in collector-current results in a similar

decline in forward diode current for inductive current switching. This means the FWD turns off with
diF /dt = −dic/dt and enters reverse recovery with a reverse peak current of Irr. The reverse-recovery
charge,

Qr =
Irr (ta + tb)

2
=

Irrta (1 + S)

2
, (3.25)

is the average loss between reaching the reverse-recovery peak current at time ta and leaving the
reverse-recovery region after time tb. Snappiness factor (S = tb/ta) is defined as the ratio between
these time instants. A higher Snappiness factor means the total reverse-recovery time (ta + tb) is
longer such that the diode has more time to leave the reverse-conducting region and gradient stress
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on the device is lower. As diF /dt is assumed constant, the reverse-current peak amplitude Irr can be
approximated at ta,

Irr = ta
diF
dt

=

√
2

1 + S
Qr

diF
dt

, (3.26)

and further be written as a function of Snappiness factor S, Qr, and diF /dt by the substitution of ta
from (3.25). Here it is seen that a high Snappiness factor will result in a lower Irr for a constant reverse-
recovery charge while this effect is contrary to diF /dt. Since diF /dt is equal to −dic/dt, the speed is
also highly affected by the IGBT gate resistance and Cies.

Meanwhile, the IGBT still operates in the active region. If the collector-current overshoot is low, the
gate-emitter voltage can be approximated as nearly constant. The incline of collector-emitter voltage,

dvce
dt

=
d

dt
(vcg + vge) ≈

dvcg
dt

=
ig
Cgc

=
VGG − VGE

RgCies
(3.27)

now can be simplified depending solely on the gate-collector voltage gradient [34]. As this decrease
is due to the charging of Cgc with the gate-current, it can be simplified by the current through the gate
resistance. This is again due to the voltage drop (VGG − Vge) over this resistance. Obviously, the
rate-of-change of voltage depends highly on the gate-resistor and Cies. The decline in collector-emitter
voltage in this period equals,

∆Vce,2 = tb
dvce
dt

, (3.28)

and can be used in order to approximate the total energy loss for the FWD for entering a reverse-
conduction region [34]:

Erec =
S∆Vce,2Qr

3 (1 + S)
(3.29)

Similarly, the energy loss for the IGBT in this period can be written [34]:

Eon,2 =

(
(VDC −∆Vce,1)

(
IL +

IRR

2

)
− tb

dVce

dt

3IL + IRR

6

)
tb (3.30)

After the IGBT reaches its peak overshoot current, it decreases to the constant load current repre-
sented by IL. The gate-emitter voltage is clamped at the Miller-plateau VM. The increase of non-linear
capacitance Cge as a result of the declining collector-emitter voltage causes the gradient to decrease,

dvce
dt

= −VGG − VM

RgCies
, (3.31)

such that the final IGBT losses in this region can be approximated:

Eon,3 =
VDC −∆Vce,1 −∆Vce,2 − Vce,on

2dvce

dt

(3.32)

as defined by the voltage where the IGBT is considered in ON-state Vce,on. The total losses for turning
the IGBT on can now be computed by summing all losses in the different regions:

Eon = Eon,1 + Eon,2 + Eon,3 (3.33)

Similarly, the turn-off losses can be derived. This procedure is similar and can be computed using
the reverse of the described process. However, during IGBT semiconductor switching from ON-state
to OFF-state, the overshoot is in the collector-emitter voltage instead of the collector-current. This
emphasizes the lower reverse-recovery losses in the parallel FWD.

Practical approach Device datasheets generally indicate Eon, Eoff, and Erec measurements for a
single reference blocking voltage and a continuous operating current range. Required parameters to
estimate the switching losses completely analytically, with the previously described process, are not
provided. The analytical description of the switching losses however can be used to understand effects
from reference measurement changes; such as the gate-resistor Rg.
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According to [29], [35], [36], and [37], the average switching losses can be obtained by multiplying
the loss of one switching action with the switching frequency. Here, the losses of a switching action are
scaled linearly from the datasheet measurement reference voltage vref,T/D and reference current iref,T/D
to the current and blocking voltage in the converter application:

Psw =(Eon + Eoff )
vcx |iTx,av| fsw
vref,T iref,T

Prec =Erec
vcx |iDx,av| fsw
vref,Diref,D

(3.34)

However, in [38] a different approximation was used. Here, it was mentioned that these losses have
a non-linear correlation with the blocking voltage for transistor switching losses and non-linear scaling
for both current and voltage for reverse recovery losses. Also, a temperature scaling factor cT,sw cT,rr to
the reference temperature condition should be taken into account:

Psw,I =fsw (Eon + Eoff )

√
2

π

ic
ic,ref

(
vdc
vref

)Kv

× (1 + cT,sw (Tj,T − Tj,T,ref ))

Psw,D =fswErr

(√
2

π

if
iref

)Ki (vf
v

)Kv

× (1 + cT,rr (Tj,D − Tj,D,ref ))

(3.35)

Next to the single-term non-linear scaling factors, in [39] the current loss-term in Psw,T and in [40] both
Psw,T and Psw,D from (3.35) were approximated using a second order polynomial of the collector-current:

ic
ic,ref

=a0 + a1ic + a2i
2
c(√

2

π

if
iref

)Ki

=b0 + b1ic + b2i
2
c

(3.36)

This is almost similar since all coefficients can be obtained using curve-fitting in both methods. Ac-
cording to SEMIKRON [41], the single-term scaling factors can be approximated for IGBT and FWD
semiconductors with the parameters depicted in Table 3.1.

Table 3.1: Approximated scaling parameters for
non-linear losses according to [41].

Semiconductor Kv Ki CT,sw
[K-1]

IGBT 1.3–1.4 1.0 0.003
FWD 0.60 0.60 0.006

To develop a generalized mathematical methodology for semiconductor health assessment it is
important that the power loss estimations hold for general IGBT devices and this should be verified.

Analysis Analysis has been performed on the Eon, Eoff, and Erec measurements from the Hitachi En-
ergy 5SNA 3000K452300 and 5SJA 3000L520300 IGBT devices. The first device has separate IGBT
and FWD semiconductor chips, representing a conventional IGBT device, whereas the latter has its
IGBT and FWD semiconductors integrated into the same chip, being an RC-IGBT. Using different IGBT
technologies indicates if the approximations for the switching losses including the reverse-recovery
losses are IGBT technology independent as assessed on conventional used IGBTs and RC-IGBT de-
vices. On top of that, the assessment of Hitachi Energy devices with SEMIKRON parameters indicates
the applicability between two different vendors of the factors given in Table 3.1. The subsequent IGBT-
device specifications are shown in Table 3.2.

First, the 5SNA 3000K452300 IGBT switching losses Psw,I as a function of the collector-current are
studied. These losses should scale linearly according to the approaches method 1 (3.34) and method
2 (3.35), while method 3 (3.36) suggests it is polynomial. However, the curve-fitting requirement from
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Table 3.2: Semiconductor parameters used in the analysis.

Device Blocking voltage DC-collector current Peak collector-current
[kV] [kA] [kA]

5SNA 3000K452300 4.5 3.0 6.0a
5SJA 3000L520300 5.2 3.0 6.0a
a Maximum time-duration 1ms

this method opens to possibility for linear scaling if the second-order term is neglected. Figure 3.2a
shows the energy losses for a single switching action. Switching the device to ON-state is depicted
apart from switching the device to OFF-state due to the difference in overshoot. In Figure 3.2b the
summation of these individual switching actions is depicted.
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(a) Single switching action: Ki = 1.7 for Eon and 1.0 for Eoff.
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(b) Complete switching action: Ki = 1.4, a0 = 3.1, a1 = 5.1×10−3, and
a2 = 1.4×10−6.

Figure 3.2: Switching energy losses for the IGBT semiconductor chips in the 5SNA 3000K452300 IGBT device.

The losses of both individual switching actions and subsequent summation are shown to scale
approximately linearly for a current 0–3 kA in Figure 3.2a. This proves the switching loss computation
according to the first two approaches. For the higher current range, 3–6 kA, the switching losses start
to differ from the linear estimation method and are only accurately estimated using the third method.
As seen in Figure 3.2b, this is a result of the losses due to switching to ON-state. Since the device
is rated for continuous a DC-current of 3 kA, the device can handle this current only for a shorter time
period (with 6 kA maximum 1ms). During a pole-to-ground fault, the pole current will increase fast
until the fault has been cleared by the protection. During the rise in pole current, the arm current will
likewise increase while the switching losses will increase even faster. This stresses the importance of
terminating the switching process during faults preventing losses from scaling faster and jeopardizing
the semiconductor’s maximum permittable junction temperature. Normally this is 150degC while the
semiconductors are operated at 70–90degC.

A curve-fit for both curves depicted in dashed lines confirms the linear scaling for a current 0–3 kA
and a higher order if a larger current range 0–6 kA has been taking into account as the scaling factors
obtained are Ki = 1.7 for Eon and Ki = 1.0 for Eoff. The summation of both gives a current scaling
of Ki = 1.4 for 0–6 kA. The accuracy of this value is clearly seen to be more accurate for a collector
current above 3 kA while the converters of interest are below 2 kA. This means that the current scaling
factor of Ki = 1.0 according to Table 3.1 holds for this IGBT device.

A similar analysis has been done for the RC-IGBT 5SJA 3000L520300 device. The results are
shown in Figure 3.3.

For the RC-IGBT device, Eon and Eoff are estimated for a collector-current of 0–6 kA to scale with
Ki = 1.15 and Ki = 0.95 respectively. This is near to linear especially compared to the conventional
IGBT device. Less effect from increased switching losses due to a collector current above the rated
continuous DC-operating current can be seen at this device. This means switching this IGBT device
has less contributing to overheating the semiconductor junctions during DC-faults compared to the
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(a) Single switching action: Ki = 1.15 for Eon and 0.95 for Eoff.
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(b) Complete switching action: Ki = 1.04, a0 = 3.2, a1 = 8.9×10−3,
and a2 = 3.3×10−7.

Figure 3.3: Switching energy losses for the IGBT semiconductor chips in the 5SJA 3000L520300 RC-IGBT device.

conventional studied IGBT device. Adding both individual switching losses together shows a fit of
Ki = 1.0 with a tight approximation for 3–6 kA. Due to the linear behaviour over the entire collector
current range, the third approximation does not give additional benefits for this RC-IGBT device.

The analysis for the Err losses for both devices is depicted in Figure 3.4.
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(a) IGBT device: Ki = 0.60, b0 = 1.4, b1 = 2.4×10−3, and b2 =
-2.3×10−7.
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(b) RC-IGBT device: Ki = 0.60, b0 = 3.8, b1 = 4.7×10−3, and b2 =
-3.9×10−7.

Figure 3.4: Reverse-recovery losses for the FWD semiconductors in the 5SNA 3000K452300 IGBT and the 5SJA
3000L520300 RC-IGBT device.

According to the figures, the scaling factor ofKi = 0.6 is matching for a collector-current 0–3 kA and
therefore matches with the SEMIKRON parameters. The approximation for a collector current of 3–6 kA
seems to match better for the third method with the polynomial. Obviously, the linear approximation is
not accurate.

For the voltage scaling losses, no comparison is possible since loss measurements as function of
the blocking voltage are not provided for the studied IGBT devices, nor for any regular IGBT device.
If the voltage scaling factor Kv = 1.4 is assumed, the IGBT semiconductor switching losses are as
shown in Figure 3.5a and the FWD reverse recovery losses in Figure 3.5b for the 5SNA 3000K452300
IGBT device.

3.3. Total Average Losses
All loss components can be added together to compute the average power losses for IGBT and FWD:

PT,av =Pc,T,av + Psw,av

PD,av =Pc,D,av + Prec,av

(3.37)
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(a) IGBT semiconductor: Ki = 1.0 and Kv = 1.4. (b) FWD semiconductor: Ki = 0.6 and Kv = 0.6.

Figure 3.5: Switching and reverse-recovery losses for the 5SNA 3000K452300 IGBT device with method 2 and SEMIKRON
parameters.

Since the RC-IGBT has a shared junction between IGBT and FWD parts, the steady-state model will
become time-dependent and thus more complex. Rather, the average power loss across the shared
semiconductor chip should be computed,

Pav,RC−IGBT =
1

2π

∫ t2

t1

πPav,Tx sin (ω0t) dt+
1

2π

∫ t3

t2

πPav,Dx sin (ω0t) dt, (3.38)

such that the power loss is time-independent and the same methodology as with conventional IGBT
devices can be used. This assures a generalized mathematical methodology for IGBT/RC-IGBT con-
dition assessment. Since the average loss computation for RC-IGBT devices is a complex process
where a comparison is needed between the conventional model in (3.37) and a practical experiment
required to determine the best estimation, for simplicity (3.37) has also been used for the RC-IGBT
device in this research. Both PT,av and PD,av are added together forming the losses of the top IGBT
device S1 and the lower IGBT device S2 in the half-bridge configured submodules.

Case-study A 525 kV monopolar MMC rated 2GW consisting of half-bridge configured submodules
rated 3 kV has been used to study the submodule device losses. The converter operates in a steady
state with modulation index m = 1, meaning arm current-ratio k = 2. The switching frequency is
assumed 150Hz and the power angle θ at the AC-side is selected as 0degrees. Semiconductor pa-
rameters used are depicted in Table 3.3.

Table 3.3: Semiconductor parameters used in the analysis. Eon, Eoff, Err, reference
measurements made at 2800V, 3000A.

Device V0,cx Rc/f Eon Eoff Err
[V] [mΩ] [J] [J] [J]

5SNA 3000K452300 IGBT 1.6 66.7 15.5 15.1
5SNA 3000K452300 FWD 1.7 33.3 6.7
5SJA 3000L520300 IGBT 1.7 40.0 14.2 18.5
5SJA 3000L520300 FWD 2.5 36.4 14.5

Both devices have been modelled with the determined loss scaling coefficients. This means the
IGBT switching losses are calculated with the linear scaling method. Even though the polynomial from
the third method shows a better approximation, the losses are here non-zero if there is no collector
current. For the reverse recovery losses of the FWD, the single exponent from the second method has
been used. The SEMIKRON scaling factor Ki = 0.6 has been used for both devices. For the conven-
tional IGBT device, the device losses as a function of the converter loading are shown in Figure 3.6a
while for the RC-IGBT these results are demonstrated in Figure 3.6b.
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Figure 3.6: Total semiconductor power losses in 3 kV rated half-bridge configured submodules for conventional IGBT and
RC-IGBT devices. A negative transported power means the converter operates in rectifier mode while a positive value

indicates it operates in inverter mode.

From the figures, multiple things can be concluded:

• The total average power losses are highest in FWD D2 in a converter operating in rectifier mode
as a result of the predominantly negative AC arm-current ixy(t) from the DC-offset in this operation
mode.

• Contrary, the total average power losses are highest in IGBT T2 for inverter mode due to the
predominantly positive AC arm-current. This indicates the total average device power losses are
highest for bypass switch S2 in the half-bridge configuration as seen for the RC-IGBT.

• The power loss component summation gives nearly equal switch losses between the inverter
and rectifier operation mode for the RC-IGBT. This does not mean the device is more usable
irrespective of operation mode; the significant loss contribution from IGBT or FWD is comparable
to the conventional IGBT.

• The least losses are generated in IGBT T2 in rectifier mode. This means semiconductors with
more losses can be installed at this position in order to reduce costs.

• FWD D1 experiences low losses in both inverter and rectifier operation modes. Next to the de-
rated IGBT T1, the whole switching device S1 can be optimized on costs and other factors.





4
Converter Thermodynamics

The estimation model to exclude external influences from the condition indicator estimation consisted
of two aspects: the power loss estimation of the semiconductors and the estimation of the absolute
junction temperature. The power loss estimation in the previous chapter revealed the power loss de-
pendency on temperature. This chapter aims to estimate the junction temperature of all four semicon-
ductors in half-bridge submodules depending on the converter operational conditions. First, the cooling
system configurations in modern MMC are outlined and the temperature components are analysed. A
model considering realistic estimations and available measurements is presented. This is followed by
simulations for the steady-state and ripple component. Finally, a complete simulation model is devel-
oped to verify the analytical computations.

4.1. Cooling System Structure
The submodule device cases are connected to one or more heat sinks which are subsequently cooled
by a closed-loop liquid cooling system. Di-ionized water is often used as a coolant to prevent pipe
erosion and current loops between devices. The coolant is mixed with glycol such that the coolant
has a low freezing point and excellent heat transfer properties. Heat exchangers are used to keep
the coolant within temperature boundaries assuring all semiconductors are operated at a preferred
temperature. These heat exchangers transfer the excess heat energy to an outer closed-loop cooling
system with a different coolant optimized for heat dissipation outside the converter hall (e.g. without di-
ionized water). For offshore converter stations, this outer loop can be configured to either dissipate the
heat energy into the seawater or the open air. TenneT 2GW offshore converter stations are required
to dissipate the excess heat energy in the open air. An overview of a closed-loop inner-cooling system
is depicted in Figure 4.1.

The system is shown to cool two submodules in series (Ns) and three submodules in parallel (Np).
Normally, the maximum amount of submodules in parallel is determined by the converter tower arrange-
ment as series cooling between converter towers is impractical. The number of modules in series and
parallel is project and device-specific, making these preferred model parameters for the temperature
estimation. The cooling system further consists of the di-ionizer, heat exchanger to an outer cooling
loop, and cooling pump. There are two temperature sensors depicted at the cooling system inlet and
outlet valves. Inside the half-bridge submodules, the IGBTs and FWDs can also be cooled in series or
parallel combination but is not depicted in this example.

Assumptional remark A reference temperature measurement in these cooling systems is needed to
estimate the absolute junction temperature of each semiconductor. Most researchers assume there is
a thermocouple installed at each individual heat sink connected to the semiconductors (e.g. [42]–[44]).
Although this assumption will make the estimation process straightforward with less thermodynamic
analysis involved, it is very impractical in real converters considering the number of thermocouples
needed. While each thermocouple has a low failure probability, the hundreds of submodules with
double the amount of heat sinks in a modern MMC will introduce new uncertainties; if an erroneous
semiconductor is detected, how to be sure this is not due to a thermocouple failure?

In this work, it is therefore assumed there are no thermocouples available at each heat sink con-
nected to a semiconductor. Instead, there are coolant temperature sensors installed in the inner di-
ionized water cooling system at each converter tower coolant inlet and outlet pipe, implying each par-
allel combination of cooled submodules has an inlet and outlet temperature measurement available.

29
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Figure 4.1: Converter cooling system illustration. In this configuration there are two submodules cooled in series and three
submodules cooled in parallel. Temperature sensors are here installed at the cooling system inlet and outlet valves.

Since the complete heating process in between these inlet and outlet pipes is primarily due to semicon-
ductor losses in this tower [45], the semiconductor power loss models from Chapter 3 can be used in
thermodynamic modelling from the parallel combination inlet and outlet temperature to the semiconduc-
tor junctions. The following section first illustrates the temperature components where each component
estimation process is outlined.

4.2. Temperature Components
The fluctuation of the IGBT junction temperature is mainly determined by the load-current [46]. If the
converter is varying load conditions (e.g. Idc or the circulating current between the arms), or the cooling
system changes states (e.g. increasing flow rate) the junction temperature enters a transient state till
a new power balance has been established. After several fundamental 50Hz AC cycles, the average
junction temperature reaches steady-state [47]. A power balance between dissipated and absorbed
heat is formed and only a small fluctuation ∆Tj is seen over the semiconductor junctions. This means
the junction temperature estimation can be split into three parts:

• Steady-state: average junction temperature as a result of the power losses and cooling system
dissipated heat being balanced.

• Transient: varying junction temperature if the arm current makes a change due to varying load
conditions or the cooling system power dissipation changing its set-points.

• Ripple: temperature fluctuation over static steady-state or transient temperature component due
to the fundamental 50Hz AC cycles.

Steady-state converter operation semiconductor loss estimations were made for each individual
submodule (e.g. ( 3.14) and (3.15)). The submodule-enabled probability used here omits the need for
the exact control scheme implementation but is only possible for average losses under steady-state
operation. With the complex control mechanisms applied in real MMC, it is problematic to estimate
the losses in a transient state. These controls are project and manufacturer specific; meaning each
project requires a specific approach for semiconductor condition monitoring. This means that the losses
only hold under constant converter loading conditions. These conditions should be constant for at
least several fundamental 50Hz cycles determined by the thermal inertia. If the cooling system is
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changing set points to keep a power dissipation balance, its time constant is slower than the electrical
time constants. After the converter settles to a steady-state loss component, it takes more time for
the cooling system temperature to settle. There is thus no need to consider the junction temperature
transient component. The estimation of the steady-state junction temperature and the overlaying ripple
is explained in the following sections.

4.2.1. Steady-state
For conventional IGBT devices with both IGBT and FWD semiconductor chips soldered to the base
plate apart from each other, the junction temperatures are different. The heat losses produced by the
devices are first released in the respective semiconductor chip junction layer and dissipated through
the other device layers to the module case. This case could be single- or double-sided cooled. By
using the thermal impedance from junction to device case Zth,JC, the junction temperatures,

Tj,T =PT,avZth,JC + TC

Tj,D =PD,avZth,JC + TC ,
(4.1)

are given by the average device power losses PT/D,av and the module case temperature Tc. The ther-
mal impedance Zth,JC is in general represented as a fourth-order Foster or Cauer network as shown in
Figure 4.2. Manufacturers normally provide Foster network thermal resistance Rn and thermal capaci-
tances Cn parameters in datasheets [48]. The Foster network could be translated to a Cauer network
using curve-fitting. In these networks only the junction and case nodes do have physical meaning, all
intermediate nodes can not be used to estimate temperatures or heat flows.

Figure 4.2: Thermal Cauer (a) and Foster (b) electrical circuits used to estimate the junction temperature from the power
losses. A heat sink with outer temperature Ta is connected to the IGBT device. Figure is taken from [48].

All heat sinks are cooled by a flowing liquid in MMC-type HVDC converters. A single-sided heat
sink module has a thermal resistance Rth,hs between the heat-sink coolant inlet and the heat-sink top
layer connected to the device case. This thermal resistance,

Rth,hs = Rth,0 +
Kw

fw
, (4.2)

depends on the coolant flow rate fw and contact resistance Kw [49]. The higher the coolant flow rate,
the lower the thermal resistance and thus the less the heat sink itself heats up. In case double-sided
cooling is used, there is also a temperature coupling between both sides. This coupling through the
heat-sink side walls is represented using first-order Cauer model parameters,

Rsw =
ls

AskAIN

Csw =mscAIN ,

(4.3)
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depending on the side-wall height ls, area As, mass ms, thermal conductivity kAIN, and heat capacity
cAIN [50]. The first law of thermodynamics formulates the conservation of energy. The energy losses
dissipated by the IGBT devices are transferred to the liquid coolant. The temperature in the heat-sink
pipe section will rise from inlet T liq

in to T liq
out. Further, the time-derivative of the heat-gain in the liquid

coolant,
E =mccp

(
T liq
out − T liq

in

)
dE

dt
=cp

dmc

dt

(
T liq
out − T liq

in

)
+ cpmc

d

dt

(
T liq
out − T liq

in

)
,

(4.4)

indicates that the rate of change of energy dE/dt supplied to a fluid with specific heat capacity cp, mass
mc, is configurable by the mass-flow rate dmc/dt which can be obtained by multiplying the volumetric
flow rate by the fluid density. The higher the mass flow rate in the inner cooling system as set by
the pump, the faster the temperatures over the heat sinks will settle to a steady-state value after an
alteration in dissipated heat energy. It is important to note dE/dt represents the power losses dissipated
in all semiconductors in the half-bridge submodules where it can generally be assumed 95% of the
power losses are transferred to the liquid coolant [45]. Under steady-state the heating of the coolant
simplifies to:

dE

dt
= cp

dmc

dt

(
T liq
out − T liq

in

)
(4.5)

The steady-state coolant inlet temperatures of any heat sink in a chain of series-connected heat sinks
can be calculated using (4.5) whereafter (4.2) can be used to estimate the device case temperature Tc.
If Np heat-sinks are cooled in a parallel configuration, the mass flow rate decreases by 1/Np.

There is often a selective variety of data available in practical applications and it varies between
projects. If the thermal resistance from heat-sink coolant inlet to surface Rth,hs in (4.2) is unavailable,
another method can be used to estimate the heat sink surface temperature Ths. Herewith, the heat-sink
coolant outlet temperature Tout can be written as a differential equation [51],

cpρVp
dT liq

out

dt
= cp

dmc

dt

(
T liq
in − T liq

out

)
+ hc

(
Ths − T liq

out

)
, (4.6)

with parameters the plate volume Vp, heat-transfer coefficient hc of the heat-sink, and its surface tem-
perature Ths. For all pipe sections in between the heat sinks and valve tower inlet and outlet, the
temperature change can be written [51],

cpρVp
dT liq

out

dt
= cp

dmc

dt

(
T liq
in − T liq

out

)
(4.7)

as a function of the section pipe volume Vp and the mass flow rate. It again emphasizes the higher
the mass-flow rate in the pipe section, the faster the temperature settles to a steady-state value. This
means that for fast dynamics in the load current, the cooling system should have a sufficient mass-flow
rate such that the heat exchanger is able to transfer all heat energy from the di-ionized water cooling
loop.

In [52] analysis was performed to solve the temperature distribution between the pipe surface con-
nected to the heat-sink, and the coolant inside the pipe. This implies solving the presented differential
equations adjusted to the temperature difference along the pipe surface and liquid coolant. First, using
the temperature difference between the heat sink and outlet,

cpρVp

d
(
Ths − T liq

out

)
dt

= hcAp

(
Ths − T liq

out

)
, (4.8)

a differential equation is formed with the heat-sink heat transfer rate and its surface area equal to the
perimeter for a cylindric pipe. The solution of this differential equation gives the heat transfer between
the heat sink surface temperature and the heat sink coolant inlet temperature,

T liq
out =Ths −

(
Ths − T liq

in

)
e−

t
τ

τ =
cp

dmc

dt

hcAp
,

(4.9)
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indicates the time constant τ is defined by the heat-sink liquid pipe perimeter Ap, the heat-transfer
coefficient, mass flow rate, and specific heat of the liquid coolant. In laminar flow, the heat transfer
coefficient hc can be calculated from the Nusselt number Nu, fluid average thermal conductivity kav,
and the pipe diameter dp:

hc = Nu
kav
dp

(4.10)

A model for a liquid pipe heat sink is available in MATLAB/Simulink. Its fundamental equations are
formed based on the outlined heat transfer properties. First, the solution of the convective heat flow
term hc

(
Ths − T liq

out

)
from the presented differential equation in (4.6) is specified as:

dE

dt
=

dmc

dt
cp

(
Ths − T liq

in

)(
1− e

−t
τ

)
(4.11)

while the conductive heat transfer, which was neglected in [52], is given:

dE

dt
=

kavSh

dp

(
Ths − T liq

x

)
, (4.12)

with T liq
x representing the liquid coolant temperature in between the inlet and outlet. This temperature

varies according to the number of parameterized sections inside the heat sink. Since the heat flow
from the heat sink to liquid coolant depends on the temperature difference, this heat flow is generally
not similar over the whole length of the liquid pipe inside the heatsink, implying the more sections con-
sidered, the higher the computation accuracy. By solving (4.11) and (4.12) for steady-state conditions,
the heat-sink temperature Ths can be approximated:

Ths =
dp

kaSh +D dmc

dt cpκ

(
cp

dmc

dt

(
∆T liq + T liq

av

kavSh

dp

)
+ T liq

in

dmc

dt
cpκ

)
κ =1− exp

(
−NukavSh

dpmccp,av

) (4.13)

For water coolant with 50% ethylene glycol volume mixture, specific heat and the average thermal
conductivity obtained from MATLAB/Simulink database are depicted in Figure 4.3a.
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Figure 4.3: Thermal properties of a 50% Volume ethylene glycol and water mixture under constant pressure. Results obtained
from MATLAB/Simulink thermal fluids database.

The thermal property temperate dependency shows that a higher temperature drop over the heat-
sink inlet and outlet valves not only affects the heat flow but also the coolant heating. A higher tem-
perature drop means more heat energy is required to raise the outlet valve temperature compared to
the inlet valve temperature. Besides, an average value for specific heat and thermal conductivity can
only be taken if the temperature drop is low, otherwise, optimization is needed to find the average
temperature in the heat sink or the heat sink model should be divided into multiple sections.
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Simulation A simulation with six half-bridge configured submodules is made in MATLAB/Simulink.
Each submodule contains two 5SJA 3000L520300 Hitachi Energy RC-IGBT devices both connected
to a single-sided liquid-cooled heat sink. The converter is assumed to operate in rectifier mode with
approximately 2GW power transmission. This means the average power loss in device S1 is 1 kW
while the average power losses in S2 is 2.5 kW as was illustrated in Figure 3.6b. Inside the submodule,
S1 and S2 are cooled in series. There are three rows (Np = 3) of parallel cooled submodules. The
coolant mass-flow equals 6 kg/s for the valve tower inlet, meaning the flow through each series string
is 2 kg/s. An overview of the cooling configuration is depicted in Figure 4.4.

Figure 4.4: Illustration of the simulated cooling system. There are three submodules configured in parallel representing a
converter tower. Each parallel string consists of two series of cooled submodules. Both IGBT devices in a single submodule

are cooled in series.

In the presented analytical computations multiple things can be noticed. First, in (4.7), it was shown
that the mass flow is a main parameter in the heating liquid coolant inside pipe sections. This parameter
thus should keep the liquid temperature in between a threshold in order to control the heat sink temper-
ature at a preferred temperature. This temperature is the main parameter influencing the IGBT device
temperatures and should generally be around 80degC in practical application. In (4.8) it was shown
that the pipe section area in the heat sink is a main control parameter for the heat sink temperature if
those liquid temperatures are controlled. As a result, two case studies have been considered:

• First, all heat-sinks have length 20m and diameter 2 cm. This represents a straightforward design
where heat sinks can be implemented in a modular way.

• Second, the heat-sinks connected to S1 have length 20m and the heat-sinks connected to S2
have length 50m. The ratio between these lengths is optimized to the average power losses ratio
and should therefore result in a more equal temperature distribution over the heat sinks.

The resulting liquid temperatures of one string of heat sinks are shown in Figure 4.5a. There are
five temperatures shown, the first is the inlet temperature of the cooling system. This is followed by the
temperature drop over the heat sink connected to S1, and subsequently the temperature over the heat
sink over S2. After this, the second series connected submodule with a similar configuration is shown.
Lastly, the output temperature is shown, equal to the temperature drop over the heat sink connected to
S2 of the second heat sink. The heat sinks temperatures of both study cases is depicted in Figure 4.5.

First, it can be seen that the temperature drop over the liquid in a series string of two cooled sub-
modules is below 2degC with 2GW converter operation. As expected, the higher the power loss in
an IGBT device, the higher the temperature drop over the liquid inside a heat sink. This is within the
temperature range specified for the IGBT and indicates the mass flow rate is sufficient. If needed even
more submodules can be cooled in a series configuration. Next, the heat-sink temperatures are shown
to be more equal to the preferred 80degC for the optimized length case. There is a large temperature
variation seen over the different heat sinks for the identical length case. This means the IGBT devices
are not operated at a similar temperature which should be avoided.
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Figure 4.5: Temperatures inside the series connection of heat sinks. There are four heat sinks meaning five liquid coolant
temperature measurements.

4.2.2. Ripple
The junction temperature ripple is a result of the AC-system fundamental frequency cycles. As the
module thermal impedance time constant is much lower compared to the heat-sink time constant, this
fluctuation can only be observed inside the IGBT or FWD semiconductors. The IGBT and FWD av-
erage power losses over one switching cycle were computed in Chapter 3. To estimate the junction
temperature ripple, these should be divided into smaller parts as the loss scales with the arm current
and is thus sinusoidal. Each half-wave cycle can be divided into several blocks, as long as its time
length equals at least the minimum device thermal impedance time constant. It was shown in [47] that
by dividing the losses over a half-wave period into four instants,

P1,4 =8f0

∫ 1
8fo

0

πPT/D,av sin (ωnt) dt = PT/D,av

(
4− 2

√
2
)

P2,3 =8f0

∫ 1
8fo

3
8fo

πPT/D,av sin (ωnt) dt = PT/D,av2
√
2,

(4.14)

the maximum junction temperature occurs after the third instant and the minimum at the instant of
switching in which is at the initial of the first part. Using the fact that for steady-state operation, the
minimum junction temperature of a cycle is equal to the minimum of the next cycle and for the max-
imum junction temperature the contrary holds, the steady-state minimum Tj,k’ and maximum junction
temperature Tj,k can be written:

Tj,k′ =
P1Zth (3∆t) e

−5∆t
τ + (P2 − P1)Zth (2∆t) e

−5∆t
τ + P1Zth (∆t) e
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1− e
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τ
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P1Zth (∆t) e

−7∆t
τ + P1Zth (3∆t) + (P2 − P1)Zth (2∆t)

1− e
−8∆t

τ

(4.15)

Substraction of the maximum and minimum junction temperature during a steady state gives the ex-
pression for the temperature ripple:
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(4.16)
For RC-IGBT devices the estimation is impossible because it is unknown when the maximum and
minimum temperature values will occur. This depends on all operational conditions and device specifi-
cations, and is therefore excluded in this research. First practical experiments should be performed to
develop a simplified analytical junction temperature ripple model for these devices. Since RC-IGBT de-
vices have amore homogeneous temperature ripple profile compared to the conventional IGBT devices
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due to the shared junction, the ripple is lower and causes less degradation. Therefore conventional
IGBT devices can be taken as worse-case scenario. The results for the junction temperature ripple for
the semiconductors in half-bridge configured submodules is shown in Figure 4.6.
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(a) Hitachi Energy 5SNA 3000K452300 IGBT.
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(b) Infineon FZ1200R45HL3 IGBT.

Figure 4.6: Semiconductorr junction temperature swing in 2.5 kV rated half-bridge configured submodules for conventional
IGBT and RC-IGBT devices. A negative transported power means the converter operates in rectifier mode while a positive

value indicates it operates in inverter mode.

In the figures, it is seen that the junction temperature ripple is very device-specific. While for the
Hitachi Energy IGBT this is generally below 2degC, the Infineon IGBT shows a higher junction temper-
ature ripple. It is important to note manufacturers can not be compared based on these results. Both
devices could differ in price or be used in different converters. While the specific Hitachi Energy IGBT
performs better regarding junction temperature ripple, Infineon could prefer another IGBT device for
2GW converters.

4.3. Simulation
A simulation model has been developed in MATLAB/Simulink to verify the analytical analysis. Both tem-
perature components have been included in the model and the losses are simulated with an electrical
model of the IGBT devices. The model is further outlined in the following paragraphs.

IGBT Electrical An MMC arm has been modelled with two submodules. In these submodules, both
semiconductors from S1 are represented with the average loss models while both IGBTs semiconduc-
tors from S2 are modelled with a detailed model. With the converter operating in inverter mode, the
detailed modelled semiconductors have the highest power losses and thus are most relevant to study.
This means the ON-state characteristics are non-linear, causing non-linear conduction losses, and the
switching losses are tabularized and junction temperature dependent. This junction temperature depen-
dency factor could be seen in (3.35) with parameters cT,sw and cT,rr. Since these factors are not provided
in datasheets nor are impossible to estimate according to the available data, temperature dependency
was excluded in the power loss estimation methodology. The Hitachi Energy 5SNA 3000K452300
IGBT device has been imported in MATLAB/Simulink with its datasheet parameters which use a linear
extrapolation for cT,sw and cT,rr based on the two provided energy loss reference values at 25degC and
125degC. It is important to understand this dependency is only an approximation and not particularly
representing reality. In order to estimate the real temperature dependency factors, the losses from a
physical IGBT device should be measured during practical experiments.

Both submodules have a peak-current of 2 kA which represents the DC-pole current. As a result, the
submodule capacitor voltage is also periodic with a peak voltage of 2 kV. Each semiconductor device
has a switching frequency of 500Hz. Each time the devices switch, switching loss power is dissipated
instantly, meaning the semiconductor switching waveform is modelled ideally and linearly, while the
dissipated power losses are internally calculated as non-linear with respect to the collector-current as
given in the datasheets. Differences between these linear and non-linear models were elaborated in
Chapter 3. Because of the linear power dissipation representation, it is not possible to graphically study
the switching waveforms of the IGBT devices.
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IGBT Thermal The detailed IGBT device models have temperature-dependent losses. Fourth-order
Cauer thermal network models as provided in the datasheets are imported according to their Foster
equivalent network. Both final nodes in the Cauer networks are connected to the liquid-cooled heat
sinks similar to the heat sinks studied in section 4.2.1, where the coolant pipe through the heat sink
is adjusted to a length of 10m and a diameter of 15 cm for optimal device junction temperature at
approximately 80degC. While the IGBT device switching process is modelled linearly, the junction
temperature swing is not completely bypassed. Internally calculated non-linear losses are dissipated
instantly at a switching action, meaning at the time of switching the junction temperature is not very
accurate and makes a step. Due to the smaller time scale of each switching action compared to the
half-wave AC fundamental frequency, the junction temperature ripple is still present with a minimum
and maximum value.

Cooling system A closed-loop inner cooling system with a 50% water volume mixture of ethylene
glycol is used. A pump and a pressurized tank in this loop are used to regulate the coolant mass flow
and the coolant pressure at constant values. This pressure regulation further ensures the specific heat
and the thermal conductivity of the coolant, as explained in section 4.2.1, are kept at a determined value
such that an analytical approximation can be used to estimate the temperature component. The outer
cooling loop is modelled ideal and the heat exchanger between is modeled with a thermal resistance.
This assures realistic operating conditions and keeps the temperature of the liquid coolant in the inner
cooling loop at a desired temperature such that the junction temperatures are operated around 80degC
to mimic realistic converter operational conditions.

Results The resulting junction temperatures are depicted in Figure 4.7 after steady-state converter
operating conditions have been reached.
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(a) Junction temperature of the first submodule IGBT device T2.
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(b) Junction temperature of the second submodule IGBT device T2.

Figure 4.7: Junction temperatures of two IGBT devices T2 from two subsequent submodules that are cooled in series. The
coolant enters the first submodule andreturns to the heat exchanger after the second submodule.

Steps in junction temperature can clearly be seen in the plots as a result of the instantly dissipated
switching losses when an IGBT device switches between ON and OFF states. This dictates the limita-
tion of the available data on the simulation accuracy; for a more precise simulated junction temperature,
the non-linear switching process should not only be internally calculated but also be used for heat dis-
sipation. The junction temperature ripple component was estimated to be approximately 0.6degC for
both devices in section 4.2.2 for a roughly similar operating condition. Here, the submodule capacitor
voltage was constant and slightly higher but the switching frequency was lower. Representing a model
accuracy in all parameters and domains simultaneously is impossible on this scale. The junction tem-
perature ripple in both simulated cases can be seen as approximately 0.2degC where the difference
can be mainly accounted to the inclusion of the temperature-dependent loss scale parameters in the
Hitachi Energy IGBT model. While the junction temperature ripple was calculated based on a worse
case operating junction temperature of 125degC, in the complete simulation these losses are calcu-
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lated based on the real-time junction temperature and are thus lower. This further results in a lower
junction temperature ripple.



5
Lifetime Optimization

A condition monitoring algorithm for multi-vendor and multi-technology IGBT devices applicable to dif-
ferent MMC generations based on the ON-state collector-emitter voltage measurement was presented
in the previous chapters. This methodology can be used for the current Health Index used in TenneT
TSO which is based on condition indicators.

The next step in MMC reliability research and development can be taken with the power loss and
thermal models for the IGBT devices in half-bridge configured submodules. This Chapter will present a
novel control methodology such that the converter operates more efficiently regarding the submodule’s
remaining lifetime. Since the controller operates on arm level, first the existing control processes on the
converter-arm level are discussed. This is followed by the introduction of the lifetime balancing recom-
mendation and the adjustments needed to the control philosophy. After this, the modulation techniques
used in modern MMCs are examined and a methodology is presented to improve the suggested con-
troller compatible with these modulation methods. Finally, an analytical approach is outlined to study
the effect of the suggested control approach and a final simulation model is built to show the effect of
the presented controller.

5.1. Submodule Energy Balancing
The MMC arms consist of a series connection of submodules with DC storage capacitors and semi-
conductors. Each submodule is constantly switched between enabled and disabled mode such that a
desired arm voltage waveform is generated. The number of needed submodules per period depends
on the arm voltage modulation index and varies depending on the converter reference settings. This
is for the two arms connecting the AC A-phase to the DC poles, uau (t) in the upper arm and ual (t) in
the lower arm as derived in (3.5).

Voltages in the DC-storage capacitors should be kept at the desired value (usm) with a ripple (∆usm)
below a specified maximum to prevent the capacitor from charging to an overvoltage causing damage
to the capacitor or discharging below a threshold where it can not effectively contribute to ua (t). If the
capacitor voltage is below a threshold (usm-∆usm/2), the converter arm is not able to reach uau (t) or
ual (t), meaning the apparent modulation index (m = 2Em/Udc) is lower than anticipated. The allowed
capacitor voltage ripple is generally assumed to be 10% of its mean voltage level but varies according
to project requirements [53]. Due to the modularity of the converter, the capacitor voltage fluctuation is
split into two parts [54]:

• Entire submodule strings (arms) can be charged to different voltages.

• Within a converter arm the submodule capacitors can be charged to different voltages.

The capacitor voltage is determined by the capacitance, the current through the arm in which the ca-
pacitor is located, and the time instants when the subsequent submodule is enabled as outlined in (2.1).
Since the capacitances are generally equal in each arm, only the average enabled probability (3.7) and
the difference between the current through converter arms cause energy exchange between converter
arms.

For the capacitor voltage variations within the arm, mainly the enabled probability over time causes
differences between capacitor voltages. If one submodule is enabled when the arm current is positive,
and another submodule is enabled when the arm current is negative, there will be a difference in usm
between those submodules.

In order to keep a balance in voltage between different converter arms, the outer controller adjusts
uau (t) and ual (t) for each converter leg with feedback loops. For the balance in voltages between

39
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different submodules within a converter arm, an inner control mechanism is needed that translates
uau (t) and uau (t) for each converter leg into submodule gate pulses. If a capacitor should be charged
to a higher voltage, the corresponding submodule should be inserted when the current is entering
from the submodule positive terminal while the contrary should happen when the current direction is
opposed.

5.2. Lifetime Balancing
The remaining useful lifetime of an IGBT device depends largely on junction-temperature cycling in
both the IGBT and FWD semiconductor chips as described in section 2.4. The larger the junction-
temperature fluctuations in those semiconductors, the shorter the device’s remaining useful lifetime will
be. These fluctuations are caused by the semiconductor switching losses, reverse-recovery losses, and
conduction losses which further depend on the converter operational conditions as shown in Figure 5.1
for a 525 kV symmetrical monopolar MMC rated 2GW. All submodules are configured in half-bridge
configurations and do have 5SNA 3000K452300 Hitachi Energy IGBT devices.
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Figure 5.1: Semiconductor conduction (Pc), switching (Psw), and reverse-recovery (Prr) loss components in 150Hz switched
half-bridge configured submodules equipped with a conventional IGBT device. A negative transported power means the

converter operates in rectifier mode while a positive value indicates it operates in inverter mode.

The figure illustrates the IGBT semiconductor losses (predominantly T2 conduction losses) are
highest in inverter mode while D2 conduction losses are highest in the rectifier mode. Since D2 has
low reverse recovery losses in inverter mode, the overall effect on remaining useful lifetime is limited.
Contrary, it is clear that T2 suffers both high switching and high conduction losses in inverter mode.
This illustrates the ratio of how frequently a submodule is enabled (switching losses in T2) compared
to disabled (conduction losses in T2) over time, mainly determines the submodule remaining useful
lifetime.

Due to the desired sinusoidal arm voltage, as shown in (3.5), a specific amount of submodules
nins (t) in an arm should be enabled at a time instant depending on the sinusoidal reference waveform
uau (t). The higher the sinusoidal reference waveform amplitude, the more submodules should be
switched to the enabled mode by firing respective gate signals GSSM,N . Which exact submodules that
should be switched from disabled to the enabled mode in the arm can be determined by the converter
inner controller and is nowadays mainly determined in literature by the converter voltage balancing
controllers and the amount of submodules that should be inserted and the voltage of each submodule
vsm:

GS (SM1, SM2, ..., SMN ) = f (nins, vsm,1, vsm,2, ..., vsm,N ) (5.1)

With the condition monitoring algorithms presented in the previous chapters, the remaining useful
lifetime of all IGBT devices in every submodule can be estimated. This allows the extension of the arm
inner controllers with lifetime optimization controllers utilizing maintenance window availability. Due to
the large-scale offshore deployment of MMC and the over-stressed electricity grid as a result of the
energy transition, these maintenance windows are becoming shorter and should be considered in the



5.3. Gate-Signal Generation 41

converter control methodology. If a submodule in a converter operating in inverter mode has an IGBT
device with reduced remaining useful lifetime and a maintenance window is available, it could be bene-
ficial to bypass this submodule more frequently (increasing Psw at T2) such that it breaks exactly when
the maintenance team arrives. By bypassing the specific submodule more frequently, other submod-
ules need to be inserted less frequently (decreasing Psw at T2) and therefore have a longer estimated
remaining useful lifetime. To make sure that the submodule breaks at the start of the maintenance
window, the insertion frequency difference is an important element of this control aspect. Hereby, the
individual submodule gate signals change to a function of both the submodule voltages and the IGBT
condition indicators vce,on:

GS (SM1, SM2, ..., SMN ) = f (nins, vsm,1, vce,on,1, vsm,2, vce,on,2, ..., vsm,N , vce,on,N ) (5.2)

The novel inner control structure considering lifetime optimization and single-arm capacitor voltage
balancing processes is outlined in the following sections. First, the gate-pulse generation mechanisms
used in a conventional MMC is outlined such that the proposed controller is compatible with preferred
modulation techniques used in practice.

5.3. Gate-Signal Generation
A MMC is not able to exactly follow uref (t) as the modular capacitors limit the AC output to discrete
voltage levels. Pulse Width Modulation (PWM) is used to select the switching of individual devices
such that a short-time average of the discrete voltage levels coincides with the short-time average
of uref [54]. The most suitable modulation methods in MMC can be classified into carrier-less and
carrier-based PWM [55]. The carrier-based modulation is mainly segregated into level-shifted PWM
and phase-shifted PWM.

Nearest Level Control Carrier-less has its most straightforwardmodulationmethodwith nearest level
control which does not use any carrier modulation signal. A reference sinusoidal waveform is divided
by the DC link voltage and rounded to an integer that determines how many submodules should be
inserted,

nins = round
(

Vref

VDC

)
(5.3)

round (x) =

{
floor (x) , x < floor (x) + 0.5

ceil (x) , x ≥ floor (x) + 0.5
(5.4)

with floor (x) determining the largest integer lower than x and ceil (x) indicating the lowest integer
higher than x [54]. This two-sided rounding improves sinusoidal reference tracking compared to single-
sided rounding. Subvariants of thismethod are randomNLC, where it is randomly chosenwhich specific
submodule to insert, and flat-topped modulation. The triplen-series is used in flat-toppled modulation
to fully utilize the DC voltage [56]. This reduces the zero-sequence component of the converter-side
current and is critical for converter-transformer earthed systems. In order to balance the individual
submodule voltages, a balancing algorithm is needed.

The conventional capacitor voltage balancing algorithm usually sorts the capacitor voltages based
on unbalance factor γ at different voltages [57],

γ =
∆Uc,max

Uc,rated
=

Uc,i − Uc,rated

Uc,rated
, (5.5)

in which sorting algorithms such as quick-sort and bubble-sort can be used. The capacitor voltage
balance sorting method results in a switching frequency difference between submodules in an arm
and therefore different strategies can be used. The sorting algorithm requires a centralized voltage
balancing control system sending the gate pulses which could be computationally expensive for a large-
scale MMC with hundreds of submodules. In practice, capacitor voltages are obtained using individual
voltage sensors, called capacitor position voltage sensors, at each submodule. If the arm current is
positive, meaning the current will flow into the positive capacitor terminal of an enabled submodule, the
submodules with a low capacitor voltage (min (γ)) will be inserted first while for a negative current, the
submodule with the highest capacitor voltage (max (γ)) will be inserted first.
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The switching frequency significantly affects the efficiency of this algorithm. A higher switching
frequency allows for more precise capacitor charging and discharging, while on the other hand, the
converter power losses increase for a higher switching frequency.

Level Shifted-PWM The rounding used by carrier-less methods causes an output voltage mismatch
resulting in carrier-based modulation being the preferred modulation technique in traditional MMC. All
submodules are controlled individually in Level Shifted-PWM by a modulator that compares a carrier
waveform (e.g. triangular) to the arm reference voltage uref .

Level-Shifted PWM has its carrier signals belonging to the submodules in an arm shifted in height,
meaning there is an amplitude offset between the carriers. The individual carrier signals are compared
to the arm voltage reference signal and a firing gate-pulse is generated if the carrier is e.g. higher in
amplitude than the reference signal. The converter arm current (3.3) is out-of-phase with θ from the
converter arm voltage (3.5), and every submodule is inserted repeatedly at different time instants, re-
sulting in submodules exposed to different operating conditions. This means the vertical offset between
individual submodule carrier signals causes submodules to degrade unequally.

Phase-Shifted PWM In Phase-Shifted PWM the carrier signals that belong to submodules in one
arm are all shifted 2π/N in phase to each other and have amplitude Vdc/N . Gate pulses are generated
by comparing the carrier signals with the arm voltage reference signal. If the carrier signal amplitude is
e.g. lower, the gate-pulse of the subsequent submodule top-level IGBT T1 is fired. This method allows
for evenly distributed switching losses between the submodules and balanced capacitor voltages in the
arms if the switching frequency is not equal to a harmonic of the AC system frequency [58].

In order to balance the capacitor voltages, a carrier rotation balancing strategy was proposed by
Bai et al. that does not need an external sorting algorithm and thus reduces the computational bur-
den [59]. Here, carriers are periodically interchanged between submodules such that each submodule
conducts an even current over a larger time interval. Although the carrier-based insertion algorithm
is decentralized, a rotary balancing algorithm requires a centralized controller or extra control signals
from the distributed gate control units. An example of two submodules controlled with Phase-Shifted
PWM is shown in Figure 5.2, where it is clearly shown both submodules switch two times to enabled
mode in a 50Hz fundamental AC-system period.
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Figure 5.2: Illustration of two submodules controlled with PS-PWM in converter connected to an 50Hz AC-system.

5.4. Methodology
The proposed lifetime-optimization controller should take the next available maintenance window into
consideration and reconfigure the submodule insertion indices to switch the submodule with the least
healthy IGBT device more frequently to enabled mode such that this affected component in the submod-
ule breaks at the start of the next maintenance window. This ensures the submodule is replaced with
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the least possible remaining useful lifetime resulting in other submodules being inserted less frequently.
Other submodule semiconductor devices therefore have lower power losses, experience less mechani-
cal stress, and their remaining useful lifetime is longer. The methodology should be compatible with the
existing gate-signal generation techniques nearest-level control, level-shifted PWM, and phase-shifted
PWM. First, the ON-state collector-emitter voltage measurement aggregation is discussed whereafter
two possible lifetime optimization insertion techniques are compared.

5.4.1. Signal processing
The ON-state collector-emitter voltage of each IGBT device can be measured, implying there are two
measurements per half-bridge configured submodule and Ns measurements in a converter arm. Signal
processing is needed to determine which measurement to consider in a submodule and subsequently
to estimate the relative ageing between the submodules in an arm. First, the aggregation on submodule
level is explained whereafter the arm aggregation is outlined.

Submodule aggregation The condition monitoring methodology for IGBTs was described in the pre-
vious chapters. This algorithm uses the ON-state collector-emitter voltage of the IGBTs. In every
submodule there are two IGBT devices in a half-bridge configuration while individual devices can not
be replaced; if a single IGBT device fails, the whole submodule is faulted. This means the highest IGBT
ON-state collector-emitter voltage determines the remaining useful lifetime of a submodule. This can
be either the highest predicted ON-state collector-emitter voltage of these devices max (vce,on) at the
time-to-maintenance tm,

vce,on = max (vce,on (tm) , fC1 (tm)) , (5.6)

or taken as the highest voltage at the time instant of assessment tx;

vce,on = max (vce,on (tx) , fC1 (tx)) . (5.7)

As it was shown in section 3.2 that the operational conditions of theMMC have a significant influence
on the power losses of the individual devices and so the component’s degradation rate, estimation
of the remaining useful-lifetime of any device including operational conditions (5.6) is extremely hard
and requires accurate converter operation estimations, further depending on external factors such as
weather data if the converter is connected to a renewable energy resource. The MMC lifetime should
be at least forty years as specified by TSO TenneT which requires the operational estimations to be
of the same time span. Because precise operational condition estimations are extremely difficult for
multiple years, it is considered to be unrealistic. As a result, the IGBT device with the highest ON-
state collector-emitter voltage in a submodule at the time instant of assessment (5.7) is determined to
indicate the submodule remaining useful lifetime.

In Figure 5.1, it was shown that T2 and D2 experience the highest power losses in a half-bridge
submodule configuration during both inverter and rectifier operation mode. The significant difference
with T1 and D1, and the fact that replacement of individual IGBTs inside submodules is not possible,
means that only T2 shall be monitored implying that T2 inside a submodule determines the complete
submodule remaining useful-lifetime at the time-of-assessment vce,on (tx).

Arm aggregation After the ON-state collector-emitter condition indicators at specific time instants are
generated in T2, the measurements should be aggregated between every submodule in the converter
arm for all devices being equal and fail at the same threshold for ON-state collector-emitter voltage
deviation. This assumption is justified by the fact that manufacturers only start the IGBT production
process after the production line is calibrated and sample devices show characteristics in between
extremely tight boundaries. This indicates the relative ageing between submodules and is computed
using,

vce,on,av =
1

NSM

NSM∑
i=1

vce,on (i) , (5.8)

and depends on the total number of submodules in an arm NSM. It is important to consider the total
number of submodules in the arm as the lifetime optimization controller should operate on arm level
because the controller is determined to act within the internal energy exchange controller in a single
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converter arm process. The submodule condition indicators in an arm can now be sorted using a new
vector,

δ =
∆Vce,on

Vce,on,av
=

Vce,on,i − Vce,on,av

Vce,on,av
, (5.9)

such that the condition indicators are based on the relative submodule condition in an arm. Similar to
the arm voltage deviation vector γ, vector δ can be sorted using algorithms such as quick-sort or bubble
sort. This allows MMC manufacturers to use existing software building blocks in the control system for
simplified extendability and reduced costs in implementing a lifetime optimization control approach.

During the arm level aggregation process, T2 ON-state collector-emitter voltage measurements
could differ between submodules while the internal devices are exactly equal and have identical health.
This is a result of the sinusoidal arm current and the difference in insertion time instants; if a submodule
is inserted during peak current, it will have a lower ON-state collector-emitter voltage measurement
compared to a submodule that is bypassed during the peak current while the T2 devices are exactly
equal. This generally occurs if the modulation index is lower than one as is illustrated in Figure 5.3
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Figure 5.3: Illustration of the vce,on measurements of two submodules in the same converter arm. The arm consists of 8
submodules and the modulation index is 0.8.

Here submodule 1 is seen with a higher measured ON-state collector-emitter voltage compared to
submodule 7. The first submodule is bypassed during the peak of the arm current, meaning there is
an ON-state collector-emitter voltage measurement at T2, while the other submodule is enabled during
this time instant, meaning there is no ON-state collector-emitter voltage measurement at T2. Therefore,
it is necessary to approximate the complete non-linear ON-state collector-emitter voltage over multiple
AC fundamental frequency cycles before vector δ can be created, where the accuracy is determined by
the approximation window size. A measurement approximation for the simulated converter arm with 8
submodules is illustrated in Figure 5.4.

The single-term non-linear approximation method has been used in the example. Obviously, if only
measurements from an estimation window size of 50 s have been used, emphasis is on the lower and
higher collector-current samples, such that the curve is not representing the real ON-state collector-
emitter voltage of this device. When the estimation window size is prolonged to 150 s, more measure-
ments are available over the complete collector-current range, and the accuracy is assumed sufficient
since all measurements coincide with the approximated non-linear characteristic. More research is
needed to determine the effect of the estimation window length and to study different techniques such
as moving minimum or maximum windows. It is important to note the junction temperature effect adds
a third dimension to the estimation approach which will require even larger estimation windows. Re-
search to the estimation window is considered out of scope and the exact behaviour is excluded in this
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Figure 5.4: Dynamic estimation curve-fitting analysis for the ON-state collector-emitter voltage of a submodule.

research. From the example illustration it can only be concluded that the estimation window should
be multiple orders higher compared to the fundamental AC-frequency period and real-time estimations
are thus not possible. The lifetime controller should rely on inputs that are delayed.

5.4.2. Insertion techniques
There are in general two approaches to include lifetime optimization in the submodule insertion al-
gorithm based on T2 ON-state collector-emitter voltage measurements. The first makes use of the
rotational carrier method while the second adjusts the sorting vector generated in the arm capacitor
voltage balancing controller.

Rotational carrier Level-shifted PWM has its carriers shifted with a vertical offset, causing the sub-
modules to be switched with an unequal average insertion time. The submodule level shift affects the
ageing of submodules relative to each other and is therefore useful for a lifetime-optimization controller.
Depending on the submodule degradation condition indicator, a rotational carrier algorithm can be used
to rotate the level-shift of the individual submodules. If a submodule should be inserted more frequently,
a carrier signal with more frequent insertion can be appointed to this submodule. This requires the need
of a rotational ON-state collector-emitter voltage-dependent submodule balancing strategy compared
to existing methods applicable for the voltage balancing process. A possible implementation of the
rotational LS-PWM method is depicted in Figure 5.5. Each submodule sends the ON-state collector-
emitter voltage of T2 to the data-processing unit which aggregates the measurements to arm-level and
creates vector δ. This vector is sent to the carrier rotation mechanism together with the voltage balanc-
ing vector β whereafter the individual carrier offset is determined for each submodule. The modulator
finally generates the gate signals for each submodules based on the comparators with the reference
voltage for each arm.

Extended sorting Similar to the conventional capacitor sorting algorithm presented, it would be pos-
sible to implement a sorting algorithm based on δ after sorting is performed on γ. This means the sorting
process is extended and now based on two parameters where both are decoupled such that parallel
sorting is possible. Because the capacitor voltages are also sorted but on a different metric, extending
the sorting with remaining useful lifetime can imbalance capacitor voltages and disrupt normal opera-
tion. Therefore, the starting point shall be sorting the capacitor voltages in subsequent order depending
on the arm current. The submodules at the far ends in the resulting vector have either the highest prior-
ity to be inserted or to be bypassed. The submodules in the middle of the resulting sorted vector have
relatively more freedom to be re-assigned in priority before they exceed their allowed voltage tolerance
usm ±∆Usm/2. A selection window can be used that takes a number of selected submodules in the mid-
dle of γ and re-arranges them in subsequent order according to sorting of the ON-state collector-emitter
voltages.
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Figure 5.5: Block diagram of the rotational carrier method including capacitor voltage balancing and lifetime optimization
control methodology.

An implementation diagram of the extended sorting methodology is depicted in Figure 5.6. First,
each submodule sends the measurements of vce,on and vc to the data processing unit where γ and δ
are formed. A selection window is subsequently determined in a selector unit wherein part of the gate
signal vector is formed based on γ. This vector has a size of the selection window boundaries while
the remaining part is directly taken from δ for capacitor voltage prioritization.

Figure 5.6: Block diagram of the extended sorting method including capacitor voltage balancing and lifetime optimization
control methodology.

Selection Two methods were presented where both use the sorted vectors γ and δ as specified in
the sorting function. The rotational carrier method is relatively straightforward to implement since the
methodology has already been described in the literature but for a different purpose. A significant dis-
advantage here however is the method is only applicable for level shifted PWM controlled submodules.
The extended sorting method is more complex to implement since there are no references available
yet. The advantage of this method is its applicability to all three mentioned modulation techniques.
As a result, the extended sorting methodology has been chosen as the insertion technique used for
including lifetime optimization in the arm energy exchange balancing process. The implementation and
analytical selection window setting is outlined in the following section.

5.5. Analytical Approach
A generic flow diagram of the extended sorting algorithm applied on a converter arm with eight sub-
modules and a selection window of four submodules is depicted in Figure 5.7.

It can be seen in the present arm current direction, submodule 4 has the highest priority to be
inserted according to assure capacitor voltage balance over the submodules. The selection window is
set to length four, such that submodule 3, 1, 6, and 2 can be re-appointed according to which submodule
has the most priority according to the ON-state collector-emitter voltage balancing. Here, submodule 3
has the highest priority to be inserted more frequently. After re-arranging the submodule priority inside
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Figure 5.7: Extended sorting methodology with capacitor voltage balance vector γ and ON-state collector-emitter vector δ.
Based on the selection window, the final gate signal (GS) vector is generated and based on nins, a number of submodules are

switched to enabled mode.

the selection window, the resulting gate signal vector indicates from left to right which submodule should
be inserted first.

In order to insert these submodules according to the reference waveform and modulation strategy,
first the number of submodules that should be switched to enabled mode are obtained at each time
instant independently of the modulation strategy. This can be done by comparing the reference with
the modulation strategy used for each submodule and adding the result together forming nins. Sorting
this vector in the same order as the insertion priority vector, element-wise multiplication can be used to
generate the gate pulses for the submodules.

5.5.1. Selection window determination
The objective of the improved sorting methodology in inverter mode is to increase ∆Tj by generating
higher losses in T2 for a selected submodule under the condition that these losses are reduced in other
submodules. This implies the selected submodule is bypassed as long as possible (increasing Pc) and
switched as much as possible (increasing Psw) such that other submodules do not need to be bypassed
or switched in order to generate the desired arm voltage.

In section 4.2.2 it was outlined that the junction temperature Tj of a semiconductor in MMC increases
from the instant when this semiconductor starts conducting in a half-wave current cycle till the instant
75% of the half-wave cycle has passed; the last 25% of the half-wave current cycle the junction temper-
ature will decrease. For T2 in inverter mode, the semiconductor conducts if the arm current is positive
such that these time instants can be determined,

ta,i =
1

ωN

[
−θ − sin−1

(
1

k

)
+ 2π (1 +K)

]
tb,i =

1

ωN

[
−θ + sin−1

(
1

k

)
+ π (1 + 2K)

]
,

(5.10)

as a function of the angular fundamental AC frequency ωN , phase angle θ, and current index k. The
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75% boundary where the maximum Tj occurs can thus be written:

tb,max =
ta,i + 3tb,i

4
(5.11)

If the respective submodule is bypassed this entire period, conduction energy losses Ec are generated
in T2 and can be calculated by the instantaneous value,

Ec =

∫ tb,max

ta

Vce,on[1 + k sin (ωN t+ θ)]
IDC

3
dt, (5.12)

in case vce,on is treated as constant. Another approach is to multiply the average conduction power
losses of T2 with the time of conduction ∆t = tb,max − ta,i. Here, vce,on can be approached as being
linear with current as used in (3.18).

The reference arm voltage determines how many submodules should be enabled. For the upper-
arm uau(t) as example, the number of submodules enabled in this arm,

Nsu (t) =
Ns

2
− mNs

2
sin (ωN t) (5.13)

is a function of the modulation index m, the total number of submodules Ns in this arm (even number),
and the angular fundamental system frequency ωN . It is important to note Nsu is the short-time average
value of nins which is further explained using Figure 5.9; there is a ripple seen over Nsu which is rep-
resented by nins. The selection window boundaries are integers significantly in between {0, Ns} such
that the highest priority is given to the capacitor voltage balancing process. Because the arm current
iau(t) is 180deg out-of-phase with the number of submodules that should be enabled in an arm Nsu(t),
the selection window starts when the arm-current is increasing and Nsu(t) is decreasing as illustrated
in Figure 5.8.
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Figure 5.8: Illustration of arm current and Nsu during the selection window with a converter arm consisting of 400 submodules
and modulation index unity. It should be noted there is no ripple (nins) shown over Nsu.

In the illustration, it is shown in between ta,i and tb,max the inner controller should change the insertion
vector such that themost losses occur in the selected submodule T2 device causing increased∆Tj such
that other submodules have reduced losses and a lower ∆Tj in their T2 device.

The insertion vector {0, Ns} has a selection window with lower boundary Bl and upper boundary Bu
where it holds that (0 < Bl < Bu < Ns). Both Bl and Bu could be even or odd integers. The ratio JL
given (Bu −Bl)/Ns defines the freedom the controller has to move losses from any submodule to the
selected submodule, whereas the ratio (Ns −Bu +Bl)/Ns defines the remaining freedom for the inner
arm capacitor voltage balancing. Both boundaries also define at which time instant the controller can
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start with interchanging insertion indices and when it stops. These time instants can be calculated as:

ta,W =
1

ωN

[
− sin−1

(
Ns − 2Bl

mNs

)
+ π (1 + 2K)

]
tb,W =

1

ωN

[
− sin−1

(
Ns − 2Bu

mNs

)
+ π (1 + 2K)

] (5.14)

From here it can be directly noticed that tb,W < tb,i, meaning tb,W defines the end of the selection window
in time domain. The start of the selection window in time domain is defined by the maximum of ta,W
and ta,i. With the boundaries set, the ripple over Nsu can be studied. The decreasing part of nins(t) as
resulting from phase shifted-PWM modulation, thus including the ripple, together with the increasing
arm current iau(t) is shown in Figure 5.9.
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Figure 5.9: Illustration of arm current and nins with time boundaries equal to the selection window. The arm has 22
submodules, Bl is 4, Bu is 18, Idc is 1.65 kA, theta is assumed zero, and the submodule switching frequency is 150Hz.

The time window where the controller can act for interchanging vector indices is shown to be ta,i
- tb,W in this example. If the arm current iau(t) would horizontally offset by at least ta,i - ta,W seconds
(phase-shift θ), the lower boundary is determined by ta,i. The fluctuations of Ns over the plane staircase
function in this time window determine how many times the selected submodule can be switched from
disabled mode to enabled mode. There are seven switching actions possible during the selected time
window in the illustration.

5.5.2. Loss component optimization
When a submodule is switched to enabledmode during a ripple instant over the plane staircase function,
the conduction losses Pc in T2 decrease as only D1 conducts if the submodule is enabled and the
arm current is positive. This means that the higher the submodule switching frequency, the lower the
conduction losses in T2. In order to calculate the reduction in conduction losses, the carrier waves
should be studied as no plane function could be found in literature describing the time duration of the
ripple as a function of the switching frequency and the number of submodules.

The triangular carriers in phase shifted PWM can be written as periodical linear functions,

Cu (t) =2Nsfsw

(
t− K

fsw
− i

fswNs

)
Cd (t) =Ns − 2Nsfsw

(
t− K

fsw
− i

fswNs

)
,

(5.15)

where integer K indicates the switching frequency period number and integer i represents the submod-
ule phase shift number (0 < i < Ns). The carrier belonging to the first submodule has no phase-shift
(i = 0), whereas the carrier belonging to the second submodule is phase shifted with 1/(fswNs), mean-
ing i = 1. This process repeats itself till the carrier of submodule Ns is phased shifted with i = Ns − 1.
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For the next period, K = 1 and i = 0 again. For simplicity, (K/fsw − i/(fswNs)) can thus be altered to
i/(fswNs) due to these periodical properties.

If the submodule switching frequency is at least twice an integer multiple of the fundamental system
frequency, two important things can be noticed in the selection window {Bl, Bu}:

• The intersection of an upwards carrier waveform cu(t) with the short-time average arm voltage
reference waveform Nsu(t) causes nins to drop by exactly one submodule.

• The intersection of a downwards carrier waveform cd(t) with the short-time average arm voltage
reference waveform Nsu(t) causes nins to rise by exactly one submodule.

This means that during the decreasing Nsu in the operating window time frame (ta,W/i - tb,W), the inter-
section with downward periodical carriers initiates a ripple over the plane decreasing staircase function.
The intersection time instant defining the start of the ripple,

Ns

2
− mNs

2
sin (wntstart) = Ns − 2Nsfsw

(
tstart −

i

fswNs

)
, (5.16)

cannot be solved algebraically and should therefore be solved numerically. The first subsequent inter-
section of an upwards carrier waveform cu(t) defines the end of this ripple over the plane decreasing
staircase function:

Ns

2
− mNs

2
sin (wntend) = 2Nsfsw

(
tend −

i

fswNs

)
(5.17)

However, the periodic properties of the linear carrier notation give infinite intersections while only the
intersections in between (ta,W/i - tb,W) are of necessity for interchanging insertion indices. Therefore,
i should be a vector with a length of the number of intersections starting from the first carrier with
horizontal offset is till the last crossing carrier with horizontal offset ie. For the downward carriers, these
instances can be calculated using,

id,s =

⌈
Nsfsw

(
ta,W/i −

Ns +Nsm sin
(
wnta,W/i

)
4Nsfsw

)⌉

id,e =

⌊
Nsfsw

(
tb,W − Ns +Nsm sin (wntb,W )

4Nsfsw

)⌋
,

(5.18)

while for the upwards carriers, these instances can be computed in a similar way but by replacing the
cd function part with the function from cu in (5.18).

Comparison A comparison between the estimated ripple time-instantons using the presented analyt-
ical approach and a MATLAB/Simulink simulation has been made. The number of submodules in the
arm is 22, with a selection window lower boundary BL of 7 and a selection window upper boundary Bu
of 15. This means the lifetime optimization loss transfer freedom coefficient JL equals (15−7)/22 = 0.4
while the remaining capacitor voltage balancing coefficient Jc equals (22−15+7)/22 = 0.6. The modu-
lation indexm is 1, while the DC-current Idc is set 1.5 kA. These instants define the submodule selection
window instants as explained in section 5.5.1. The submodule switching frequency fsw is set 150 kHz
and the AC phase-shift θ is assumed to be zero. The results are depicted in Figure 5.10.

It is clearly seen that the estimated ripple initiation and ending time instants are very accurate to the
MATLAB/Simulink simulation. This means the ripple estimation methodology functions sufficiently and
could further be used to estimate the loss difference and finally analyse the effect of all parameters to
the T2 junction temperature fluctuation.

5.5.3. Energy loss transfer
The difference between each pair of (tend - tstart) defines exactly the time duration that conduction losses
are dissipated in D1 instead of in T2 for the selected submodule. In between these pairs, T2 experi-
ences conduction losses. In order to calculate those conduction losses, the average and RMS-squared
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Figure 5.10: Comparison of the analytical estimation of the ripple instants in dotted lines with the MATLAB/Simulink nins
simulation during the complete submodule indice interchanging interval, implying the selection window in the time domain.

currents through T2 in those time windows can be computed,

IT2,av =
1

tstart,i+1 − tend,i

∫ tstart,i+1

tend,i

[1 + k sin (ωnt+ θ)]
Idc
3

dt

I2T2,rms =
1

tstart,i+1 − tend,i

∫ tstart,i+1

tend,i

[1 + k sin (ωnt+ θ)]
Idc
3

dt,

(5.19)

with which the conduction losses in these periods (tend,i - tstart,i+1) can be solved using (3.18). Another
approach is to subtract the average conduction losses in (3.18) with average current boundaries (tstart,i
till tend,i) in (5.19) from the conduction losses computed in (5.12) where it is assumed no switching action
takes place.

For the switching energy losses in the time window the controller should interchange insertion in-
dices (ta,W/i - tb,W), the average current through T2 during each switching action should be estimated. In
this case the time boundaries for IT2,av in (5.19) should be adjusted to tstart,i and tend,i as a single ripple
duration over the plane staircase function is normally very small and the average current through T2
during switching from disabled to enabled mode can be assumed to be identical to the average current
through T2 during switching to disabled mode again. The resulting switching energy losses in the time
window can finally be calculated using a discrete summation:

Esw = (Eon + Eoff )
Ucx

Uref,T

length(id,s)∑
j=1

|IT2,av (j)|
Iref,T

(5.20)

The trade-off between switching as much as possible and completely bypassing the selected sub-
module in order to generate more losses in the selected submodule can now be examined. For the
analysis, the 5SNA 1500E330305 and the 5SNA 3000K452300 Hitachi Energy IGBT devices are stud-
ied. The subsequent characteristics of those devices are indicated in Table 5.1.

Table 5.1: Relevant specifications of the IGBT devices used in the analysis.

IGBT Device U0 r0,t Eon Eoff Uref,T Iref,T
[V] [mΩ] [J] [J] [kV] [kA]

5SNA 1500E330305 3.1 2.0 2.15 2.80 1.8 1.5
5SNA 3000K452300 1.6 0.67 15.5 15.1 2.8 3.0

It is important to note that the two studied devices differ significantly in characteristics. While the
5SNA 1500E330305 IGBT device has switching losses (Eon + Eoff) equal to 15.4 J, with the loss mea-
surement references linearly scaled to Uref,T is 2.8 kV and Iref,T equal to 3.0 kA, these energy losses
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are a factor of two higher ( 30.6 J) for the 5SNA 3000K452300 IGBT device. The reason is the 5SNA
1500E330305 IGBT device is an older technology and was developed when the switching frequency
applied in VSC was relatively higher. Nowadays the switching frequency has decreased significantly,
making the switching losses less relevant and the conduction losses dominating. This means the IGBT
semiconductor design is now focused on optimization for different characteristics such as the conduc-
tion losses. This can further be seen in the characteristic differences of U0 and r0,t, both are namely
significantly lower for the 5SNA 3000K45230 IGBT device.

Both IGBT devices are used in an MMC operating in inverter mode with submodules in half-bridge
configuration. There are 200 submodules per arm (Ns) whereas each submodule capacitor is rated
2 kV. The DC-current Idc equals 1.5 kA, defined by the upper limit of the older 5SNA 1500E330305
IGBT device conduction current rating and the converter is assumed to be operating in steady-state.
The lifetime optimization controller selection lower limit Bl is set to 90 while the upper limit Bu is set to
110. This means the loss transfer freedom coefficient Jl equals (110−90)/200 = 0.1while the remaining
inner arm capacitor voltage balancing freedom coefficient JC equals (200 − 110 + 90)/200 = 0.9. The
resulting energy losses are shown in Figure 5.11.
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(b) Switching losses.

Figure 5.11: Comparison between the energy losses in T2 during the lifetime optimization controller selection window for a
converter arm with 200 submodules, Bl is 90, and Bu is 110 and 2 kV rated submodules.

It is obvious from the results that the conduction energy losses (Fig. 5.11a) are only a fraction of
the switching energy losses (Fig 5.11b) for both IGBT devices during the lifetime optimization controller
selection window {Bl, Bu}. This seems to contradict the semiconductor power loss estimations made
in Chapter 3, where it was determined that the conduction power losses are higher compared to the
switching power losses for T2 configured in half-bridge with the MMC operating in inverter mode. How-
ever, this difference can be explained with the following arguments:

• During average power loss estimations, it was assumed T2 switches exactly one time during
each submodule switching frequency cycle. For the lifetime optimization controller, T2 switches
multiple times during each submodule switching frequency cycle increasing the switching energy
losses.

• In the computation for the average power losses, the total energy loss during a switching action
(Eon + Eoff) was multiplied with the time period 1/fsw of the submodule switching frequency. Since
the activation time-period (ta,W/i - tb,W) of the lifetime optimization controller is much shorter than
1/fsw, the switching energy losses contribute much more to the total energy loss in T2.

Further, it can be seen that a higher submodule switching frequency results in lower conduction en-
ergy losses in T2. This confirms the assumption that when a submodule is switched from disabled to
enabled mode and the arm current iau(t) is positive, D1 conducts instead of T2 subsequently reducing
conduction losses in T2. The more this process repeats itself (higher submodule switching frequency),
the lower the conduction energy losses in T2 will be. Since the submodule needs to be bypassed after
every switching action to enabled mode, these losses will never drop to zero. An obvious opposite phe-
nomenon can be seen for the switching energy losses; the higher the submodule switching frequency,
the higher the switching energy losses in T2.
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The effect of the selection window width (Bu - Bl), as defined in intersection freedom parameter JL
(%) as a function of the total number of submodules in an arm Ns and the selection boundaries has been
studied. Here it is assumed the submodule switching frequency is fixed at 150Hz and further converter
and device parameters are identical to the previous study. The results for the generated energy losses
in selected submodule IGBT T2 are shown in Figure 5.12.
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Figure 5.12: Comparison between the energy losses in T2 during the lifetime optimization controller selection window for a
converter arm with 200 submodules, submodule switching frequency 150Hz, and 2 kV rated submodules.

Here it is seen that the higher the freedom factor JL, the more energy losses can be generated in
the selected submodule IGBT T2. The most significant losses are in the switching energy losses, as
also was emphasized in Figure 5.11.

5.5.4. Junction temperature effect
For the selected submodule where more losses have to be generated, the junction temperature fluctu-
ation ∆Tj in T2 should be estimated to assess the effect on the submodule remaining useful lifetime.
The analysis will follow the thermodynamics expressions for temperature ripple as presented in Chap-
ter 4. These formulations require the average power losses for T2 in the selected submodule, which
computation methodology was presented in Chapter 3. However, slight modifications have to be made
to the average power loss computation since it was assumed that T2 switches exactly one time during
each submodule switching frequency cycle, whereas it switches multiple times during each cycle with
a lifetime optimization controller.

This means the average switching power losses can not be estimated based on the energy losses
during one switching cycle (Eon + Eoff ), scaled to the average current and blocking voltage through-of
the IGBT device, divided by the time period of one switching cycle 1/tsw. Now, the device is assumed to
switch one time due to its own carrier wave, and an amount of the total ripple nr during the interchanging
indices window (e.g. in Fig 5.10 nr equals 4). As a result, the average switching power losses,

Psw = (Eon + Eoff )
Ucx |ITx,av| fsw (1 + nr)

Uref,T Iref,T
, (5.21)

increase by the factor (1 + nr). The total power losses in the selected submodule can similarly to
Chapter 3 be computed using linear summation of average power switching losses and average power
conduction losses (Pc + Psw) in the device. A specific amount of submodule (nr) does not switch in this
time period as the selected submodule is used to execute these switching actions. In order to calculate
the average power losses for these submodules, a very rough estimation can be made that these only
consist of submodule conduction losses. In reality, there will be some switching losses as well since
the lifetime optimization controller has a selection window that is shorter than the heating period of the
device (ta,i - tb,imax). The remaining submodules in the arm (Ns - nr), are not affected by and thus have
power losses as computed in Chapter 3.

Analysis has been done on an MMC configured with 200 half-bridge submodules per arm. The DC-
current equals 1.5 kA whereas the modulation index is unity, submodule switching frequency is 150Hz,
and AC phase-angle is zero. The device used in the analysis is the 5SNA 3000K452300 Hitachi Energy
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IGBT. The resulting average power losses and junction temperature swings for the selected submodule,
remaining selection window submodules, and the rest of the submodules in the converter arm for three
different loss coefficients are shown in the Table below.

Number of submodules Pav ∆Tj
[kW] [K]

1 7.34 4.01
5 1.82 0.99
194 2.74 1.50
1 9.19 5.02
7 1.82 0.99
192 2.74 1.50
1 10.1 6.03
9 1.82 0.99
190 2.74 1.50

JL = 6%

JL = 8%

JL = 10%


The selected submodule experiences the highest junction temperature ripple for all three JL factors. The
higher JL is, the larger the selection window and thus the more submodules have a reduced junction
temperature ripple. Whereas for JL is 6% only 5 submodules have a reduced junction temperature
ripple, for JL equal to 10%, already 9 submodules have a reduced junction temperature ripple and
proves the initial assumptions of the influence of the selection window width of the number of switching
actions that can be transferred.

5.6. Control System Implementation
The lifetime optimization controller can be implemented using control system blocks. A general overview
of the control system is shown in Figure 5.13.

Figure 5.13: Control system implementation of the lifetime optimization controller with capacitor voltage balancing. Inputs are
the condition indicators vce,on, arm current for sorting iarm, capacitor voltages vc, and arm reference voltage vref. The coloured

blocks are further outlined in detail.

There are four inputs in the system. First, the ON-state collector-emitter voltages of T2 from each
submodule in the respective arm is needed are condition indicator. The arm-current is send to the
vector sorting algorithm to determine the order of sorting. A positive arm current means the capacitor
voltages should be sorted from the lowest voltage to the highest voltage, respectively from highest
priority to lowest priority in γ. A negative arm current implies the sorting should be in opposite order;
from highest capacitor voltage to lowest capacity voltage. The capacitor voltages are directly send the
the capacitor voltage balance sorting process. Finally, the arm-voltage reference voltage vref is needed
in the selected modulation technique whereafter the amount of submodules inserted Nsum can be either
taken as nins are using the analytical estimation methodolgy as Nsu as explained in section 5.5. the
From the gate-pulse generator, the gate signals (GS) are generated. The highlighted blocks are further
outlined:
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• Moving maximum: In section 5.4.1 the ideology of measurement aggregation techniques were
discussed. The implications of the non-periodic insertion showed a curve-fit or moving maximum
can be used whereas this was considered out of scope of the current research. In order to show
general purpose of the lifetime optimization insertion indices, a moving maximum has been used
for the measurement aggregation between the submodules. The time-interval is set 20ms such
that one period is covered in the 50Hz AC-system. This short time window is justified by the fact
the modulation index is unity and all submodules are used in the arm.

• Rotation vector: After δ is formed, the selected submodule indice where more losses have to
be generated, is always located on the high-priority side of the selection window. This is only
effective when BL submodules have to be inserted. A rotation algorithm is applied based on Nsum
that relocated the selected submodule indice to the indice of Nsum in δ′. The selected submodule
indice is thus always on the position where the ripple over the plane staircase function occurs
over nins in the selection window.

• Vector contaminate: The selection window from δ′ is contaminated with the remaining part of the
capacitor voltage balance process γ before the gate pulse can be generated.

Simulation The presented control system has been implemented in MATLAB/Simulink together with
a single leg of an MMC to validate the working of the proposed controller including capacitor voltage
balancing and lifetime optimization. Both arms in the leg consist of eight half-bridge configured sub-
modules and only the upper-arm is modeled including T2 deterioration. The DC-poles are rated 8 kV
whereas each submodule is 2 kV. The arm current is measured at the DC poles and each submodule
is built with capacitor voltage sensors and IGBT collector-emitter voltage sensors. As the converter
works in inverter mode, these sensors are only installed at T2 due to their dominating losses and high
deterioration. A mechanism assures the measurements are only performed when the respective gate
signal is fired such that OFF-state measurements are filtered.

In order to mimic the effect of increasing ON-state collector-emitter voltage during deterioration, a
resistor is placed in series with T2 which increases according to the number of instances the respective
device has been switched between ON-state and OFF-state. This respective resistance Rs is modeled
according,

Rs = α (Nsw)
β
, (5.22)

where Nsw represent the number of times the corresponding series T2 device has switched, α is the
deterioration offset factor and β the deterioration scaling factor. The parameters per series resistor in
the upper arm are listed in Table 5.2.

Table 5.2: Lifetime deterioration parameter
settings α and β per submodule in the upper arm.

Submodule number α β

1 1 ×10−6 1.40
2 1 ×10−6 1.00
3 1 ×10−6 1.05
4 1 ×10−6 1.10
5 1 ×10−6 1.08
6 1 ×10−6 1.10
7 1 ×10−6 1.00
8 1 ×10−6 1.20

With these parameter settings, submodule 1 should deteriorate the fastest under the same sub-
module switching frequency due to the highest offset factor β. Oppositely, submodules 2 and 7 should
deteriorate the slowest.

First, the capacitor voltage balancing and the generation of the AC-phase voltage is simulated.
These simulation results can be seen in Figure 5.14.

In the figure, the generated AC voltage can be seen in a block shape. Due to the absence of arm
reactors, this waveform is not completely sinusoidal. These reactors are not modelled because of the
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(a) Generated AC phase voltage. (b) Capacitor voltages during a single 50Hz period.

Figure 5.14: Generation of the AC-phase voltage and the capacitor voltage balancing between the eight submodules.

increased computational burden due to the higher differential equation order these components bring.
Since the focus is on the control methodology of the insertion indices, there is no need to have pure
sinusoidal waveforms in the simulation. The average capacitor voltage of 1.7 kV is reduced compared
to the initial value of 2 kV due to the capacitance and DC-pole current. The capacitance and capacitor
voltage balancing process shall be tuned to keep the capacitor average voltages at a preferred value
compared to only balancing the voltages. Further, it can be seen the peak AC-phase voltage is lower
at around 5 kV than expected (8 kV - 8 × 1.7 kV). This is because of the ratio between the AC-phase
impedance and the arm resistors. For more sophisticated simulation behaviour, other simulation tools
such as RSCAD shall be used but require adjustments in order to simulate the deterioration effect of
T2.

Besides, the capacitor voltages are seen to be balanced and follow a sinusoidal pattern with block
steps. This balancing process confirms the working of the intended capacitor voltage balancing al-
gorithm. The increasing half of the sinusoidal waveform has a more block shape compared to the
decreasing half of the sinusoidal waveform because in the first half, the arm current is strongly posi-
tive such that the capacitors are charging fast while in the second half, the arm current is only slightly
negative and the capacitors are discharging slowly. In conclusion, the capacitor voltage balancing pro-
cess performs as intended but another controller is needed to keep the average voltage values at the
intended voltage in order to generate the desired AC-phase voltage.

Secondly, the performance of the selection window control aspect has been verified using the MAT-
LAB/Simulink model. Two scenarios are considered; disabling the selection window such that only
the capacitor voltage balancing controller is active and enabling both controllers implying the complete
presented control methodology is simulated. The number of times a submodule is inserted using both
strategies is depicted in Figure 5.15. According to the scenario with only the capacitor voltage bal-

(a) Capacitor voltage balancing control. (b) Lifetime optimization and capacitor voltage balancing control.

Figure 5.15: Number of times a submodule has been inserted with two scenarios considered.
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ancing controller active, the submodules are seen to be inserted evenly over time. This confirms the
explanation of the capacitor voltage balancing controller evenly inserting submodules over time in order
to balance the voltage (energy) between each submodule. When the lifetime optimization controller is
also activated, the insertion frequency between the submodules starts to differ over time. It can be
seen submodule 1 is inserted most while submodule 2 is inserted least as expected. Interestingly,
submodule 6 is inserted less than submodule 7. This could be a result of the capacitor voltage having
more influence on the insertion indices of submodule 7 so that the indice of submodule 7 is often out-
side the selection window. Another reason is the lifetime optimization controller works with a selected
submodule, namely submodule 1 in this example, while the remaining submodules are used to switch
less in a more random matter.

Finally, a simulation has been made with first only the capacitor voltage balancing controller active
whereafter the lifetime optimization controller is also activated. These results are shown in Figure 5.16.

Figure 5.16: Capacitor voltage balancing control whereafter the lifetime optimization controller is activated at roughly 80ms.

From here it can be seen the submodules are first inserted evenly over time whereafter also the life-
time optimization controller is activated and the submodule insertion frequency starts to differ between
the submodules. A similar pattern as the previous simulation can be observed where the differences
are mainly caused by the shorter activation time of the lifetime optimization controller. The longer the
lifetime optimization controller is active, the larger the difference in insertion frequency between the
selected submodule and the remaining submodule will be. This selected submodule can clearly be
seen as the submodule with the highest ON-state collector-emitter voltage (difference in β) and thus
represent the fastest degradation.





6
Reliability Centered Maintenance

In Chapter 2 the IGBT device structures applied in modern MMC and their subsequent failure modes
were analyzed. It was found that the junction temperature is the main reason for IGBT degradation. In
order to estimate the junction temperature, it was explained in Chapter 3 that the power losses in the
IGBT devices should be estimated based on the MMC operational conditions. A comprehensive model
with linear- and non-linear loss estimation was discussed and presented. Based on these power losses,
in Chapter 4 an absolute junction temperature estimation model for each IGBT was developed. This
makes it possible to estimate the absolute junction temperature of each IGBT in an MMC depending
on the converter operational conditions and the location of the submodule.

This chapter aims to estimate the absolute remaining lifetime of each submodule in an MMC. This
implies that the absolute junction temperature of each IGBT should be modelled towards the remaining
lifetime of the submodule in which it is located. The resulting technical condition of the IGBT devices
and thus the submodules are of utmost important for a reliability centered maintenance strategy.

6.1. Reliability Analysis
Reliability is defined as the ability of a system to fulfil its function for a given time period and under
certain conditions. The reliability of a single submodule is of substantial significance for the reliability
of the complete converter and a HVDC link. Power losses in the four semiconductors in the half-bridge
configured submodules were seen to be different between the semiconductors but generally identical
for all submodules. This means if one of the hundreds submodules in modern MMC approaches its
end-of-life, nearly all of them will be at their end of life and have a high failure probability. The general
time-dependent reliability lifetime of a component is characterised by the bath-tub curve as shown in
Figure 6.1.

Figure 6.1: Example illustration of a bathtub failure rate curve with the three regions and general failure rate behaviour [60].

Generally, the failure rate of a component, mentioned further as a submodule, is first high and burn-
in failures are experienced which are due to abnormalities in the design and fabrication process. These
failures are hard to predict and generally taken for granted. After a certain time period, the submodules
with manufacturing deviations are faulted and replaced whereafter the failure rate of the remaining
submodules will decrease and these will enter their useful life phase. The failure rate is non-zero and a
low number of failures is seen. Manufacturers are required to design the MMC such that the product of
the failure rate per submodule and the number of submodules in the MMC is below the redundancy limit
for yearly operation. The failure rate in this phase is hard to determine and unusable for health indexing
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due to the project-specific designs and the high development rate of semiconductors in MMC. After the
useful lifetime, semiconductors will enter their end-of-lifetime and the failure rate of the submodules will
start to increase. Especially in MMC, it can be expected that the incline will be very steep due to the
uniform stresses of semiconductors between all submodules. This research will therefore focus on the
estimation of the start of the end-of-life phase.

6.2. Damage Model
The estimation of the useful remaining lifetime of an IGBT device is complex. These remaining lifetime
models are device-specific and manufacturers normally only provide needed accelerated ageing mea-
surements under strict non-disclosure agreements. Nevertheless, a fundamental lifetime estimation
model can be developed, where parameters can be easily adjusted based on the provided information
by the manufacturer.

There are in general different models indicating the damage done by a single thermal junction tem-
perature cycle as published in the literature. These models are briefly discussed in the following para-
graphs.

Coffin-Manson The Coffin-Manson model describes the remaining number of thermal cycles Nf of
junction temperature swing amplitude ∆Tj as a function of scaling parameters A and n,

Nf = A (∆Tj)
−n

, (6.1)

where A is determined by the size of the solder joint, the coefficient of thermal expansion mismatch
between the material layers, the solder thickness, and the ductility factor of the solder joint [61].

Several curve-fits were performed on accelerated ageing test data in [62]. The device under test
was a 3.3 kV, 1.0 kA rated IGBT where A was estimated to be 5.23 × 1015 and n approximated as
−5.34. However, it was also found that the Coffin-Manson model alone was not sufficient to estimate
the remaining lifetime for the device under test. Another research focusing on bond-wire lift-off, the
main degradation mechanism for bond-wire IGBT devices, reported parameter A as 1.4 × 1011 and n
to be −3.597 [63]. The semiconductor used was fabricated by Dynex High Power Semiconductors.

LESIT model An Arrhenius factor including the average junction temperature Tj,av was added to the
Coffin-Manson model resulting in the LESIT model [64]. This includes effect of the average junction
temperature Tj,av on the remaining cycles to failure,

Nf = A (∆Tj)
−B

e
Q

RTj,av , (6.2)

with Q representing the activation energy and R the gas constant. It holds that the higher the average
junction Tj,av temperature, the lower the number of cycles to failure. Parameter C is a constant that
should be derived from curve-fitting accelerated ageing test data.

Extremely contradicting model parameters were given in [65]. First, an additional factor was added
to include the junction temperature cycling frequency, effectively changing themodel to a Lorris-Landzberg
model with the Arrhenius term as a function of the maximum junction temperature Tj,max and the gas
constant with Boltzmann constant kB,

Nf = Af−α (∆Tj)
−B

e
Q

kBTj,max , (6.3)

whereafter the cycle frequency f was taken as one, and the total cycles were counted with the Miner
damage theorem, effectively making the model a LESIT model with different parameters in the Arrhe-
nius term. Most contradicting is model parameter C was given 0.42 and kb as 1.38× 10−23 (Boltzmann
constant). This means the Arrhenius term results in infinity for all reasonable operating semiconductor
junction temperatures (30–125degC) in MMC-type HVDC converters applied in practice.

Bayerer model A sophisticated model has been developed by Bayerer et al in [66]. Compared to the
LESIT model, more factors are affecting the remaining cycles to failure are included,

Nf = K1 (∆Tj)
−β1 e

β2
Tj,min+273 tβ3

onI
β4V β5

B dβ6

b , (6.4)
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with ton indicating the heating time, I the current through the IGBT device, VB the device blocking voltage,
and db the bond-wire thickness.

The accelerated ageing test data of the 3.3 kV, 1.0 kA rated IGBT in [62] was also curve-fitted on a
modified version of the Bayerer model. Here, (KV β5

B dβ6

b ) and the Arrhenius term, were included in a
new constant K2:

Nf = K2 (∆Tj)
−β1 tβ3

onI
β4 (6.5)

The resulting fitting parameters obtained for both models are depicted in Table 6.1.

Table 6.1: Resulting coefficients Bayerer model test data comparison between two publications.

Model K1 K2 β1 β2 β3 β4 β5 β6

[62] 5.23× 1015 −2.07 −1.42 −4.1
[66] N/A −3.483 1.917× 103 −0.438 −0.717 −0.751 −0.564

A comparison was made for the obtained parameters in [62] with the original Bayerer model in [66].
These models were not matching, with a justification that the studied IGBT devices possibly differ too
much. Different manufacturing techniques and technological advancements in the devices could result
in different estimation methods for remaining cycles to failure.

Selection The Bayerer model is the most sophisticated model but requires many input parameters
making the lifetime consumption calculation for an MMC more difficult. Besides this, the bond-wire
thickness db is often not specified in open-source IGBT datasheets and could therefore not be used in
practice. Therefore, this model has been excluded further. While the LESIT model is the more sophis-
ticated version of the Coffin-Manson model, no parameters were found to make a reasonable estimate
of the remaining cycles to failure. In contrast, the Coffin-Manson model was reported to lack the addi-
tion of extra necessary parameters for an accurate estimation of the remaining cycles to failure. Most
importantly, for identical models applied to different IGBT devices, different fitting parameters were
obtained which emphasizes the need to perform accelerated ageing test data per IGBT device. From
here it can be concluded that TSO TenneT shall request subsequent damagemodels for each converter
individually to the manufacturers and currently no general damage model applicable to all semiconduc-
tors exists. For the remaining part of this research, the exemplary numerical damage models from
application manuals are used as depicted in Figure 6.2.
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Figure 6.2: Generated models using curve-fit from two remaining cycles to failure estimation curves given in manufacturer
application manuals.

6.3. Temperature Damage Components
The thermodynamic models are used to calculate the absolute junction temperature of each device
based on converter operational conditions. Historical data can now be used to calculate these junction
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temperatures over time and estimate the remaining useful lifetime of the devices based on the failure
curves. Two different forms of thermal cycles can be examined over the semiconductor junctions:

• High-frequency cycles: the temperature ripple component over the semiconductor junctions due
to the half-wave conducting characteristics over the fundamental frequency AC-waveform.

• Low-frequency cycles: converter load-changes and cooling system setpoint adjustments result
in absolute junction temperature differences.

The high-frequency cycle amplitude is normally small whereas low-frequency temperatures could be
higher. On the other hand, these high-frequency temperature cycles occur very frequently such that
the resulting total damage to the device is of more significance. The influence of these temperature
components should be examined based on historical operational data and compared between different
converters to understand the effects between constant loads and highly fluctuating loads.

6.3.1. Cycle counting
The amount of high-frequency temperature components can be easily calculated based on the time con-
stant, which is 20ms for 50Hz AC systems, and the converter operational conditions. The computation
of the ripple amplitude was explained in section 4.2.2.

For the low-frequency temperature cycle counting a more sophisticated approach has to be used.
From the computed absolute junction temperatures over time, it could be harder to assess when the
junction temperature makes a full cycle with which respective amplitude. In the most optimum scenario,
the required historical data has a high sampling rate such that the estimations are very accurate and
no temperature fluctuations are seen as a result of the sample rate. However, the sampling frequency
from the required operational data is in the range of mHz in practice so that temperature fluctuations
could be seen which are only a result of the low data sampling rate. Therefore, the lowest temperature
fluctuations are first filtered out such that only the higher fluctuations determine the low-frequency tem-
perature components. In order to illustrate the methodology to estimate the remaining lifetime based
on cycle counting, an example case study is used. For the analysis, an MMC-type HVDC converter
operating in inverter mode with half-bridge configured submodules is used. The focus is on the sub-
module T2 device implying the most stressed component is the submodule. First, the filtering process
is applied. An illustration of the filtering method applied for the IGBT device over a time period of two
days is shown in Figure 6.3.
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Figure 6.3: Illustration of the filtering process to exclude high variations due to the data low sample rate.

The IGBT device can be seen suffering several low-frequency junction temperature cycles. Obvi-
ously, the amount of cycles experienced over a two-day period is low because of the converter load
profile. After the filtering process, the temperature cycles have to be counted and an approach called
rain flow counting is applied. Based on each absolute junction temperature and the next subsequent
junction temperature, it is assessed whether a full temperature cycle is made. This can be graphically
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explained using Figure 6.3. Multiple short-temperature components can be seen after the filtering pro-
cess. These are during other longer-temperature components and therefore disrupt the total amplitude
of other cycles. The methodology used in rain flow counting assures all full-range temperature compo-
nents are added together and smaller fluctuations do not disrupt these full cycles. Since the rain flow
counting algorithm is also able to compute the average value of the junction temperature per cycle, is
it often used in literature [67]. An automated rain flow counting function is integrated into MATLAB that
performs according to the ASTM E 1049 technical standard focused on standard practices for cycle
counting in fatigue analysis. This function will be used further in this research. An example of the rain
flow counting method based on a yearly time span of the studied T2 device is depicted in Figure 6.4.

Figure 6.4: Rain flow counting results for a yearly mission profile of an T2 device in a converter operating in inverter mode.

In the figure, the historical annual calculated temperature from the filtering process is seen on
top. The temperature first makes low-frequency cycles about 50degC and later rises to approximately
75degC. First, the average temperature is rather low, and this could represent a period with less con-
verter loading. The loading could be caused due to the wind speed in the area if the converter is
connected to a wind farm via the DC-link. In the bottom figure, the number of counted cycles using the
rain flow methodology can be seen. The lower the cycle range, the more cycles are counted. These
lower average temperature cycles are just above the filter limitation and cause less damage to the IGBT.
Surprisingly, many low temperatures (about 20degC) cycle averages can be seen. This indicates the
IGBT operates at a lower temperature than expected during a significant part of the annual operational
profile. The heat-sink optimization from Chapter 4 could be a good solution to raise the cycle average
temperature for more efficient converter operation.

6.3.2. Accumulated damage
After temperature component counting, the damage done from each temperature cycle can be com-
puted using the lifetime curve. In order to assess the total damage done from all temperature segments,
the low-frequency and the high-frequency components, Miner’s linear fatigue accumulation theorem
can be used [68]. This theorem is widely accepted as a universal standard in fatigue analysis, and is
based on the assumption that fatigue damage is equal to the accumulated cycle ratio [69],

D =
∑ ni

Ni
, (6.6)

where D (0 < D < 1) represents the cumulative damage of the device and ni the number of respective
cycles of damage Ni. A device can be considered faulty when D equals 1. For e.g. a time-duration of
1 s in a 50Hz switched system, every 20ms there are 50 high-frequency temperature components. If
the cycles-to-failure from each of those high-frequency temperature components is 108, ni equals 50
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and Ni is 108. An illustration of the cummulative damage done to the IGBT in the annual mission profile
estimated from the rain-flow counting method is shown in Figure 6.5.
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Figure 6.5: Annual cummulative damage of a T2 device in a converter operating in inverter mode.

From the cumulative damage plot of T2 it is shown roughly 2% of the lifetime is consumed on an
annual basis. A small portion of the cycles is seen to consume 0.5% of the lifetime while the rest is
shown to increase linearly due to the low significance of the cycle amplitudes. Based on these results
and the assumptions used, it can be concluded the expected lifetime of the T2 device is much longer
compared to the minimum lifetime of 40 years as specified by TSO TenneT.

6.4. Lifetime Assessment
A case study should determine the effect of the load profile and the amplitude of the DC-pole current
on the lifetime of the IGBT devices in the submodules. This summarizes all previous analyses into the
final computation of the remaining useful lifetime. This section is devidided into a medium scenario
load profile and a heavy scenario load profile representing higher converter loading.

There are many different loadings possible. To include low-frequency junction temperature cycles
and study the effect of high-frequency junction temperature cycles, there are two scenarios considered:

• Medium scenario: The DC-pole current is 500A and increases daily once to 1 kA whereafter it
returns to 500A at the end of the day. The ratio of full-load with 1 kA compared to low-load with
500A determines the capacity (1–99%) of the converter.

• Heavy scenario: The DC-pole current is 1 kA and increases daily once to 2 kA whereafter it returns
to 1 kA at the end of the day. The capacity factor is calculated similarly to the medium scenario.

The difference between these scenarios shows the effect of mainly the high-frequency junction temper-
ature cycles due to the major dependency on the DC-pole current. Daily, the DC-pole current is twice
the current from the medium scenario for an identical converter capacity factor. The transported power
is thus higher and this will increase the power losses and the semiconductor junction temperature ripple
as determined in the previous Chapters.

6.4.1. Medium scenario
In this scenario, the DC-pole current is assumed to be 500A and maximum 1 kA such that it represents
a 900MW symmetrical MMC-type HVDC converter rated 320 kV. The IGBT device used is a 4.5 kV
rated device designed by Infineon Technologies and referred to as FZ1200R45HL3. This voltage class
is often used in practice for these converter power ratings. The relevant IGBT specifications are shown
in Table 6.2.

It is seen the switching energy losses are rather low compared to the previously assessed IGBT
devices. Similar comparison as previously, identifying if the device is older since it is optimization in
switching loss optimization, is not possible since the reference measurements are here based on a
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Table 6.2: Semiconductor electrical parameters used in the analysis. Eon,
Eoff, and Err reference measurements are made at 2800V and 1200A.

Device V0,cx Rc/f Eon Eoff Err
[V] [mΩ] [J] [J] [J]

FZ1200R45HL3 IGBT 1.50 1.11 5.3 5.3
FZ1200R45HL3 FWD 1.25 0.972 3.2

collector-current of 1.2 kA compared to the Hitachi Energy reference measurements at 3.0 kA. The
thermal characteristics of the IGBT device are shown in Table 6.3.

Table 6.3: Semiconductor thermal parameters used in the analysis.

Device Rjc Rch Rjc,1 Rjc,2 Rjc,3 Rjc4 τ jc,1 τ jc,2 τ jc,3 τ jc4
[mΩ] [mΩ] [mΩ] [mΩ] [mΩ] [mΩ] [s] [s] [s] [s]

FZ1200R45HL3 IGBT 8.20 10.0 1.23 4.91 1.28 0.734 0.0050 0.053 0.63 5.59
FZ1200R45HL3 FWD 13.8 10.5 3.47 7.48 2.01 0.834 0.0050 0.050 0.47 5.93

For the heat sink, the simplified thermal model has been used where the heat sink represented by
a single thermal impedance equal to 14K/kW. The submodule switching frequency is 150Hz and each
submodule is rated 2.5 kV with the AC-phase angle 0deg and the modulation index unity. For the cycles
to failure damage model, the estimations from Figure 6.2b are used. The resulting annual cumulative
damage (%) for the four semiconductors in the half-bridge configured submodules under three different
converter capacities is seen in Figure 6.6.
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Figure 6.6: Annual cumulative damage to the four semiconductors in half-bridge configured submodules with the medium
scenario. Three converter capacity factors are studied with from left to right; 70%, 80%, and 90% rated power.

According to the annual cumulative damage, it is clear in rectifier operation mode, most damage is
caused to the D2 device under all three converter capacity factors. While for a capacity factor of 70%
this annual damage is 0.67%, this increases to 1.35% damage if the capacity factor is 90%. The high-
frequency damage component is themost significant for this device due to the high junction temperature
ripple in the FWD. Obviously, in inverter operation mode device T2 suffers the highest annual damage.
Compared to the rectifier mode, here the low-frequency damage component is the main contributor to
the total damage instead of the high-frequency damage component. This can be explained using the
semiconductor thermal parameters as given in Table 6.3. Here it can be seen while the Foster thermal
time constants are almost equal for both semiconductor devices, the thermal resistance is higher for the
FWD semiconductor in network orders compared to the IGBT semiconductor. This causes the junction
temperature ripple to be higher and the high-frequency damage more significant for the D2 device.
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6.4.2. Heavy scenario
During the heavy scenario, the DC-pole current is assumed to be 1 kA and increases to 2 kA on a daily
basis. The ratio between the peak-current of 2 kA and 1 kA defines the converter capacity factor. This
heavy scenario represents a symmetrical monopolar 2GW MMC-type HVDC converter rated 525 kV.
A similar IGBT as in the medium scenario has been used and the half-bridge configured submodules
are rated 2.5 kV. The submodule switching frequency is 150Hz and the power factor unity. For the
cycles to failure damage model, the estimations from Figure 6.2b are used. It should be noted that a
higher voltage class IGBT device is going to be used for the future 2GW converters for TSO TenneT.
Instead of the studied IGBT device with a blocking voltage of 4.5 kV, 6.5 kV rated IGBT devices will be
used due to the higher current that causes a higher voltage ripple over the submodule capacitors. This
can be counteracted by reducing the submodule capacitor capacitance such that the heavy scenario
is still possible in practice but not preferred. The resulting annual cumulative damage (%) for the four
semiconductors in the half-bridge configured submodules under three different converter capacities is
seen in Figure 6.7.
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Figure 6.7: Annual cumulative damage to the four semiconductors in half-bridge configured submodules with the heavy
scenario. Three converter capacity factors are studied with from left to right; 70%, 80%, and 90% rated power.

The cumulative annual damage is much higher for the heavy scenario compared to the medium
scenario. First, in the rectifier mode, it can be seen that device D2 already suffers more than 100%
cumulative damage only according to the high-frequency damage component for a capacity factor of
70%. The DC-pole current causes many losses in D2 whereafter the thermal Foster constants of the
FWD amplify the effect and generate a high junction temperature ripple with significant damage to the
semiconductor. As a result, this IGBT device can not be implemented in a 2GW converter operating in
rectifier mode with a reduced submodule capacitor capacitance to lower the subsequent voltage ripple.
On the other hand, if this IGBT device is installed a similar converter operating in inverter mode, the
annual cumulative damage is lower and an expected lifetime of 40 years can be reached with the linear
cumulative damage model. This emphasizes the difference between the thermal time constants of the
device IGBT and FWD semiconductors. As expected, the higher the capacity factor, the higher the
high-frequency component damage will be. This is because the capacity factor influences the time
duration the DC-pole current equals its peak-current of 2 kA thus increasing the power losses and the
junction temperature ripple.



7
Conclusion

To assess the technical condition of submodules in MMC-type HVDC converters, a data-driven con-
dition monitoring strategy using the existing TenneT Health Index framework for the semiconductor
devices in the submodules had to be developed. With significant developments in the converter tech-
nology, practical knowledge was minimal and the failure mechanisms had to be studied. In particular,
the developed methodology needed to be applicable to real projects and compatible with the diverse
MMC-type HVDC converter implementations while the expected future outlook on the developments
shall be incorporated in the model. Sophisticated research has been performed in this thesis which
led to many new insights into the implementation of condition monitoring and lifetime optimization to
unlock smarter maintenance strategies for these converters. Conclusions drawn throughout the thesis
and recommendations for future research are outlined in this Chapter.

7.1. Conclusion
Semiconductor devices were discussed in Chapter 2 in order to predict which devices will be used in
future MMC projects and are therefore relevant for condition monitoring. The relevant devices were de-
scribed to be the conventional IGBT and the RC-IGBT. Whereas the conventional IGBT is now applied
mostly in practice, the RC-IGBT is expected to be used more in future projects. Both devices can be
surrounded by three different housing structures, the wire-bonded housing, rigid-press pack surround-
ing using external force, and the compliant-press pack housing with springs added inside the device.
While the bond-wire structure mainly suffers from bond-wire degradation, all three devices experience
solder degradation. From the extensive literature study, thermal cycling was determined to be the
main cause for most failure mechanisms. This thermal cycling is a result of the device semiconductor
junction temperature that fluctuates during operation.

The most suitable condition indicator to estimate the cumulative damage to the semiconductors
was determined to be the ON-state collector-emitter voltage. During degradation, cracks will form
between the semiconductor chip junctions and the device case. These cracks are in the middle of the
heat propagation path from the semiconductor junction to heat sink meaning the thermal impedance
will increase. This thermal impedance causes the device to operate on a higher absolute junction
temperature increasing the ON-state collector-emitter voltage. Since the absolute junction temperature
is near impossible to estimate, the ON-state collector-emitter voltage is determined to be the most
suitable condition indicator.

The ON-state collector-emitter voltage was outlined in Chapter 2 and is influenced by the arm-
current, which could be measured, and the junction temperature for which a complex estimation model
had to be developed. The estimation of the technical condition of the submodule semiconductor was
thus an extensive process consisting of two parts. First, in Chapter 3 the semiconductor power loss
computation was presented using available converter operational conditions such as the DC-pole cur-
rent and the submodule switching frequency. Based on the available specifications, the conduction,
switching, and reverse-recovery losses were estimated and three different estimation methods were
compared. The power losses were seen to differ significantly between the converter inverter and rec-
tifier operation modes for the four semiconductors in half-bridge configured submodules. The second
part in the estimation of the technical condition of the semiconductors was explained in Chapter 4 where
the junction temperature components were computed with the device power losses and the device ther-
mal characteristics. The temperature was explained to consist of the fundamental AC-frequency period
ripple over a steady-state value. The steady-state temperature estimation was presented based on two
possible approaches such that it can be computed in different projects and data availabilities. The AC-
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fundamental frequency temperature ripple was shown to be highly dependent on the device’s thermal
impedance but generally assumed to be low. These thermal models made it possible to estimate the
junction temperature within the ripple boundaries and finally assess the technical condition of the sub-
module semiconductors based on the ON-state collector-emitter voltage.

The differences between the four semiconductor power losses in half-bridge configured submod-
ules were explained to cause differences in ageing depending on the converter operational mode. A
novel lifetime-optimization approach was presented in Chapter 5 that allocates submodule insertion in-
dices based on a selection window. The presented control philosophy was designed to be compatible
with existing converter controllers and easily adopted in control systems as it uses available control
system building blocks. The philosophy has not been seen in literature and it is expected to open a
new direction in HVDC converter research and development. An analytical method was presented to
estimate the effect of the controller on the semiconductor junction temperature fluctuations where it was
seen a selected submodule can be degradated to prolong the remaining lifetime of other submodules.
A practical control system implementation was shown in MATLAB/Simulink to be compatible with the
capacitor voltage balancing process and the insertion sum performs as expected.

A project-specific lifetime estimation model for all four semiconductors has been developed in Chap-
ter 6. Particular focus was on the available parameters such that the model can be verified using
existing historical operational measurements. Different damage models were outlined whereafter ex-
emplary failure curves were used further. Depending on the manufacturer of the converters it would
be possible to use any damage model in the lifetime assessment methodology. The two damage com-
ponents were determined to be the low-frequency and high-frequency cycles. The most contributing
damage component was shown to be converter specific, with a determination between the converter
loading; either connecting a heavy-loaded wind farm or a medium-loaded wind farm.

7.2. Recommendations for Future Research
Inclusive research has opened many new directions for future research. These are outlined according
to the Chapter categories in the following paragraphs.

Power loss estimation Estimation models for the power losses in the four semiconductors in half-
bridge configured submodules were outlined in Chapter 3. These models revealed the differences
between the semiconductor power losses and showed that D2 power losses are highest in rectifier
mode and T2 power losses are dominant in inverter mode. Since these losses were seen the be of
significant relevance in the semiconductor deterioration in Chapter 6, further research is needed to
reduce the losses in the dominating power loss device. This means that an optimum must be studied
on the submodule level instead of the component level. The total power losses per submodule could
thus be higher such that the power losses in the dominating device are lower. This will finally result in
a prolonged lifetime of the respective submodule.

Converter thermodynamics In Chapter 4 the converter thermodynamics were studied. Here it was
shown that the length of the liquid pipe through a liquid-cooled heat sink can be optimized to operate
all four semiconductors in the half-bridge configured submodules at the same temperature. Operating
these devices at a similar temperature is useful for higher efficiency and equally distributed resistances
over the converter arms. More research on the length of the heat sink is needed to find an optimum
based on the operational conditions and the cooling system limitations. Important aspects here are the
modularity of the submodules since in practice manufacturers prefer to use interchangeable compo-
nents irrespective of the position and the function of the semiconductor stack.

Further, it was shown that all four orders of the Foster thermal network are higher for the FWD semi-
conductors compared to the IGBT semiconductors. This means that even though the power losses are
higher for the IGBT semiconductors, the junction temperature ripple is higher for the FWD semiconduc-
tors causing more degradation to the devices. This should be resolved and future research is needed
on the reduction of the thermal resistances of the fourth-order Foster network of FWD semiconductors.

Another interesting aspect for future research is the estimation of the junction temperature ripple in
RC-IGBT devices. For conventional IGBT devices practical experiments were performed and showed
how the ripple can be estimated based on the operational conditions. For RC-IGBT devices an analyt-
ical approach still needs to be developed and is useful for the remaining useful lifetime estimation of
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the devices.

Lifetime optimization The lifetime optimization methodology was presented in Chapter 5. For con-
trol system implementation a sliding maximum window was used to form vector δ representing the
aggregation on arm-level. It was specifically noted this technique was used as a simplified represen-
tation because further research is first needed to find how those measurements can be aggregated
and a maximum voltage can be found to determine the selected submodule. Finding the maximum
ON-state collector-emitter voltage in a converter arm under dynamic operating conditions where sub-
modules have different temperatures and are switched with a dynamic submodule switching frequency
is an important topic.

Besides, the presented lifetime optimization control methodology was based on a single selected
submodule in an arm. It would be interesting to study the effect if multiple submodules are used where
the junction temperature ripple is increased. Potentially, the junction temperature ripple will decrease
over the selected submodules such that the deterioration and failure moment can be prolonged de-
pending on the time to maintenance. This is consistent with another research direction left open in
this chapter, namely the lifetime optimization controller activation. It would be very interesting to study
when the controller should be activated if maintenance to the converter has to be performed and the
subsequent limitations.

Relability centered maintenance Finally the estimation of the IGBT devices remaining useful life-
time based on available operational measurements was presented in Chapter 6. Damage models were
briefly discussed and compared and it was determined no general model for all IGBT devices is cur-
rently existing. Future research in the direction of the development of a general damage model for
different IGBT devices and manufacturers would be interesting. Another approach could be the usage
of damage models provided by IGBT manufacturers and verify if those match the lifetime expectations.
It is important to consider the applicability since those models are normally only provided under strict
non-disclose agreements.

For the cycle counting, a low-temperature fluctuation threshold had been used to filter out the ef-
fect of the low measurement sampling rate. It would be interesting to study this threshold in more
detail and the corresponding effects on accuracy. While in literature the measurements are often at
preferred sampling rates, in practice needed measurements have low sampling rates or sometimes no
measurements are available at all during specific time windows.
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