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Abstract

In large wind turbines (in MW and multi-MW ranges), which are extensively utilized in
wind power plants, full-scale medium voltage (MV) multi-level (ML) voltage source
converters (VSCs) are being more preferably employed nowadays for interfacing these
wind turbines with electricity grids. For these VSCs, high power density is required due
to limited turbine nacelle space. Also, high reliability is required since maintenance
cost of these remotely located wind turbines is quite high and these turbines operate
under harsh operating conditions. In order to select a high power density and reliability
VSC solution for wind turbines, first, the VSC topology and the switch technology to
be employed should be specified such that the highest possible power density and
reliability are to be attained. Then, this qualitative approach should be complemented
with the power density and reliability assessments of these specific VSCs so that their
power densities and reliabilities are quantitatively determined, which requires extensive

utilization of the electro-thermal models of the VSCs under investigation.

In this thesis, the three-level neutral-point-clamped VSCs (3L-NPC-VSCs), which are
classified as 3L-NPC-VSC, 3L active NPC VSC (3L-ANPC-VSC), and 3L neutral-
point-piloted VSC (3L-NPP-VSC) and are proven to be high power density and highly
reliable solution in the MV converter market, are selected and employed as the grid-
side VSC of a large wind turbine as well as the 3L H-Bridge VSCs (3L-HB-VSCs). As
the switch technology for realizing these 3L-VSCs, press-pack IGBTs are chosen to
ensure high power density and reliability. Based on the selected 3L-VSCs and switch
technology, the converter electro-thermal models are developed comprehensively,

implemented practically, and validated via a full-scale 3L-VSC laboratory prototype.
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Using these validated models, the power density assessments, which include converter
power capability and volume determinations, and the reliability assessments, which are
based on statistical failure rates of IGBTs and DC capacitors and based on IGBT
lifetime determined by junction temperature excursions due to wind turbine power
profile, are performed for these 3L-VSCs employed as grid-side wind turbine
converters. Hence, the power density and reliability of these 3L-VSCs are quantified

and compared for large wind turbine applications.

For the 3L-VSCs under investigation, the results of the power density and reliability
assessments can be summarized as follows. Among the 3L-NPC-VSCs, 3L-NPP-VSC
is the most suitable solution regarding power density and reliability due to its larger
power capability compared to the other 3L-NPC-VSC. Among the 3L-HB-VSCs, the
3L-HB-VSC with common DC bus (3L-HB/C-VSC) is the most suitable solution due
to its fewer DC capacitors compared to the other 3L-HB-VSCs. Provided that the
transformer and switching ripple filter connections of 3L-HB/C-VSC are realized as
practical as the ones of the 3L-NPC-VSCs, 3L-HB/C-VSC becomes a competitive
solution with 3L-NPP-VSC in terms of power density and reliability.
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Chapter 1 Introduction

Chapter 1

Introduction

1.1 Background

Recently, renewable energy resources such as wind, solar, geothermal, biomass, etc.
have become important resources for both modern time’s and future’s electrical energy
demand due to growing environmental, economical, and political concerns on the
electrical energy production using fossil fuels such as coal, petroleum, and natural gas.
Among the renewable energy alternatives, wind energy has made the biggest impact on
the total energy production in the last decade. In the recent wind energy market surveys
such as in [1], it is forecasted that the drastic wind power production capacity growth in
recent years will sustain in the next years as shown in Fig. 1.1 such that the production
capacity will be tripled by 2013 compared to 2008 [1]. This growth is being enabled by
advanced wind turbine production technologies based on the aerodynamic, civil,
mechanical, and electrical engineering fields; hence, wind energy is converted to
electrical energy economically and marketed at competitive prices with the electricity
produced by the conventional power plants such as thermal, hydro, and nuclear power

plants.

From conventional power generation, wind power generation differs intrinsically in
several aspects. First, wind energy has fluctuating behavior; therefore, the electrical
power generation by wind turbines cannot be fully controlled in contrast to the
conventional generation; however, wind energy can be predicted and controlled to

some extent. Next, in contrast to the conventional power plants, which are able to
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High Power Density Power Electronic Converters for Large Wind Turbines

produce bulk electrical power in the order of 100MW for a single turbine unit, wind
energy can be harvested in a distributed manner and single turbine’s power rating has
not reached 10MW yet in the state-of-the-art wind turbine technology [1]. Therefore, to
form a wind power plant with considerable MW rating in electricity transmission
systems (e.g. larger than SOMW), a number of wind turbines operating under a
supervisory control in a medium voltage (MV) power collector system is connected to

a high voltage (HV) electricity transmission system via step-up transformers.

t Existing ¥ Forecast Q Predicted

0.8
0.7
0.6
0.5 3
0.4
0.3 :
0.2 <

0.1 i
0 -------...,TTTTT

1990 l9b8 2008 2013 2018
Year

HD

[TW]

Fig. 1.1. Cumulative global wind power development [1]

Connected to the same transmission system as the conventional power plants, the wind
power plants are subjected to certain electricity grid connection regulations in grid
codes as well. Differing for each country and/or each transmission system, the grid
codes for the wind power plants are designed for reactive power support, low-voltage
ride-through (LVRT) response, power quality, etc. regarding both wind turbine
capabilities and grid requirements [2], [3]. For a wind power plant consisting of
numerous wind turbines, a collector power system, MV-to-HV step-up transformers,
active and/or passive reactive power compensators such as reactors, capacitors,
STATCOMs, etc., the grid-code compliance is evaluated at the point of common

coupling (PCC) with the transmission system. Being the core units of the wind power

2



Chapter 1 Introduction

plants, the wind turbines mainly determine the wind power plant performance and,
hence, the grid-code compliance at the PCC. Therefore, the wind turbines’ grid

interfaces consisting of power electronic converters play a major role in this regard.

1.1.1 Wind turbine converters

Wind turbines in MW and multi-MW ranges (i.e. large wind turbines) are extensively
utilized in wind power plants and there are two general electrical connection
arrangements for them. In the first arrangement, a doubly fed induction generator
(DFIG) driven by a wind turbine is utilized as shown in Fig. 1.2 (top). At the DFIG
rotor terminals, a partial-rated (approximately 30% of the rated turbine power) back-to-
back converter controls the DFIG power output to a certain extent [4], [S]. The partial-
rated converter and DFIG stator terminals are connected to a MV grid via a step-up
transformer with three windings [4]. In the second arrangement, either an induction
generator (IG) or a permanent magnet synchronous generator (PMSGQG) is interfaced
with a MV grid via a full-scale back-to-back converter and a step-up transformer as
shown in Fig. 1.2 (bottom) [4], [5]. Although the DFIG-partial converter arrangement
is more power-efficient due to partial power conversion and capable of complying with
most of modern grid codes [4], [5], the full-scale converter arrangement ensures
compliance with the modern grid codes, serves more flexibility in providing ancillary
grid-services, and has higher performance due to its full power control at decoupled
generator and grid sides [5]-[7]. Therefore, the full-scale converters are being utilized
in increasing numbers for multi-MW wind turbines nowadays. These full-scale
converters are realized as a single medium voltage (MV) converter unit [7]-[11] or as a
number of parallel low voltage (LV) converter units [6]. With smaller footprint, less
complexity, higher reliability, etc., the MV converters are advantageous over the LV
converters as the power rating goes beyond several MWs, which is also a general trend
for motor drive applications [7], [9], [10], [12]. However, the parallel LV converters

are advantageous in terms of modularity, fault tolerance, and safety requirements.
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1.1.2 Medium voltage converter topologies

Medium voltage converters are realized as voltage source converters (VSCs) with DC-
link capacitors or current source converters (CSCs) with DC-link inductors [12]. Being
less bulky and more controllable, VSCs are more preferred in most of the converter
applications. For the MV-VSC realization, the tendency in the last two decades is
towards utilizing multi-level (ML) topologies instead of the conventional two-level
full-bridge (2L-FB) topology since the former has the advantages of improved switch
power losses, harmonic distortion, dv/dt, common mode voltage/current, etc. [11], [12].
There are four ML-VSC families [13]: neutral-point-clamped (NPC) [13], cascaded H-
bridge (CHB) [15], flying capacitor (FC) [16], and modular multi-level converter
(MMC) [17]. In the MV AC drive market, the NPC and CHB VSCs have become
broadly commercialized [13]. Although the CHB-VSCs are mostly suitable for the
applications with passive front-end (e.g. fans, blowers, etc.), which do not require
regenerative operation, the NPC-VSCs are also applicable to regenerative motor drive
systems [13]. However, the FC-VSCs have not found a big market due to its

disadvantages related with large flying capacitors [13].

Rotor Grid
-side | == | -side
Con. Con.

Partially Scaled Converter

V774

Step-up MV Grid
DFIG Transformer

Gen.-side J_ Grid-side
Converter T Converter

Step-up MV Grid
1G or PMSG Full-scale Converter Transformer

Fig. 1.2.  Wind turbine grid connections for (top) the DFIG with a partial-rated
converter and (bottom) the induction or permanent magnet synchronous

generator with a full-scale converter



Chapter 1 Introduction

Being emerged in the last decade, the MMCs are mainly utilized in high voltage DC
(HVDC) applications since their highly modular structure is advantageous compared to
HVDC converters with series connected switch arrays [13], [17]. However, the MV
drive applications of the MMCs are limited to fan and blower drives since the MMCs
are not suitable for high-torque low-speed applications [18], [19]. To sum up, the NPC-
VSCs appear to be the most practical solutions for a wind turbine back-to-back
converter. However, due to drastic device count increase and complex capacitor voltage
balancing, more than three-level (3L) implementations of the NPC-VSCs have been

hindered in practice [13].

Having been proven to be high power density and highly reliable solution in the MV
converter market [13], [20], the 3L-NPC-VSCs are classified as 3L-NPC-VSC [14], 3L
active NPC VSC (3L-ANPC-VSC) [21], [22], and 3L neutral-point-piloted VSC (3L-
NPP-VSC) [23]. As shown in Fig. 1.3, 3L-ANPC-VSC utilizes a pair of IGBT-diode
whereas 3L-NPC-VSC uses a diode for each neutral-point-clamping path. For the same

clamping purpose, 3L-NPP-VSC employs two anti-series IGBT-diode pairs.

N A D: 7 ~‘

- 5 74 ) . 5 DAS 7,42—'
) ]
6 3 7 6

Fig. 1.3.  Circuit diagrams of the 3L-NPC-VSCs: (left) 3L-NPC-VSC, (middle) 3L-
ANPC-VSC, (right) 3L-NPP-VSC

As alternatives to the 3L-NPC-VSCs, the 3L-HB-VSCs can be realized as three 3L-
VSCs using six 2L half-bridges (or 2L phase legs) as shown in Fig. 1.4 [24]-[29].
Despite not having been employed widely, the 3L-HB-VSCs are advantageous over the
3L-NPC-VSCs in terms of switch, gate driver, cooler, etc. counts. However, the 3L-

HB-VSCs are for 3-phase/6-wire electrical systems opposed to the conventional VSCs
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High Power Density Power Electronic Converters for Large Wind Turbines

with 3-phase/3-wire AC connections. Therefore, galvanic isolation by isolated DC
buses and/or magnetic isolation by a transformer or an open winding machine at AC
side should be maintained. Otherwise, there may occur circulating high frequency
currents among the phases, which may decrease the output current power quality and
cause extra stresses on switches. Also, zero-sequence voltages, which are either
generated for increasing the modulation index limit by using space vector modulation
algorithms or resulted during unbalanced faults, may cause undesired zero-sequence

current flow.

1

T S N %

ih
rn-I%} pe I'm—I@ DBl TA -I@mu =
L T
n‘z«l@uc‘: 152~|@D82 L{:«I@mz -

Fig. 1.4. Circuit diagrams of the 3L-HB-VSCs: (left) 3L-HB/S-VSC, (middle) 3L-
HB/C-VSC, (right) 3L-FB/S-VSC

Voer =C

The 3L-HB-VSC topologies in Fig. 1.4 are explained as follows. The first 3L-HB-VSC
topology has isolated DC buses for the isolation like in the CHBs [12] and does not
require any AC-side isolation. The second topology is with a common DC bus [24],
[25] and requires AC-side isolation. The last type has an isolated DC bus per a
conventional 3-phase 2L full-bridge VSC (2L-FB-VSC) [26]-[29]; however, the AC
side isolation is still required for the complete isolation among the phases. Considering
their converter and DC bus structures, these 3L-HB-VSCs are called as 3L-
HB/S(eparate DC buses)-VSC, 3L-HB/C(ommon DC bus)-VSC, and 3L-FB/S(eparate
DC buses)-VSC in this thesis. It should be noted that the AC side isolation is practical
for large wind turbines such that a step-up transformer is already utilized for grid

connection and wind turbine generators can be realized as open-winding generators.

1.1.3 Switches for medium voltage VSCs

Widely applied to the MV-VSCs, there are two state-of-the-art switches being based on
thyristor and transistor technologies. Packaged as a single die in a press-pack, the

6
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thyristor technology-based switch is called integrated gate-commutated thyristor
(IGCT) [12], [30]. Produced as parallel-connected chips in a press-pack or a module
package, the transistor-based switch is called insulated-gate bipolar transistor (IGBT)
[12], [31]. Despite being an IGBT-based switch, injection-enhanced gate transistor
(IEGT) may be considered as a different type of switch between IGBT and IGCT since
its characteristics such as having low on-state voltage drop and requiring turn-off
snubbers are similar to IGCTs [32]-[35]. In Fig. 1.5, these switches are represented by
an ABB IGCT (5SHY 55L4500) [36], a Mitsubishi module IGBT (CM900HB-90H)
[37], a Toshiba press-pack IEGT (ST2100GXH24A) [35], and a Westcode press-pack
IGBT (T2400GB45A) [38]. Also, the commercially available switches with 3.3kV,
4.5kV, 6.5kV voltage ratings and their highest current ratings are tabulated in Table
1.1. In the table, the voltage rating is the maximum collector-emitter voltage V¢gs for
IGBTs and IEGTs and the maximum repetitive off-state voltage Vpg), for IGCTs. Also,
the current rating is the maximum repetitive peak collector current /¢y, for IGBTs and

IEGTs and the maximum controllable turn-off current /7y¢), for IGCTs.

Fig. 1.5. Switches for the MV-VSC: (a) SSHY 55L4500 IGCT [36], (b) CM900HB-
90H IGBT module [37], (¢) ST2100GXH24A IEGT press-pack [35], (d)
T2400GB45A IGBT press-pack
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Table 1.1.  Semiconductor producers with their cutting-edge switches for the MV-
VSCs [33], [39]-[41]

Manufacturer Switch Voltage Current Diameter
ABB IGBT Module 6500V 1.5kA -
ABB IGBT Module 4500V 2.4kA -
ABB IGBT Module 3300V 3.0kA -
ABB IGCT 6500V 3.8kA 85mm
ABB IGCT 4500V 5.5kA 85mm

Mitsubishi IGBT Module 6500V 1.2kA -
Mitsubishi IGBT Module 4500V 1.8kA -
Mitsubishi IGBT Module 3300V 3.0kA -
Toshiba IEGT Press-pack 4500V 4.2kA 125mm
Toshiba IEGT Press-pack 4500V 5.2kA 125mm
Westcode IGBT Press-pack 4500V 4.8kA 125mm

Table 1.2.  Comparison of the switches applicable to the MV-VSCs [12], [30], [31],
[33], [42], [43]

IGCT IGBT m. IEGT p.-p. | IGBT p.-p. Impact
Cooling side Double Single Double Double P. density
Snubber need Yes No Yes No P. density
On-state voltage Low Moderate Low Moderate P. density
Current density High Low Moderate Moderate P. density
Gate driver volume Moderate Small Small Small P. density
Switching frequency <500Hz <2kHz <lkHz <1kHz P. density
Semiconductor Pressure Bond wires Pressure Pressure Reliability
contact contact contact contact
Failure mode Short Open Short Short Reliability
L Snubber | Gate driver | Gate driver | Gate driver S
Short-circuit current | i boq | limited limited limited | Reliability
Series connection Moderate Easier Easier Easier Reliability
Parallel connection Difficult Easier Easier Easier Reliability
E:::r‘i'ecydmg High Moderate High High Reliability

In Table 1.2, these switches are qualitatively compared and each comparison criterion’s
major impact on power density or reliability, which are the two most important criteria
for switch selection, is indicated. This comparison suggests that press-pack switches
are preferable for the high power density and reliability requiring applications instead
of IGBT modules. Also, without current derating due to semiconductor electrical limits
as the switching frequency increases, IGBTs can be considered slightly more suitable
for the MV applications requiring relatively high switching frequency (=1kHz) to keep
switching ripple filter small such as wind turbine grid-side converters and regenerative

8
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AC drive active front-end rectifiers whereas IGCTs and IEGTs with lower switch
conduction losses are more suitable for the applications requiring low switching
frequency (<500Hz) where the conduction losses are dominant such as AC motor
drives. However, these different press-pack switches are employed quite competitively

in the MV converter market.

1.1.4 Converter power density and reliability

Being the two critical converter design criteria, the power density and reliability of a
MV-VSC should fulfill the MV-VSC’s application requirements. For example,
moderate levels of power density and reliability can be sufficient for a general cost-
effective MV AC drive operating with mild mission profiles (i.e. load profiles) and
located in a well-conditioned place. Nevertheless, this is not the case for the MV-VSC
applications in navy, traction, wind turbine, etc. where the uttermost power density and
reliability are aimed. Specifically, applied to large wind turbines, MV-VSCs are
required to be very high power density due to the space and weight limitation in wind
turbine nacelle [4], [9]. Also, they should be highly reliable since they operate with
severe mission profiles under harsh operating conditions of temperature, humidity,
vibration, etc. and the maintenance of remotely located wind turbines is quite costly
[4], [10]. Therefore, first, the converter topologies and switch technologies should be
selected among the state-of-the-art converter topologies and switch technologies such
that the highest possible power density and reliability are to be attained (provided that
they perform in accordance with the application’s electrical specifications). Then, this
qualitative approach aiming at power density and reliability should be complemented
with the power density and reliability assessments on these specific converters so that

their power densities and reliabilities are quantified.

The converter power density is determined by the power rating and volume of the full-
scale MV-VSC shown in Fig. 1.6. The power rating is electrically limited by switch
current and voltage ratings and is thermally limited by switch maximum junction
temperature. Once the power rating is determined by the power capability

investigations considering the electrical and thermal limits [44], the rest of the
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converter system components, which are DC bus capacitors, switching ripple filter,
transformer, and dv/dt filter, can be sized accordingly. The volume of the whole VSC

system or its certain parts can be preferably used for the converter power density

calculations.
Generator-side Grid-side Switching
dvidt Vsc Vsc Ripple
Filter Filter
3 | 0 OO
Step-up MV Grid
IG or PMSG Full-scale VSC Transformer

Fig. 1.6. Wind turbine grid connection via a full-scale MV-VSC

Regarding the converter reliability assessments, there are the two main approaches
being based on empirical-based models and on physics-of-failure models [45]. The first
approach uses statistical failure rates of each individual converter component in failure
in time of 10°-hour (FIT) regardless of any failure root and predicts the converter’s
mean time between failures (MTBF) with respect to the component counts and
connections [46]. The second approach uses component physics-based failure models
to predict component lifetime regarding a specific failure mechanism, which is mostly
defined for switches and/or capacitors, and a stressing factor, which is mostly
temperature and/or temperature excursion in time [47], [48]. Based on accelerated
lifetime test results, these physics-based lifetime models can be represented by Coffin-
Manson and/or exponential curves as a function of temperature cycling or excursion
[48]-[50]. It should be noted that the shortest component lifetime determines the

converter lifetime.

For the switches applicable to the MV-VSCs, the most severe failure mechanism is
related with temperature cycling on semiconductor chips due to their dynamical
loading, provided that their safe operating area (SOA) limits are well respected and
rated continuous DC bus voltage is applied to control the cosmic radiation-rooted

device failure such that the device failure rate kept at 100FIT [51], [52]. For module
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type devices, the thermo-mechanical stresses on wire bonds due to junction temperature
cycling (or power cycling) and on substrate-base plate joints due to case temperature
cycling are the main stressing factors for device failures [52]. In contrast, press-pack
switches such as GTOs, IGCTs, and press-pack IGBT do not suffer from these types of
failures because vertically and evenly applied high pressure maintains tight contacts
between the device layers without wire bonds and minimizes the thermo-mechanical
stress between the layers. In GTO and IGCT, the plastic deformation of cathode
metallization in relation with junction temperature cycling is addressed as the failure
mechanism [49] whereas the deformation on molybdenum chip contacts due to junction

temperature cycling is suspected as the failure mechanism for press-pack IGBTs [53].

1.1.5 Need for converter electro-thermal models

In converter power density and reliability assessments, the junction temperature
information (and the case temperature for IGBT modules) is critical; therefore, it has to
be acquired via measurements or estimations. The measurement methods are via
thermocouples [54], infrared cameras [55], optical fiber Bragg gratings [56], and IGBT
on-state voltage Vg, measurement [54], [S7]. Among them, only the last method is
promising to be applied without intruding device packaging (package intrusions may be
impractical for a real, fully scaled converter, especially when using press-pack
switches) whereas it requires that voltage-to-temperature conversion ratio is accurately
tuned. Alternatively, the junction temperature can be estimated via the converter
electro-thermal models comprised of electrical models, power loss models, and thermal
models. In literature, converter electro-thermal modeling has been reported for the
purposes of observing converter electro-thermal behavior [55], [58]-[60], determining
converter power capability [44], [52], predicting reliability [48], [52], [61], [62],
condition monitoring for reliability [63], and performing real-time power electronic

health management [64].

1.2 Scope of the thesis

In this thesis, the grid-side converter of a full-scale converter for large wind turbines is

under investigation. Based on the literature and market surveys, the 3L-NPC-VSCs are
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selected as converter topology for high power density and reliability solutions as well
as the 3L-HB-VSCs. To realize these VSCs in medium voltage, press-pack IGBTs are
chosen as semiconductor switches to ensure high power density and reliability. In order
to proceed the converter power density and reliability assessments, these 3L-VSCs are
electro-thermally modeled regarding converter topology, operating principles, switch
technology, and physical structure accurately so that converter power capability,
junction temperatures, and converter volume are determined in conjunction with wind

power application requirements.

With the main focus on the comprehensive electro-thermal modeling of the 3L-NPC-
VSCs and the 3L-HB-VSCs employing press-pack IGBTs, this thesis is dedicated to
the electro-thermal model development, implementation, and validation via a full-scale
3L-VSC test setup, and also to the utilization of these validated electro-thermal models
for the power capability, power density and reliability assessment studies for the wind
turbine grid-side converter realized by these 3L-VSCs with Westcode T1800GB45A
press-pack IGBT-diode pairs.

The main contribution of this thesis is the development and implementation of the
extensive electro-thermal models of the 3L-VSCs employing press-pack IGBTs.
Additionally, based on the converter electro-thermal models, the algorithms for
determining converter power capability, power density, and reliability are developed
and/or applied. Furthermore, using these algorithms, the 3L-VSCs are comparatively
investigated in terms of power capability, power density, and reliability. Also, in order
to validate the electro-thermal models, a single-phase full-scale test setup comprising of
two single-phase 3L-VSCs is designed and implemented. Besides, a general 3L-VSC
PWM method based on mapping of the PWM signals generated for 3L-NPC-VSC is
proposed to be utilized for the 3L-NPC-VSCs and the 3L-HB-VSCs.

This thesis is organized as follows.

12
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In the second chapter, the 3L-NPC-VSCs and the 3L-HB-VSCs employing press-pack
IGBTs are explained in detail regarding their operations, modulations, converter
structures, commutation loops, power loss characteristics, DC bus capacitor current
characteristics; theoretically. Also, the general PWM method for these 3L-VSCs is
proposed. Furthermore, the 3L-VSCs’ simulations are conducted to prove the 3L-

VSCs’ successful electrical performance with the proposed PWM method.

In the third chapter, the electro-thermal models of these 3L-VSCs using press-pack
IGBTs in accordance with their theory given in the previous chapter are developed
such that they become suitably implementable for the power capability, power density,
and reliability studies to be conducted in Chapter 5 and 6. In the thermal modeling,
both the IGBT-diode pairs and then the cooling plates are modeled individually by
means of the simplification efforts and their thermal models are combined to form the
dynamical and static converter thermal models regarding the converter structures. Also,
the easy-to-implement analytical solutions of switch junction and case temperatures are

derived for both the dynamical and static thermal models.

In the fourth chapter, the developed electro-thermal models of the 3L-VSCs in Chapter
3 are validated using the experimental results collected at steady state and under
dynamical conditions via the single-phase full-scale prototype 3L-VSC test setup built
in the laboratory. Also, the circuitry, control, parameters, and equipments of the test

setup are elaborated in this chapter.

In the fifth chapter, the power capabilities of the 3L-VSCs regarding the electro-
thermal limiting factors are investigated comparatively by means of the developed
power capability determination algorithm utilizing the wvalidated electro-thermal
models. Also, the utilization of these power capabilities along with the grid-code
reactive power requirements is demonstrated for a sample grid-code, which is useful to
determine the nominal wind turbine power rating applicable for each 3L-VSC. In

addition to this power rating, the maximum real power and apparent power ratings of
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the 3L-VSCs are obtained in order to be employed in the power density and reliability

assessments in the next chapter.

In the sixth chapter, the power densities and reliabilities of the 3L-VSCs are quantified
and comparatively assessed by utilizing the validated electro-thermal models. Also,
having strong influence on the power density and reliability, the DC capacitor sizing is
emphasized in this chapter. Besides, the influence of the 3L-HB-VSC topologies on the

transformer size is briefly investigated.

The final chapter summarizes the contributions of this thesis and provides the

concluding remarks and the recommended future work.
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The chapters of this thesis are composed of the published papers in the publication list

as shown in Table 1.3.
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Chapter 2
3L-VSCs Employing Press-Pack IGBTs

2.1 Introduction

In this chapter, the three-level voltage source converters (3L-VSCs) with press-pack
IGBTs are explained in detail. First, the 3L neutral-point-clamped VSCs (3L-NPC-
VSCs) and the 3L H-Bridge VSCs (3L-HB-VSCs) are introduced as grid-side VSCs of
large wind turbines. Then, their operating principles are explained. Based on these
principles, the pulse-width modulation (PWM) method based on mapping the PWM
signals of 3L-NPC-VSC over the PWM signals of the other 3L-VSCs is proposed for
these 3L-VSCs. Next, on the 3L-VSCs’ physical structures realized using press-pack
IGBT-diode pairs, the commutation paths and corresponding stray inductances are
identified for each 3L-VSC. Dependent on the modulation parameters being voltage
and current polarities, and switch commutations/conductions; the switching energy loss
characteristic and the switch conduction characteristic of each 3L-VSC are deduced as
well as the DC bus characteristic. Finally, the simulation results for the wind turbine’s
6MVA grid-side VSC show that the 3L-VSCs with the proposed PWM method operate

in accordance with the theoretical operating principles and characteristics.

2.2 3L-VSCs: 3L-NPC-VSCs and 3L-HB-VSCs

Being the 3L-VSCs under investigation in this thesis, the 3L-NPC-VSCs and the 3L-
HB-VSCs are applied at the grid-side of the wind turbine as shown in Fig. 2.1-2.6.

There are several configurations of these 3L-VSCs as explained in the following.
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Fig.2.1.  Circuit diagram of 3L-NPC-VSC connected to a MV grid
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Fig.2.3.  Circuit diagram of 3L-NPP-VSC connected to a MV grid
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Circuit diagram of 3L-FB/S-VSC connected to a MV grid

With respect to the type of neutral-point-clamping, the 3L-NPC-VSCs are classified as
3L-NPC-VSC with the conventional diode clamping (Fig. 2.1) [14], 3L active NPC
VSC (3L-ANPC-VSC) with the IGBT-diode pair clamping (Fig. 2.2) [21], and 3L
neutral-point-piloted VSC (3L-NPP-VSC) with clamping by anti-series IGBT-diode

pairs (Fig. 2.3) [23]. These grid-side VSCs in 3-phase and 3-wire output configuration

are connected to the MV grid via a transformer in order to step-up the converter output

voltage from 3kV to 10-20kV collector system voltage. Also, a switching ripple filter is

applied between the converter and the transformer so that the switching ripple current
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due to the high frequency harmonic content of the converter voltage is trapped in the
filter.

In contrast to the 3L-NPC-VSCs, the 3L-HB-VSCs are 3-phase and 6-wire systems at
their AC sides; therefore, isolation on either their DC or AC sides is required in per-
phase manner for their proper operations such that no undesired current circulation
occurs among the phases. With respect to the way this isolation is maintained among
the phases, the 3L-HB-VSCs are classified as follows. First, the 3L-HB-VSC with three
Separate DC buses is called 3L-HB/S-VSC in this thesis (Fig. 2.4) [12]. Since the
isolation is maintained on the DC side, a common neutral point at the AC side is
formed by connecting single wire of each phase and, hence, the switching ripple filter
and the step-up transformer are applied the same as the 3L-NPC-VSCs. Next, the 3L-
HB-VSC with a Common DC bus is called 3L-HB/C-VSC in this thesis (Fig. 2.5) [24],
[25]. The isolation is maintained by the step-up transformer with isolated phase
windings (like open winding generators [13], [24]) at the AC side and, hence, the
switching ripple filter is placed at the transformer grid-side where the system is 3-phase
and 3-wire. Lastly, the 3L-HB-VSC composed of two three-phase 2L-FB-VSCs with
Separate DC buses forms so-called 3L-FB/S-VSC in this thesis (Fig. 2.6) [26]-[29]. In
order to sustain the complete isolation among its phases, the transformer and the

switching ripple filter are applied the same as 3L-HB/C-VSC.

2.3 Operating principles of the 3L-VSCs
The 3L-NPC-VSCs shown in Fig. 2.1-2.3 produce the output voltage at the levels of

Vber, 0, -Vper, which are produced by the specific conduction paths depending on the
output current direction and the output voltage polarity. Similarly, the 3L-HB-VSCs
shown in Fig. 2.4-2.6 produce the output voltage at the levels of Vpe, 0, -Vpe. The
transitions between these conduction paths are driven by the specific commutations,
which cause switching losses E,, classified as IGBT turn-on E,,, IGBT turn-off E,;

and diode reverse recovery E,,. losses on switches [22].

For 3L-NPC-VSC, the conduction paths for Vpc; & 0 levels depending on the output

. . . . * .
current direction are shown in Fig. 2.7, where v ,, and i, are the reference voltage and

20



Chapter 2 3L-VSCs Employing Press-Pack IGBTs

output current for phase-a. Opposed to 3L-NPC-VSC, 3L-ANPC-VSC can utilize the
same conduction paths independently from the direction of i, by means of the degree of
freedom provided by the active clamping switches as shown in Fig. 2.8. In this thesis,
the utilizations of the conduction paths with the commutations between the outer
switches (TA1-DA1, TA4-DA4) and the clamping switches (TA5-DAS, TA6-DAG6) are
called Mode-I. Similarly, Mode-II represents the utilizations of the conduction paths
with the commutations between the inner switches themselves (TA2-DA2, TA3-DA3).
It should be noted that Mode-I consists of a Type-I commutation and Mode-II consists
of a Type-III commutation defined in [21] (Type-II commutation is not considered in
this study since it does not carry away switching losses from the outer switches).
Similar to 3L-ANPC-VSC, 3L-NPP-VSC has Mode-I with the outer switch
commutations and Mode-II with the inner switch commutations as shown in Fig. 2.9. In

contrast to 3L-ANPC-VSC, its conduction paths for both modes are the same.

Fig. 2.7. 3L-NPC-VSC conduction paths for (left) i,>0 and (right) i,<0 (v",,>0)

Fig. 2.8. 3L-ANPC-VSC conduction paths for (left) Mode-I and (right) Mode-II

(v'e>0 and i,>0)
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Fig. 2.9. 3L-NPP-VSC conduction paths for (left) Mode-I and (right) Mode-II (v",,>0
and i,>0)

Similar to 3L-ANPC-VSC, the 3L-HB-VSCs can utilize the conduction paths
independently from the direction of i, by means of the degree of freedom provided by
the two 2L legs as shown in Fig. 2.10. In this thesis, the utilizations of the conduction
paths with the commutations in the leg with TA1-DA1 and TA2-DA2 are called Mode-
I and the ones in the other leg are called Mode-I1.

n Vo 5

Fig. 2.10. 3L-HB-VSC conduction paths for (left) Mode-I and (right) Mode-11 (V>0
and i,>0)

As explained above, the 3L-NPC-VSCs and the 3L-HB-VSCs produce three levels of
voltage by means of various utilizations of their switches. Assuming Vpc/=Vpc=Vpe,
the 3L-NPC-VSCs and the 3L-HB-VSCs have the same vector space defined by (2.1)
and shown in Fig. 2.11 [26], [28], [65]. Considering that the three-phase switch
functions of Sy, Sp, and S take the values of +1, 0, -1, the magnitudes of the long (L),
medium (M), short (S), and zero (Z) vectors become 4Vp/3, 2Vpe\3, 2Vpe/3, and 0,

respectively.
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Fig. 2.11. Converter voltage vector space for the 3L-VSCs

The utilizations of the phase-a switches for each 3L-VSC to produce these three switch
function values are given in Table 2.1-2.4. It should be noted that there are two zero
voltage alternatives represented as 0¥ and 0?” for 3L-ANPC-VSC, 3L-NPP-VSC, and
the 3L-HB-VSCs. Using these switch functions for the three phases, the space vector
states in the first triangle (the triangle with bold lines in Fig. 2.11) are defined in Table
2.5 and 2.6. It should be noted that 3L-NPC-VSC has fewer redundant states compared
to the rest of the VSCs; therefore, the latter VSCs have more degree of freedom in

modulation for improving the utilization of the switches.
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Table 2.1.  Switch function S, for phase-a of 3L-NPC-VSC

Sy TAl TA2 TA3 TA4
+1 ON ON OFF OFF
-1 OFF OFF ON ON
0 OFF ON ON OFF

Table 2.2.  Switch function S for phase-a of 3L-ANPC-VSC

S, | TA1 | TA2 | TA3 | TA4 | TAS | TA6
+1 | ON ON | OFF | OFF | OFF | ON
-] | OFF | OFF | ON ON ON | OFF
07 | OFF | ON | OFF | OFF | ON | OFF
0] ON | OFF | ON | OFF | OFF | ON

Table 2.3.  Switch function S for phase-a of 3L-NPP-VSC
S, | TA1 | TA2 | TA3 | TA4 | TAS | TA6
+1 | ON ON | OFF | OFF | OFF | ON
-] | OFF | OFF | ON ON ON | OFF
0?7 | OFF | ON ON | OFF | ON ON
0™ ] ON | OFF | OFF | ON ON ON

Table 2.4.  Switch function S for phase-a of the 3L-HB-VSCs

S, | TAl | TA2 | TA3 | TA4
+7/ | ON | OFF | OFF | ON
-1 | OFF | ON ON | OFF
07 | OFF | ON | OFF | ON
0P| ON | OFF | ON | OFF

Table 2.5.  Space vector states for 3L-NPC-VSC in the first vector space triangle

State Sub-state Sy Sp Sc
L, B +1 | -1 | -1
L, - +1 | +1 | -1
M, - +1 | 0 | -1
5 Si +1 ]| 0 0

! Si 0 | -1 ] -1
s S, 0 0 | -1
2 S +1 | +1 ] 0
Z 0 0 0

Z Z, +1 | +1 | +1
Z; 1| -1 ] -1
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Table 2.6.  Space vector states for 3L-ANPC-VSC, 3L-NPP-VSC, and the 3L-HB-

VSCs in the first vector space triangle

State Sub-state | S, Sz | Sc
L, - +1 | -1 | -1
L, - +1 +([1) -1

M 11 +1 0 -1

7 M, +1 | 0™ | -1
Si +1 [ 07 [ 07
S +1 1 07 | 0™

17 T
s, Sis +1 0:1; 0((1 1))
Si4 +1 | 0 0

S)s 07 -1 ] -1

S5 o -1 | -1

S, 0(1) 0(1) -]

S 07 1 o™ ] -1

T o0

S, gjj 3(1/) (())(/1) _j
Ss +1 | +1 [ 07
Ss +1 [ +1 [ 0™

Z 0(1) 0(1) 0(1)
Z o7 107 [ o™

Z; 0(/) ()(”) 0(1)
Z4 0(1) 0(11) 0(11)

Zs 0(11) 0(1) 0(1)
z 7, 0T 0T [ o™
Z; 0T 0™ [ o7
Zs 0(”) ()(”) 0(”)

Zy +1 | +1 | +1

Z1o -1 -1 -1

2.4 Pulse-width modulation of the 3L-VSCs

The sinusoidal converter voltage in VSCs is synthesized by pulse-width modulation,
which is implemented by using space vector and scalar approaches [66]-[68]. The
space vector approach is based on analytical calculation of dwelling times for each
state whereas the scalar approach generates the modulation signals directly by means of
the comparisons of the reference converter voltage with triangular carrier waves.
Nevertheless, it has proven that the identical converter voltage can be synthesized using
both PWM implementations for 2L-VSCs [67]. Similarly, for 3L-NPC-VSC, the
nearest triangle vectors (NTV) PWM method, which is implemented using space vector
approach, is equivalent to the phase-disposed (PD) carrier-based scalar PWM (PD-

PWM) (Fig. 2.12) when the reference voltage is the sum of the sinusoidal reference
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voltage and the specific zero-sequence voltage derived from the three-phase sinusoidal
reference voltages for overmodulation [65]-[68]. Hence, these two methods are called
space vector PWM (SVPWM) regardless of their implementations [66]. For the sake of
implementation simplicity, the scalar implementation of SVPWM is chosen in this
thesis. It should be noted that the other continuous and discontinuous PWM methods
will not be included in this thesis; however, they can be implemented similarly without
any practical difficulties and utilized in the studies carried out in this thesis. Besides,
there are many PWM methods developed specifically for 3L-ANPC-VSC [21], [22],
3L-NPP-VSC [23], the 3L-HB-VSCs [24]-[28]. In this thesis, a general PWM method
for these 3L-VSCs is developed based on the 3L-NPC-VSC’s modulation such that the
equivalent converter output performance is attained for all the 3L-VSCs as explained in

the following.

Vel Viria I—
0 > ‘;d
— 4’@ 0 Al
Townr d

. ; o——>d
\%

an

- >O—'dAz
% v T d
0 > A4

“Vpes vh‘i—

=

Fig. 2.12. PD-PWM for phase-a of 3L-NPC-VSC

Once a base PWM technique, which is the SVPWM with scalar implementation in this
study, is selected for 3L-NPC-VSC, the PWM signals for the rest of the 3L-NPC-VSCs
and the 3L-HB-VSCs can be produced by the appropriate mappings of the PWM
signals generated for 3L-NPC-VSC such that the same instantaneous output voltage is
produced by each VSC for the same reference voltage. Being dependent on Mode, the
PWM signal mappings are as given in Table 2.7-2.9 where d,;-d,, are the 3L-NPC-
VSC PWM signals. Using these mappings, each Mode is applied for at least a PWM
period Tpyy. Also, the Mode transitions are allowed only at the beginning of PWM
periods, where both modes require the same switches to conduct; hence, smooth Mode
transitions are guaranteed. It should be noted that utilization of Mode-I and I during an

electrical cycle 7, determines the distribution of the total switch power losses over the
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VSC. Obviously, homogeneous power loss distribution is aimed for the best thermal
utilization of these 3L-VSCs. In this thesis, the Mode sequence as a PWM pattern is set
as the consecutive and equal utilization of Mode-I and II (50% Mode-I and II) for
achieving this aim approximately. For further loss homogenization, complex methods

such as the methods given in [21], [22] should be applied.

Table 2.7. PWM signal mapping for 3L-ANPC-VSC

Mode-1 Mode-11
v*a,,>0 v*a,,<0 v*,,,,>0 v*,,,,<0
dy1.4nPC dyy dyi dyz dyy
d2.4nPC dy» dyi dyy dy»
d43.4npC duq dys dy3 duy
dy4.4nPC dua dua m dy3
dy5.4nPC dy3 dua [ dy3
d46.4nPC dyi dy» dyz dyy

Table 2.8. PWM signal mapping for 3L-NPP-VSC

Mode-1 Mode-11
v*u,,>0 v*u,,<0 v*an>0 v*an<0
d1npp dy dy Ay du
da2 nep dyr du dy; dy;
dus.npp duq dys duq duq
d4qnpp dua duq duy dy3
ds.npp dys dys dys dys
dsnpp dyr dyr dyy dyy

Table 2.9. PWM signal mapping for the 3L-HB-VSCs

Mode-1 Mode-11
V*HVI>0 V*an<0 V*an>0 V*an<0
dy1.HB dy; dy; dy; dyy

dAZ HB. dA3 dA4 dA4 dA3
dAj‘ HB dA4 dA3 dA3 dA 4
dA4,HB dAZ dA[ dA[ dAZ

2.5 Commutation paths of the 3L-VSCs

Since the commutation path stray inductance affects the electrical and power loss
characteristics of IGBT-diode pairs significantly, the commutation paths of the 3L-
VSCs, which are dependent on converter structure, should be identified [21], [22], [55].
The converter structure realized for 3L-NPC-VSC and 3L-ANPC-VSC using Westcode
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T18000GB45A press-pack IGBT-diode pairs are shown in Fig. 2.13. Each two press-
pack IGBT-diode pairs are sandwiched by 3 aluminum nitride (AIN) cooling plates;
hence, these pairs are cooled down from both sides. All the electrical connections are
made via nickel-plated copper busbars. Similar to this structure, 3L-NPP-VSC can be

built provided that the busbar connections are modified as the circuit topology requires.

Isolator

IGBT -Diode Capacitor
Pair
(T1800GB454) Busbar
Cooling
Plate
(AIN)

. Gate
Cooling .
Manifold Driver

Fig. 2.13. Single-leg structure of 3L-NPC-VSC and 3L-ANPC-VSC

As shown in the simplified structure diagrams of the 3L-NPC-VSCs in Fig. 2.14 and in
their simplified circuit diagrams in Fig. 2.15, the structure-dependent commutation
paths for v',,>0 are indicated by dark colors. Using the simplified circuit diagrams, the
commutation path stray inductances L, are approximately given in (2.2)-(2.4). The
short commutation path with L,; is used for 3L-NPC-VSC when the converter
reference voltage and current polarities are the same (i.e. v-©>0); otherwise, the long
path is utilized. In contrast, in 3L-ANPC-VSC, the utilization of these paths is
controlled by Mode independently from the voltage and current polarities. For 3L-NPP-
VSC, there is only one commutation path and its stray inductance L, being close to L,

is independent from both Mode and the voltage and current polarities.
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L =L =20, +L,+L,, =L

0 NPC.vi>0 0, ANPC . MI 0.1
Lo',NPC,v»i<0 = Lo,ANPC,MII =4L, + L, +2L,5+ L,y = Lo‘,]]
Loypp =4Ly +2L,,+ L+ L, =L, ,
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Fig. 2.14. Commutation paths of (left & middle) 3L-NPC-VSC and 3L-ANPC-VSC,
(right) of 3L-NPP-VSC for v",,>0 on the simplified structure

Fig. 2.15. Commutation paths of (left, middle) 3L-NPC-VSC and 3L-ANPC-VSC,
(right) of 3L-NPP-VSC for v",,>0 on the simplified circuit diagram
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Differing from the 3L-NPC-VSCs in converter structure, the 3L-HB-VSCs are
composed of the 2L legs, which are represented by the simplified structure and circuit
diagrams given in Fig. 2.16. On the commutation path, the stray inductance L,y is
given in (2.5), which is approximately equal to L,; and independent from Mode and
the voltage and current polarities.

Loyg =2Lg +Lgy+ L,y ~ L 2.5)

o,

|| _Cooler ]
T1+D1
||_Cooler ]

| Cooler || TA2-| A2
ZC; Lol

Fig. 2.16. Commutation paths on (left) the simplified structure and (right) the
simplified circuit diagrams of a 2L leg of the 3L-HB-VSCs

The influences of L, on the electrical and power loss characteristics of IGBT-diode
pairs are observed through the experimental IGBT turn-on and turn-off waveforms
obtained via the 3L-NPC-VSC leg (Fig. 2.13) as shown in Fig. 2.17 and 2.18 where
IGBT voltage, current, and power loss are represented [52], [55]. Therefore, for any
power loss modeling, these stray inductances should be taken into account (See
Chapter 3). Also, the L,-dependent overvoltage amplitudes observed on the turn-off
figures can be considered as a limitation in utilization of these switches (See Chapter
5). Additionally, via the IGBT turn-on waveforms in these figures, L,; and L, are
estimated as ~200nH and ~500nH by using (2.5) describing the initial V¢ fall across L,
resulting almost constant dI/dt [69].

L, =Vye =V )dl. /dt)"! (2.5)
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“ Vg 05KV Adiv - - - i, 1 0.5kA/div -

Fig. 2.17. IGBT switching voltage vz, current ic, and power loss pr waveforms during

(left) turn-on and (right) turn-off for L, ,;~200nH at V)=2500V

...........................

L pr S LT T
Ve 105KV /div - i D 0.5kA/div { pee pp  2MW div - lus/dive -

Fig. 2.18. IGBT switching voltage v¢g, current i, and power loss pr waveforms during

(left) turn-on and (right) turn-off for L, ;~500nH at Vp=2500V

2.6 Switching energy loss and conduction duration

characteristics of the 3L-VSCs

Depending on converter topology and operation principles, each 3L-VSC has a power
loss characteristic with respect to loss type and loss-experiencing switch. For power
loss modeling, these characteristics should be identified and utilized (See Chapter 3).
For the 3L-NPC-VSCs and the 3L-HB-VSCs, the switching energy losses experienced
by each IGBT and diode are tabulated in Table 2.10-2.13 depending on v',, i,, and
Mode. Also, L, corresponding to any Ej, is indicated in these tables. Similarly, since
the conduction power losses are strongly dependent on the switch conduction durations,
the conduction durations 7,,, of each switch of the 3L-VSCs are given as a function of

the 3L-NPC-VSC’s duty cycles D,;-D 4, and the PWM period Tpy, in Table 2.14-2.17.
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Table 2.10. Switching energy losses with L, for 3L-NPC-VSC

V >0 V <0
i,>0 i, <0 i, >0 i, <0
TAI-DAL | EypEpy | Eree - -
TA2-DA2 - - | EnEy| -
TA3-DA3 - E,p Eoy - -
TA4-DA4 - - Eree | EonEop |
DAS E,. B - E
DA6 Y - - E,.
La LUI LUII LO’]I La]
Table 2.11. Switching energy losses with L, for 3L-ANPC-VSC
Mode-1 Mode-11
v*,m>0 v*a,,<0 v*a >() v*a,,<0
i,>0 i, <0 i,>0 i, <0 i,>0 i, <0 i,>0 i, <0
TAI-DAl | EypEpy | Eree B - B - B B
TA2-DA2 - - 2 - EoppBop | Epee E.. |E,E,
TA3-DA3 - - - - Erec Eon Eaff E,, Euff Eroe
TA4-DA4 - - Ene | Eoy Eoy - - - -
TA5-DAS | E.e | EopEoy - - - - - -
TA6-DA6 - - EonEop | Erec - - - -
L, Lys Lys Ly; Ly; Loy i Loy Loy
Table 2.12. Switching energy losses with L, for 3L-NPP-VSC
Mode-1 Mode-11
v*,, >() v*u,,>0 v*{m>0 v*u,,<0
i,>0 i, <0 i,>0 i, <0 i,>0 i, <0 i,>0 i, <0
TAI-DAL | EppEoy | Eree - - - B - B
TA2-DA2 - - - - Eon Eoir | Erec - -
TA3-DA3 - - - - - - EonBopr | Eree
TA4-DA4 - - Ep By | Eree - - - -
TAS-DAS Erec Ean, Eoff - - Eroc Eon, Euff - -
TA6-DA6 - - Eree | EopEop - - Eree | Eon Eop |
L, i Loy Lo Lo i Loy i Loy
Table 2.13. Switching energy losses with L, for the 3L-HB-VSCs
Mode-1 Mode-11
v*a,,>0 v*u,,>0 v*{m>0 v*u,,<0
i,>0 i, <0 i,>0 i, <0 i,>0 i, <0 i,>0 i, <0
TAI-DAL | EppEop | Eree | EonEoyp | Erec - - - -
TA2-DA2 | Ere | EnEop | Eree | EonEop - - - -
TA3-DA3 - - - - Ewe | EsEyy| Eve | EoE,
TA4-DA4 - - - - Eon Eo Erec Eun Eaff Erec
LU La,] La.[ LU,I LU,I La.[ LU,I La,] LU,I
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Table 2.14. Switch conduction durations for 3L-NPC-VSC

v*{m>0 v*{m<0
i,>0 i,<0 i,>0 i,<0
TA1 DA]TPWM 0 0 0
DAl 0 Do Trwms 0 0
TA2 Tpwym 0 D2 Tpwu 0
DA2 0 Dot Tomnt 0 0
TA3 0 D 3Tpwu 0 Tpwum
DA3 0 0 DA4TPWM 0
TA4 0 0 0 DaiTrmmt
DA4 0 0 DaiTown 0
DAS | DysTrwu 0 D42 Tpwy 0
DAG6 0 D 3Tpwu 0 D2 Trwm
Table 2.15. Switch conduction durations for 3L-ANPC-VSC
Mode-1 Mode-I1
v >0 V<0 V>0 V <0
i,>0 1,<0 i,>0 1,<0 i,>0 1,<0 i,>0 1,<0
TAl D Trwm 0 0 0 D Trwm 0 0 0
DAl 0 Dy Tpwy 0 0 0 Dy Tpwy 0 0
TA2 Trwm 0 0 0 D i Tpwum 0 D 2 Tpwy 0
DA2 0 Trwm 0 0 0 D i Tpwm 0 D 2 Tpwu
TA3 0 0 0 Trwm 0 D 3Tpwm 0 D 1yTpwm
DA3 0 0 Tpwm 0 D sTpwm 0 D 14Tpwm 0
TA4 0 0 0 D Tpwy 0 0 0 Dy Tpwy
DA4 0 0 D yTrwy 0 0 0 D yTrwy 0
TAS 0 D;Tpwy 0 0 0 0 0 DTy
DAS D.sTpwm 0 0 0 0 0 DTy 0
TA6 0 0 D i>Tpwu D3Tpwu 0 0 0
DA6 0 0 0 DAZTPW:‘I/I 0 D.43TPW1‘I/I 0 0
Table 2.16. Switch conduction durations for 3L-NPP-VSC
v*an>0 v*,m<0
i,>0 i,<0 i,>0 <0
TA1 DA]TPWM 0 0 0
DAl 0 D Trwms 0 0
TA2 | Dy Town 0 0 0
TA3 0 0 0 D Trwu
DA3 0 0 D Tewy 0
TA4 0 0 0 DaaTrmms
DA4 0 0 D1 Trms 0
TAS 0 D 3Tpwy 0 D i2Trwu
DAS | DusTpwm 0 D Tpwm 0
TA6 D sTpwm 0 D2 Tpwm 0
DA6 0 D 43 Trwum 0 D Tpwm
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Table 2.17. Switch conduction durations for the 3L-HB-VSCs

Mode-1 Mode-11
V>0 V <0 V >0 V <0

i,>0 1,<0 i,>0 1,<0 i,>0 1,<0 i,>0 1,<0
TA1 | DuiTpwu 0 DaxTpwu 0 Tpwm 0 0 0
DA1 0 D Trwm 0 D >Tpwm 0 Tpwm 0 0
TA2 0 D 3Tpwm 0 D4y Tpwn 0 0 0 Trwm
DA2 | DusTrwu 0 DasTpwu 0 0 0 Tpwm 0
TA3 0 0 0 Trwm 0 Dy3Tpwu 0 DadTrwu
DA3 0 0 Tpwu 0 D3Tpwu 0 DaTpwu 0
TA4 Tewm 0 0 0 D1 Tpwy 0 D2 Tpwu 0
DA4 0 Triwm 0 0 0 D i Tpwn 0 Do Tpwum

2.7 DC bus characteristics of the 3L-VSCs

Converter DC bus characteristics, which determine DC bus capacitor size (capacitance,
number, and volume), significantly influence the converter power density and
reliability [46], [48]. These characteristics reflect on the DC bus capacitor current and
voltage. While the DC bus capacitor current is related with capacitor power losses due
to capacitor parasitic resistances, the capacitor voltage is related with voltage
fluctuation due to amount of capacitance. Being topology-dependent, these

characteristic currents are described for the 3L-VSCs as follows.

Being identical for all the 3L-NPC-VSCs, the upper DC bus current iy  ypc is given in
(2.6) as a function of the output currents and the PWM signals (or switch currents).
Similarly, the lower DC bus current iy, ypc is derived as (2.7). In contrast to the 3L-
NPC-VSCs with the identical DC bus configuration, the 3L-HB-VSCs have different
DC bus currents as in (2.8)-(2.10) for 3L-HB/S-VSC, in (2.11) for 3L-HB/C-VSC, and
in (2.12) and (2.13) for 3L-FB/S-VSC, where d;-d 4, are of the 3L-HB-VSCs.

lgernpe = i, d gy +iydy +idey =ing +imgy + ey —ipg —lpg ~ipe (2.6
idpz,NPC = _iad/l4 - ide4 - Z.cdc4 = im4 + iTB4 + iTC4 _iDA4 _iDB4 - iDC4 (2'7)
idca,HB/’S = ia (d/n - dA}) = im] + iTA} - iDA] - iDA} (2'8)
idchAHB/S = ib (dBl - d33) = iTBl + iTB3 - iDBl - iDB’S (2-9)
idcc,HB/S =1.(dey —dey) =lrey Figes —ipey —ipes (2~10)
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idc,HB/C = ia (dAl - dA3) + ih (dBl - d33 ) + ir (da - dc3)

S . . . (2.11)

=gy tiggy ey Flngs F gy ey Tlpg Tlpg Tlper Tlpas T lpgs T lpcs
Ly piys = LA gy + iy +id ey = lpgy + iy + ey —iny —ipg —Ipey (2.12)
Lacir rrs = _ladAs —lde3 _lcdcs = g3 Tlps T lres —lpgs ~lpps T lpes (2~13)

Using the DC bus current i,. for each 3L-VSC, the capacitor current i. is calculated
using the average DC bus current /;, which represents the current fed from the
generator-side converter, as in (2.14) where T, is the electrical period (20ms for S0Hz).
The RMS value of the capacitor current /. and the DC bus voltage fluctuation are
calculated by (2.15) and (2.16). Calculating these two characteristic values in the
converter operating area borders, the DC bus capacitors can be sized for a given

capacitor type (See Chapter 6).

T,

i=I—i_ wherel, = Ti { idi 2.14)

I = i]jizdt (2.15)

K

v, L j i dt (2.16)
C

2.8 Simulations of the 3L-VSCs
The 3L-VSCs with the proposed PWM methods are simulated in Ansoft-Simplorer for

a wind turbine grid-side converter as shown in Fig. 2.1-2.6 with the parameters given in
Table 2.18. The power circuitries are modeled in such detail that the converter
electrical performances regarding output voltages/currents, switch utilization, and DC
bus voltages/currents are to be observed for showing the consistency between the
theory and the simulation results. Therefore, the simulation parameters are not exact
but generic values. As such, the switching ripple filter is tuned at 450 Hz coarsely for
filtering out dominant 2x1050Hz switching ripples. However, the detailed switching

ripple filter design, as studied in [70] for this application, is beyond the thesis’ scope.
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Table 2.18. Simulation parameters of the 3L-VSCs for the wind turbine grid-side

connection
Grid line-to-line voltage 10kV s (S0HZ)
Transformer turns-ratio, N (Neon/Neria) 0.3 (1:3.33)
Rated apparent power, S 6MVA
DC bus voltage, Vpc 2500V
Capacitance of 3L-HB/C-VSC, C 1.1mF
Capacitance of the other 3L-VSCs, C 3.3mF

Transformer leakage inductance, Ly
(referred to the cofverter side) 450uH (10%)
Grid inductance, Ly 2500uH (5%)
Filter inductor (at the converter side), Lg 450uH (10%)
Filter capacitor (at the converter side), Cr | 225uF (10%)

Filter inductor (at the grid side), Lr 5000uH (10%)
Filter capacitor (at the grid side), Cr 25uF (10%)
PWM frequency, frw 1050Hz
Sampling time, 7T (double-update) 476.2us
Deadtime, T4 10us
Simulation time-step, Ty, Sus

In order to control the power circuitry in the simulations, the controller units utilized
for the 3L-NPC-VSCs are shown in Fig. 2.19 and briefly explained as follows. The
phase-locked loop (PLL) unit generates the phase angle information 6 needed for
implementing current control in synchronous reference frame [71]. The DC bus current
reference generator takes the inputs being the output power of the generator-side
converter P pc and the DC bus voltage vpcior (5Vpcitvpen) in order to command the
current source representing the rest of the wind turbine system. For the output current
control in synchronous reference frame [72], the d-axis current reference i, is
generated by the DC bus voltage controller realized by a proportional and integral (PI)
controller while the g-axis current reference i*q is generated by the reactive current
reference generator fed by the reference reactive power O and the grid voltage vs.
From the reference converter voltage v* generated by the current controller, the PWM
signals d are produced in the PWM unit as given in Section 2.4. Additionally, the
neutral-point balancing controller, which is realized as a proportional controller acting
against the difference between the upper and lower DC bus capacitor voltages vy and
Vpea, 18 utilized for the 3L-NPC-VSCs such that the voltage reference generated for the

neutral-point balance v'yp is added to v* as a zero-sequence term [73]. It should be
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noted that these controllers are slightly modified for the 3L-HB-VSCs due to their

various DC bus voltage connections.

Switching S
. ep-up
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iz DL i
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Fig. 2.19. The control diagram of the 3L-VSCs

2.8.1 Output performance of the 3L-VSCs

The steady-state output performances of the 3L-NPC-VSCs and the 3L-HB-VCSs are
demonstrated by means of the simulation results. For the 3L-VSCs, the phase-a
reference voltage V' . cONverter voltage v,,, converter current i,, grid voltage vy, and
grid current iy, waveforms are shown for Ppc=6MW and PF=1 in Fig. 2.20-2.23. These
waveforms are very close for all the converter cases since the PWM signals are
equivalently produced by the proposed PWM method. Only, the output voltage
waveforms of 3L-HB/S-VSC differs significantly from the others since its DC bus
voltage fluctuates with larger magnitudes than the others, which can be suppressed by
adding more DC bus capacitors. It should be noted that the grid-current harmonic
content can be reduced by optimizing the switching ripple filter as performed in [70]

and applying more complex control algorithms, which are beyond the thesis’ scope.
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Fig. 2.20. The phase-a reference voltage v',,, converter voltage v,,, converter current

iy, grid voltage vy,, and grid current iy, waveforms for the 3L-NPC-VSCs at
Pp=6MW and PF=1
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Fig. 2.21. The phase-a reference voltage V.., converter voltage v,,, converter current

i, grid voltage vy, and grid current i, waveforms for 3L-HB/S-VSC at
Pp=6MW and PF=1
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Fig. 2.22. The phase-a reference voltage v',,, converter voltage v,,, converter current

iz, grid voltage vy, and grid current i, waveforms for 3L-HB/C-VSC at
Pp=6MW and PF=1
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Fig. 2.23. The phase-a reference voltage v*a,,, converter voltage v,,, converter current
iz, grid voltage vy, and grid current iy, waveforms for 3L-FB/S-VSC at
Pp=6MW and PF=1

2.8.2 Switch utilization of the 3L-VSCs

Obtained via the simulations, the switch utilization for each 3L-VSC’s phase-a at
steady state is shown for Ppc=6MW and PF=1 in Fig. 2.24-2.27, where the Mode
sequence is set as the consecutive and equal Mode-I and II utilization as shown in Fig.
2.28. It is observed, in Fig. 2.24, that the outer switch of 3L-NPC-VSC experiences all
the switchings whereas the inner switch does not switch but operates in conduction. In
3L-ANPC-VSC, the inner and outer switches share the switchings; however, the inner
switch conducts more than the outer as shown in Fig. 2.25. In 3L-NPP-VSC, the inner
and outer switches experience almost the same switching and conduction as shown in
Fig. 2.26. Similarly, both legs’ switches in the 3L-HB-VSCs have very close switching

and conduction as shown in Fig. 2.27.

2.8.3 DC bus performance of the 3L-VSCs

At the DC sides of the 3L-VSCs, the DC bus voltage and currents are shown in Fig.
2.29-2.32 for Ppc=6MW and PF=1 at steady state. Although the 3L-NPC-VSCs’ and
the 3L-HB-VSCs’ AC side voltage and current waveforms are quite close to each
others’, the DC bus voltage and current waveforms are quite different due to the
difference in their DC bus configurations. In the DC buses of the 3L-NPC-VSCs, there
are third harmonic voltage fluctuations whereas 3L-HB/S-VSC has large second (due

to single-phase power flow), 3L-HB/C-VSC has negligibly small sixth, and 3L-FB/S-
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VSC has third harmonic voltage fluctuations. Also, 3L-FB/S-VSC has half the
fundamental frequency harmonic voltage fluctuation, which can be diminished by an

extra effort in the modulation as in [28].
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Fig. 2.24. Phase-a switch current waveforms izy;, ips, i742, ipaz, ipas for 3L-NPC-VSC

at Ppc=6MW and PF=1
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Fig. 2.25. Phase-a switch current waveforms iry;, ip4s, it42 > ipazs iT4s> ipss for 3L-

ANPC-VSC at Ppc=6MW and PF=1

40



Chapter 2 3L-VSCs Employing Press-Pack IGBTs

3 ] 3 .
2 Iy 2 Ipa
= il 2
]‘ [v [ =1
olll L[l 0
3 3
2 42 o g
R I,
0 Mﬁi mﬂ 0
3 . 3 .
'—2 ITHS '-‘2 IDAS
E1 g 1
| . W
0 . His ol Hi
0 5 t[ms] 15 20 0 5 f[ms] 15 20

Flg 2.26. Phase-a switch current waveforms iTAI, iDAI: iTAZ 9 iDAg, iTAS; iDA5 for 3L-NPP-

VSC at Pp=6MW and PF=1
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Fig. 2.27. Phase-a switch current waveforms izy;, ip4j, ira2, ipsz for the 3L-HB-VSCs

at Pp—=6MW and PF=1
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Fig. 2.28. Consecutive and equal Mode utilization (50% Mode-I and II) for the 3L-
VSCs (1: Mode-I and 2: Mode-II)
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Fig. 2.29. The upper DC capacitor current i.; and voltage vpc; of the 3L-NPC-VSCs
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Fig. 2.30. The phase-a DC capacitor current i., and voltage vpc, of 3L-HB/S-VSC
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Fig. 2.31. The DC capacitor current i. and voltage vpc of 3L-HB/C-VSC
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Fig. 2.32. The FB-I DC capacitor current i.; and voltage vpc; of 3L-FB/S-VSC

2.9 Summary

In this chapter, the 3L-NPC-VSCs and the 3L-HB-VSCs employing press-pack IGBTs
for large wind turbine grid-side application have been studied theoretically in terms of
their converter topologies, operating principles, PWMs, converter structures, power

loss characteristics, and DC bus capacitor characteristics. Via these studies, these 3L-
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VSCs have been identified comparatively; thereby, their similarities and differences are
highlighted. Furthermore, these theoretical studies on the 3L-VSCs will serve as the
fundamental theoretical background for their electro-thermal modeling in the next
chapter (Chapter 3) and for the electro-thermal studies in Chapter 5 and Chapter 6.
Besides, a general PWM method based on the PWM of 3L-NPC-VSC has been
proposed for the 3L-VSCs. Finally, the 3L-VSC theory elaborated in this chapter and

the proposed PWM method’s performance have been proven by the simulation results.
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Chapter 3
Electro-thermal Modeling of the 3L-VSCs

3.1 Introduction

This chapter focuses on the electro-thermal modeling of the 3L-VSCs with press-pack
IGBT-diode pairs. The electro-thermal models comprising of the electrical, power loss,
and thermal models of the 3L-VSCs are developed based on the 3L-VSCs’ theory,
switch and cooler technologies, and converter structures. These models are simplified
with their accuracy preserved and they are implemented practically for their convenient

utilizations in the converter power capability, power density, and reliability studies.

3.2 Electrical modeling

The electrical model is based on the simplified single-line diagram of the wind turbine
grid connection in Fig. 3.1 assuming steady-state operation within each electrical
period T,. For any real and reactive power flow (P, Q) via the point of common
coupling (PCC), the converter phase voltage V., and current [, are calculated
through the phasor analysis, as demonstrated in Fig. 3.2, using (3.1)-(3.4) where the
PCC voltage Vs is taken as the reference phasor and L7 is the transformer leakage
inductance. It should be noted that any resistive components, any power losses, and
transformer magnetizing branch are neglected in this analysis for the sake of simplicity;

however, they can be included to this model conveniently if needed.

I, =(P-jO)/V, where Vy =V, ,/0° 3.1)

rated
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Vo =Vi+ jo, LI (3.2)
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Fig. 3.1. Simplified single-line diagram of the VSC-grid connection
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Fig. 3.2. Phasor diagram for the VSC-grid connection

Using the phasors V,,,, and I.,,, the converter instantaneous reference voltages V aben
and currents i . are obtained by (3.5)-(3.10) where v, is the zero-sequence voltage
component obtained using v’ .., and required for the scalar implementation of space

vector pulse-width modulation (SVPWM) [66].

V. () =V, sin(w,t + 0) +v, (1) where V, =~J2|V., (3.5)
v, (t) =V, sin(@,t + 0 —27/3) +v,(t) where V, = 2 Vo (3.6)
v, (¢) =V, sin(w,t + 0+ 27/3) +v,(t) where V, = V2 Voor 3.7
i'(t) = I, sin(w,t + @) where I, =~2|1, (3.8)
i (t) =1, sin(a,t + p—27/3) where I, =21, (3.9)
i'(t) = I, sin(a,t + @+ 27/3) where I, =21, (3.10)
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The electrical models of the 3L-VSCs are further developed in order to include PWM
operation of the 3L-VSCs as follows. Switch conduction durations and average
switching current magnitudes, which will be used in the power loss model as explained
in the next section, are obtained by means of the converter reference output voltage and
current values sampled at the center of each PWM period Tpy,, in an electrical period
T, (v*an[n] and i*a[n] for n=0, 1, ..., N=T/Tpypr-1) as shown in Fig. 3.3. Furthermore,
the ripple-free switch currents, which will be used in the DC bus capacitor current
calculations in Chapter 6, are obtained by sampling the converter reference output
currents at each Tpyy/K (i*a[n,k] for k=0, 1, ..., K-1), where K is the sampling number
within Tpyyy, and by using the switch conduction duration tables given in the previous
chapter (Table 2.14-2.17). In Fig. 3.3, v',[n], i'J[n], TAl and TA2 IGBT currents
(ira/ln k] and ipg[nk]) are demonstrated for 3L-ANPC-VSC operating with
P=125MW (for single-phase) and PF=I. It should be noted that the ripple current
content, which is negligible due to the large filter inductance Lr, can be conveniently

included in the modeling as well if more resolution is needed.
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Fig. 3.3. Output voltage and current sampling and power loss calculation for 3L-
ANPC-VSC with 50% consecutive Mode-I and II at Vp=2500V,
P=1.25MW (for single-phase), PF=1
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3.3 Power loss modeling

The converter power loss model is comprised of each switch’s power loss models and
the converter power loss characteristics given in Table 2.10-2.17. The switch losses are
classified as switching energy loss (Ej,) and conduction power loss (P.,,). In order to
build the switch power loss model, first of all, the switching energy and conduction loss
functions of the press-pack IGBT-diode pair are derived. Influenced by the converter-
structure-dependent stray inductances of commutation paths, the switching energy loss
data should be collected from the practical converter experimentation instead of using
the datasheet values, which are obtained with the operating conditions and parameters
that do not match the real converter operating conditions and parameters. On the other
hand, the conduction power losses are slightly influenced by the converter structure;
therefore, the datasheet values are still applicable. Once, the switching and conduction
loss functions are obtained, the converter power loss model incorporates them along

with the converter power loss characteristics.

3.3.1 Switching energy and conduction power loss functions

The switching energy losses Ej,, which are IGBT turn-on £,,, IGBT turn-off £,z and
diode reverse recovery E,.. losses, depend on IGBT/diode current //Ir and voltage
Vee/ Vi as well as commutation path stray inductance L,,, IGBT gate resistance R, and
junction temperature 7; [43]. In this thesis, V¢g/Viy is almost constant (=Vp=2500V)
and R; is constant. Hence, in modeling, these loss functions are reduced to be the
functions of I¢/I, T}, and L, as given in (3.11)-(3.13). Besides, the conduction power

losses P,,, depend on I/l and T} as given in (3.14), (3.15).

E, = f,U..T,.L,) G.11)
Ey=fy;(I.T,.L,) (3.12)
E, =f.U.T,.L,) (3.13)
P =1l Vepou(UesT) (3.14)
Popn=1p Vip,T) (3.15)
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Regarding the strong influence of L, on the switching energy losses of a practical
converter, E, data are obtained using the experimental switching voltage and current
results collected from the double-pulse tests conducted at I/Ir =0-2.4kA,
Ve Va=2500V, and T7=20°C (at thermal equilibrium) on the 3L-VSC test setup (The
setup will be explained in detail in Chapter 4). Demonstrated at /-/I ~2kA in Fig. 3.4-
3.7, the switching current and voltage waveforms are obtained via the double pulse
tests with L,; and L, ;. Shown in these figures, the multiplications of these waveforms
result in the instantaneous IGBT and diode switching power losses pr and pp.
Moreover, the integration of these power losses during the commutation time interval
gives the switching energy loss E,. Once collected for various switching current
values, in order to ease the usage of the £, data in the power loss model, E,,, E.5 and
E,.. data sets are fitted to linear and quadratic functions of the switching current Z,, (I¢
or Ir) as given in (3.16) and (3.17) [34] with the parameters given in Table 3.1 for the
two commutation stray inductances L,; and L, ; of the VSCs as shown in Fig. 3.8-3.9.
It should be noted that the switching loss data is collected at the constant junction
temperature of 20°C; however, in order to model the switching energy losses as a
function of 7}, these tests can be repeated at the junction temperatures between 20-
125°C by means of proper thermal equipments such as heaters, thermostats, etc.
Nevertheless, considered as a limitation in this thesis, the junction temperature
dependent power loss modeling is not aimed but recommended as a future work.

E (3.16)

otin = do T a1,

E.\'w,quud =a,+al, + azlszw (317)

Table. 3.1.  Switching energy loss function parameters at Vp=2500V and 7=20°C

Eon Eaff E ec
Lzr] LaH Lﬂ] LzTII LO'I LO'I]
ay (J) 0.36 0.35 0.51 0.76 0.49 0.20
a; (J/A) 1.9m 1.6m 2.6m 1.8m 0.9m 0.5m
a (J/AD | 912n | 422n 50n 538n - -
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Fig. 3.4.

Fig. 3.5.

Fig. 3.6.
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Fig. 3.7. Diode switching voltage vk, current ir, and power loss pp waveforms

during (left) turn-on and (right) turn-off for L, ; at V'p=2500V and 7=20°C
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Fig. 3.8. Switching energy loss data sets and functions for L,; at Vp=2500V and
T=20°C
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Fig.3.9. Switching energy loss data sets and functions for L, at Vpc=2500V and
T=20°C
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Being independent from the converter structure, the IGBT and diode instantaneous
conduction power losses are taken as the simplified functions in (3.18) and (3.19) with
the parameters Vo =1.81V, rr=1.33mQ, Vpp=2.43V, and r7p=0.93mQ indicated as
maximum values in the switch datasheet [74]. Similar to the switching loss modeling,
the junction temperature dependence of the on-state voltage is neglected in the
conduction loss modeling. However, for more accurate power loss modeling, the

junction temperature dependence can be incorporated into these power loss functions.

P

con,T

=10,

T0,7

+rpple) (3.18)

P

vonn =1 Vrop + 77 p 1) (3.19)
3.3.2 Switch power loss calculation algorithm

With the basis of the converter voltage and current sampling at each PWM period
(v*a,,[n] and i*a[n] for n=0, 1, ..., N=T,/Tpyp-1), the switch power losses are calculated
by utilizing the 3L-VSCs’ power loss characteristics and the switch loss functions. The
algorithm for the switch loss calculation demonstrates the power loss modeling as
shown in Fig. 3.10. First, the converter voltage, current, and Mode (as operating
conditions) are fed to the switching energy loss table of the 3L-VSC under
investigation (Table 2.10-2.13) in order to determine the switches experiencing any
switching loss. Also, these operating conditions are used for determining the
conduction durations of any conducting switches via the converter conduction duration
table (Table 2.14-2.17). Next, the switching energy loss and the conduction power loss
are calculated using the switching loss functions (3.16) and (3.17) with the parameters
in Table 3.1 corresponding to the stray inductance and with the inputs of the sampled
converter current and the switch junction temperature (if the functions are temperature-
dependent). Finally, these calculated loss terms for each switch are averaged for Tpy,,
by (3.20) and (3.21). Similarly, these loss terms can be averaged for an electrical cycle
using (3.22) and (3.23). In these calculations, the switch current is assumed to be
ripple-free, which is reasonable since there is a large inductance filter (e.g. 10%), and

to have the fixed value of the converter current sampled at the center of each PWM
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period; however, the ripple content can be added conveniently to the model if more
resolution is required. It should be noted that the analytical power loss calculations with
certain assumptions as in [44], [75] is not attempted in this thesis due to the
complexities such as commutation path-dependent switching losses, the 3L-VSC’s
modulation pattern-dependent conduction losses, and the nonlinearities due to the low
frwulf. ratio. Nevertheless, being comprehensive by including the aforementioned
complexities, the approach followed in this thesis is so practical that it requires
reasonably few numbers of calculations due to the low fpyy/f. ratio (e.g.

1050Hz/50HZz=21).

1
B rlnl=——(E,[n]+E;[n]+T,, ;[n]- P, :[n]) (3.20)
PWM
1
P[,D[n] = (Ereg[n]_i_Tcon,D[n]'Pcon,D[n]) (321)
TPWM
1 N=T, [ Tpyp -1
PZ,T :F (Eon[n]+on]’[n]-‘r]Lon,T[n].Pcon,T[n]) (322)
e n=0
1 N:E/TPWM -1
})I‘D :F (Erep [n]+7-;(m‘D[n].])mn,D[n]) (323)
n=0

3.4 Thermal modeling

The converter thermal model consists of the thermal models of IGBT-diode pairs,
cooling plates, and cooling system. For the IGBT-diode pairs, the Cauer-type thermal
models supplied from the manufacturer are reduced to the Foster-type models for faster
numerical calculations and easier implementations. For the cooling plates, both
manufacturer’s data and basic heat flow equations are utilized for their thermal
modeling. Combining the switch, cooling plate, and cooling system thermal models,
the overall dynamical thermal model of the 3L-VSCs is represented in accordance with
their physical structures. In order to derive the analytical solutions of switch junction
temperatures from this thermal model, the model is simplified. Besides, the dynamical
thermal model is reduced to the static thermal model for steady-state studies and the

analytical solutions for the junction temperatures are derived using matrix algebra.
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Fig. 3.10. Algorithm for switch power loss calculation

3.4.1 1GBT-diode pair model

A press-pack IGBT-diode pair is composed of IGBT and diode capsules as shown in
Fig. 3.11 [31]. In a T1800GB45A press-pack IGBT-diode pair [74], there are 30 IGBT
and 12 diode capsules. Assuming electrically and thermally identical IGBT capsules
and identical diode capsules, they can be aggregated into an IGBT unit and a diode unit
as shown in Fig. 3.11. The aggregated IGBT is thermally modeled as a Cauer Network
such that each layer is represented by a thermal resistance R, and a thermal capacitance
C,, (Fig. 3.12, top). Being dependent on device construction, the numbers of collector-
and emitter-side layers are 9 and 13, which results in very complex model for both
analytical solutions and numerical calculations; therefore, the Cauer-type thermal

model is reduced to a Foster Network with several layers at the collector and emitter
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sides (Fig. 3.12, bottom). In this reduction, each side is handled separately by
disregarding the other side completely in order to decouple the emitter- and collector-

side models from each other.

Collector — Cathode Side

[ _ | i
Emitter — Anode Side

Fig. 3.11. Representations of (left) T090052E IGBT in exploded view [31] and (right)
aggregated IGBT and diode in a press-pack
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Fig. 3.12. IGBT thermal model as (top) a Cauer Network and (bottom) a 3-layer
Foster Network

The reduction procedure for the IGBT collector-side thermal model is explained as
follows. First, the IGBT collector-side thermal model as a Cauer Network is simulated
(i.e. numerically solved) for a step power loss P;7 in a circuit simulator (e.g. Ansoft-
Simplorer). In this simulation, the collector-side model is theoretically short-circuited

at the case terminal (i.e. connected to a heatsink or a cooler with negligibly small
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thermal resistance in practice) and the emitter-side model is completely omitted. Then,
the junction temperature 7} 7 is collected and fed into a curve fitting software tool (e.g.
cftool of MATLAB). For the target function given in (3.24), the curve fitting tool
outputs the Foster Network parameters. It should be noted that the number of layers is
chosen such that sufficiently accurate fitting is acquired. When the layer count is 3, the
IGBT thermal model parameters are obtained as given in Table 3.2. In Fig. 3.13, the
IGBT thermal impedance Z, curves, as defined in (3.25), for the collector and emitter
sides show very close matching between the complex Cauer-type and the reduced
Foster-type models. Also, the Z, curves for double-sided cooling prove that the
decoupling of the emitter and collector sides in Foster Network does not cause any
significant loss of information from the Cauer-type thermal model. It should be noted
that the mismatch between the models becomes significant for t<lms; however, it is
reasonably negligible since the reduced Foster-type models are utilized along with the
converters power loss models updated at the sampling time of 7,=20ms for 50Hz
electrical frequency (or alternatively the sampling time of Tpy)=952.4ps for 1.05kHz
switching frequency) in this thesis. Similarly in the IGBT modeling, the diode thermal

model parameters are extracted as listed in Table 3.3.

T/‘,T (l) = PI,T Z R/h,c(ﬂ) [l_eR"'-<’(”)c"’-<"”) ]J’_Tamb (324)

n=1

Z,(=T,0-T,,)/ B (3.25)

Table. 3.2. IGBT thermal model parameters (Foster Network)

Collector-side thermal resistance, R, ., 3.72K/kW

Collector-side thermal resistance, Ry, ., 2.18 K/kW
Collector-side thermal resistance, Ry, .3 7.97 K/IkW
Emitter-side thermal resistance, Ry, 3.72 K/kW
Emitter-side thermal resistance, Ry, .» 6.75 K/kW
Emitter-side thermal resistance, Ry, .3 9.97 K/kW

Collector-side thermal capacitance, Cy, . 1.03 J/K
Collector-side thermal capacitance, Cy.» | 31.02 J/K
Collector-side thermal capacitance, Cy,.; | 46.65 J/K

Emitter-side thermal capacitance, C,,.; 1.05 J/K
Emitter-side thermal capacitance, C, ., 8.80 J/K
Emitter-side thermal capacitance, C, .3 79.41 J/K
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2 Cauer == 1

———Foster

Fig. 3.13. IGBT thermal impedance Z,, curves

Table. 3.3. Diode thermal model parameters (Foster Network)

Cathode-side thermal resistance, Ry, 1, 5.69K/kW
Cathode-side thermal resistance, Ry ., 3.95 K/kW
Cathode-side thermal resistance, Ry, i3 13.56 K/kW

Anode-side thermal resistance, Ry, ,; 6.36 K/kW
Anode-side thermal resistance, Ry, .» 13.79 K/kW
Anode-side thermal resistance, Ry, .3 22.43 K/kW

Cathode-side thermal capacitance, Cy, 4, 0.38 J/K
Cathode-side thermal capacitance, Cy, x> 11.72 J/K
Cathode-side thermal capacitance, Cy, ;3 17.96 J/K
Anode-side thermal capacitance, Cy, .; 0.40 J/K
Anode-side thermal capacitance, Cy, ,» 3.81 J/K
Anode-side thermal capacitance, Cy, .3 29.98 J/K

It should be noted that the emitter side and collector side thermal impedances in the
press-pack IGBT datasheet do not directly correspond to the decoupled collector and
emitter side thermal impedances obtained in Fig. 3.13 since the datasheet single-sided
thermal impedances are derived when the other side is not omitted but kept
theoretically open-circuited at the case terminal (i.e. unconnected from any cooling or
heatsink unit in practice). Therefore, the datasheet single-sided cooling thermal
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impedances are coupled with the other side’s thermal impedance and cannot be directly

used for the thermal model reduction as performed in this section.

3.4.2 Cooling plate model

Aluminum nitride (AIN) ceramic-based cooling plates (XW180GC34A-B) as shown in
Fig. 3.14 are employed to transfer the heat (i.e. energy losses) generated in press-pack
IGBT-diode pairs [76]. As shown in Fig. 2.13, they are either single-side-contacted to a
press-pack (in side cooler positions) or double-side-contacted to two press-packs (in
middle cooler position). Compared to aluminum cooling plates, AIN ceramic cooling
plates do not require deionized cooling water but necessitates busbars for maintaining
electrical contacts between press-packs as shown in Fig. 3.14 since AIN ceramic
material is thermally conductor but electrically insulator. However, in the cooling plate
thermal modeling, these busbars are considered as an integral part of the AIN cooling

plate and any extra modeling effort for them is not necessary.

IGBT-Diode
Press-pack-1

Busbar

Cooling Plate

IGBT-Diode
Press-pack-2

Fig. 3.14. AIN ceramic cooling plate’s (left) physical view [76] and (right) simplified

representation in application

Through the cooling plates, there are three heat flow types of to be modeled, which are
from the press-pack case to water through the cooling plate, within the cooling plate
water, and between the cooling plate top and bottom surfaces through the plate
sidewall. However, the heat flow from cooling plate side surfaces to ambient air is

neglected. Corresponding to the double-side-contacted cooling plate shown in Fig.
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3.14, the thermal model composed of the single R,-Cy, pairs for each heat flow is
demonstrated in Fig. 3.15 (top). In the bottom of the same figure, the single-side-
contacted cooling plate model is also shown, where the sidewall heat flow is included
in the heat flow through the cooling plate. In the following, the parameters of these

models are extracted for each heat flow in detail.

})I Rrh,coZ
T;’al \Fm P
’ side C! 5 -|—1P Rrh,w
th,co
I e
th,sw, J_ w1
Rm,coz "o
132 th,w
YZ‘a,2
Cth,c‘oz
Rth,col R/h,“‘
P P
1 1 T
T;'a,l T wii
!
th,cu] V.0 th W

Fig. 3.15. Thermal models of (top) double-side and (bottom) single-side contacted

cooling plates

a. Heat flow through the cooling plates

In the cooling plate datasheet [76], there are Z, curves given for both single- and
double-side-contacted cooling plates at the water flow rate v=8//min as shown in Fig.
3.16. Performing curve fitting for these Z,, curves, the R,-C,;, pairs can be found such
that Ry, co/=11.6K/kW, Cy,0;=2776.81/K, Ry 0;=13.5K/kW, and Cj,.,,=2373.5J/K. It
should be noted that the mismatch between the real and fitted Z,, curves for t<10s are
anticipated to be due to the neglected heat flow from the cooling plates to ambient air.
However, this mismatch’s effect on the whole thermal model’s accuracy is limited

since the IGBT and diode’s thermal impedances are dominant for t<10s.
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Since the heat flow from the plate inner surface to the cooling water is proportionally
influenced by v, the thermal resistance Ry, is represented as a function of v by (3.26).
Using the data given in [76] for the single- and double-side-contacted cooling plates,
the plate resistance at v=0 (R, .,0) and the plate-to-water contact resistance constant
K, ., are calculated as listed in Table 3.4.

R

=R, +K /v (3.26)

th,co th,co0 v,co

20 T Tt i T ; T
.. —— From datasheet ... SR
16t ——~ Curve-fitted -

............. eSSy

/,/4— Sl'nglé-Sl'd

7 - :

0;; 2;1222 23
10 100 g 10 10

Fig. 3.16. Datasheet and curve-fitted Z, curves of the double- and single-side-

contacted cooling plates at v=8//min

b. Heat flow within the cooling plate water

The heat flow within the cooling plate water is described by the fundamental heat
energy equation (3.27). By taking derivative of this equation, the heat power is
described as a first order differential equation of AT, (3.28), where ¢, is the water heat
capacity, p,, is the water density, and m,, is the water mass. Consequently, Ry, ,, and Cy, ,,

are deduced in (3.29) and (3.30). These thermal parameters are listed in Table 3.4.
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E=m_c AT, (3.27)
dAT
P=c p vAT +mc, - (3.28)
dt
Ry, =1lcpyv=K,, /v (3.29)
Cp=mc, (3.30)

c. Heat flow between the cooling plate top and bottom surfaces

There is heat flow through the cooling plate sidewall when unequal heat is produced
and unequal temperature developed at its top and bottom surfaces. The sidewall
thermal resistance Ry, and capacitance Cy, are calculated by the fundamental
thermal resistance and capacitance equations (3.31) and (3.32), where [ is the sidewall
height, A is the sidewall area, m, is the sidewall mass. For the AIN thermal
conductivity &,y of 180K/m-W™' and heat capacity ¢y of 780J/kg'K'I [771, [78], Risw

and Cy, ,, are calculated and listed in Table 3.4 as well.

Rth,sw = lx /AskAlN (3.3 l)

c (3.32)

thsw — M€

AIN

Table. 3.4. Cooling plate thermal model parameters

Plate-to-water thermal resistance at v=0, Ry, ..o 6.2 K/IkW
Plate-to-water thermal resistance constant for side plates, K,, .,; 42 K-I[/kW-min
Plate-to-water thermal resistance constant for middle plates, K, .., | 60 K-/kW-min
Plate-to-water thermal capacitance for side plates, Cy,cos 2776.8 J/K
Plate-to-water thermal capacitance for middle plates, Cy, .2 2373.5J/K

Plate water thermal resistance constant, K, ,, 14.4 K-[/kW-min
Plate water thermal capacitance, C,,, 1086.8 J/K

Plate sidewall thermal resistance, Ry, 72.3 K/kW

Plate sidewall thermal capacitance, Cy, ., 107.6 J/K

Water flow rate through cooler plates, v 5-10 /min

3.4.3 Cooling system model
The cooling system is represented by the thermal impedance Z,. and an ideal

temperature source keeping the cooling water temperature constant at 7,,. In this thesis,
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Ry and Cy of the cooling system in the test setup are obtained from the
experimental measurements at v=5//min as 0.8K/kW and 300kJ/K approximately and
will be used for the thermal model validation in Chapter 4. However, in a wind turbine,
the converter power loss is a small portion of the total losses handled by the wind
turbine cooling system; therefore, negligibly small R, ., and big Cy, ., (in comparison
with the thermal parameters of the IGBTs, the diodes, and the cooling plates) are
omitted in the thermal models utilized for the studies in Chapter 5 and Chapter 6.

3.4.4 Overall converter dynamical thermal model

Consisting of the dynamic thermal models of the press-pack IGBT-diode pairs, the
cooling plates, and the cooling system, the overall dynamical thermal model of the
single-phase leg of the press-pack IGBT 3L-VSCs is built as in Fig. 3.17. For 3L-NPC-
VSC and 3L-ANPC-VSC, all the three branches are identical (if their clamping
branches consist of IGBT-diode pairs); however, the clamping branch model for 3L-
NPP-VSC is different as in Fig. 3.18 whereas this branch is not utilized at all for the
3L-HB-VSCs. Nevertheless, the analytical and numerical solutions of these models are
significantly involved and time consuming due to the thermal couplings in the thermal
model; therefore, this model needs to be simplified for ease in junction temperature
calculations. Besides, the reduction of the IGBT and diode thermal models from Cauer
Networks to Foster Networks should be justified since connecting separately obtained
Foster-type thermal models influences the whole thermal model accuracy to some
extent. In the next section, first, the dynamic thermal model is justified regarding the
cascaded connection of the Foster-type thermal models, and then, simplified such that
the analytical switch junction and case temperature solutions are derived. Later, the
static thermal models are obtained from the dynamic thermal models and, thereby,

represented and solved algebraically for the junction and case temperatures.

3.5 Simplification of the dynamical thermal model

The converter dynamical thermal model developed in the previous section needs
simplification in order to derive the analytical solutions for the switch junction and case
temperatures. In this section, first, the reduction of the IGBT and diode thermal models
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to Foster-type thermal models is justified and, then, the converter dynamical thermal
model is simplified such that the thermal couplings that hinder analytical solutions are
removed. These simplifications are validated by the numerical analysis results of the
original and simplified models. Additionally, reduced from the converter dynamical

thermal model by removing the thermal capacitances, the static thermal model, which

is suitable for the steady-state analyses, is obtained.

Z.‘h‘k TJ.IMZ Z.’k\u

T; ,DA1

th,al

th.k
[

ca,eal Tm k2

th,c T',]"A;’ Zlh,e T

J

Fig. 3.17. Dynamical thermal model of the converter phase-a leg of the 3L-NPC-
VSCs (and of the 3L-HB-VSCs if the clamping branch is removed)
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Fig. 3.18. Dynamical thermal model of the clamping branch in the converter phase-a

leg of 3L-NPP-VSC
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3.5.1 Justifications of the IGBT-diode thermal model reductions

In the previous section, the IGBT and diode thermal models in Foster Network are
reduced from their models in Cauer Network by neglecting the cooling plate thermal
model. However, the Cauer-to-Foster conversions of these models along with the
cooling plate models would give more accurate results [79]. Therefore, the IGBT and
diode thermal models as Cauer and Foster Networks along with the cooling plate
models are compared for their justifications. For this purpose, an IGBT cooled from its
two sides by two cooling plates is taken as an example case, where P;;=4kW,
T.~=T,»=55°C, and v=8//min, and its Cauer- and Foster-type thermal models are
simulated by a circuit simulator (Ansoft-Simplorer). As shown in Fig. 3.19, the
junction 7}, collector-side case 7., ., and emitter-side case 7,,., temperatures match
closely (the maximum mismatch is only 2°C) due to the large difference between the
thermal time constants of the IGBT and cooling plate models. Also, the faster model

response for the Foster-type model should be noted.

1200 1GBT Thermal Model
110t in Cauer Network -

———in Foster Network

I [°C]

50

107 107 10° 10' 10°
ts]
Fig. 3.19. Junction and case temperatures for the IGBT thermal models in Cauer and

Foster Networks
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It should be noted that for better matching between Foster- and Cauer-type thermal
models, the curve-fittings applied to the IGBT and diode thermal models in the
previous section can be performed again with the cooling plate thermal model included

as well. However, in this study, the mismatch is considered reasonably negligible.

3.5.2 Decoupling in the dynamical thermal models

As shown in Fig. 3.17, the converter thermal model has couplings at the switch
junctions, at the cases, in the cooling manifold, and through the middle cooling plates;
therefore, the thermal analysis via the overall thermal model becomes time and
process-power consuming. Therefore, the thermal model is simplified by decoupling
efforts as follows. First, the power losses at the IGBT and diode junctions are divided
into two power loss terms as shown in Fig. 3.20 and 3.21. This division for IGBTs is
performed using approximate thermal impedance ratios between emitter and collector
branches by means of the simplified thermal model in Fig. 3.22, where Zy, .01, Zi,cozs
Zinsws Zinews and Zy, o, are multiplied by 2, 4, and 6 for decoupling of IGBTs and diodes.
For the sake of simplicity in the ratio calculations, the thermal resistances are used
instead of the thermal impedances as given in (3.33)-(3.36). It should be noted that
Znsw 1s neglected for this approximate power division. Secondly, the junction
temperatures are calculated for both sides separately. However, due to the inevitable
error in the power division, the junction temperature calculated at each side differs. In
order to reach a single ultimate junction temperature, the two junction temperatures are

averaged as given in (3.37).

3

Z Rth,e(n) +2Rth,L‘02 +4Rth,w
ko = = (3.33)
(Rth,u(n) +Rth,e(n) )+2R +2Rth,c02 +6Rth,w

th,col

n=l1

3

D Ry 2R, 2R

th,col th,w

ko == = (3.34)
Z(th,c(n)+Rth,e(n) )+2R +2th,m2 +6R

th,col

th,w
n=1
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Fig. 3.20. Simplified dynamical thermal model of the collector-cathode side of the

TA1-DA1 pair
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Fig. 3.21. Simplified dynamical thermal model of the emitter-anode side of the TA1-

DAT1 pair and the collector-cathode side of the TA2-DA2 pair

66



Chapter 3 Electro-thermal Modeling of the 3L-VSCs

com

ca,eal ca,ck?
p———

r 6Z

th,cs
ow

ainb

Fig. 3.22. Simplified dynamical thermal model for the TA1 power division

The validity of this simplification is shown via the previous example with an IGBT
cooled from its two surfaces by the two cooling plates where P;7=4kW,
Te=T,mp=55°C, and v=8//min. The results obtained via simulating the coupled and
decoupled models on a circuit simulator show that the averaged 7; of the decoupled
thermal model is closely match with the T; of the coupled thermal model as shown in
Fig. 3.23. Also, the case temperatures are mostly in accordance apart from negligible

1°C steady-state error.

In order to further simplify the thermal model where the middle cooling plate is utilized
by the two IGBT-diode pairs in Fig. 3.21, the sidewall impedance of the cooling plate
is converted to a heat power source as shown in Fig. 3.24. The amplitude of the power
source is defined by (3.38) considering the thermal resistance ratio of the cooling plate

and the sidewall thermal resistances.

(3.38)

R
th,co2
PAIZ,sw - R IR (])I,TAZ,L-k + P/,DAz,ck - P1,TA1,ea - Pl,DAl,ea)
th,co2

th,sw
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Fig. 3.23. Junction and case temperatures for IGBT thermal models with coupled and

decoupled sides
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Fig. 3.24. Simplified dynamical thermal model with the simplified sidewall heat flow
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The plate sidewall heat flow simplification is demonstrated to be valid via the example
with the two IGBT-diode pairs TA1-DA1&TA2-DA2 where P, 74=4kW, P, 74,=0kW,
Te=Tmp= 55°C, and v=8//min. The results obtained by the circuit simulator in Fig. 3.25
show that closely matching 7; and T, are obtained with the plate sidewall heat flow
modeled and simplified. It should be noted that the mismatches on 7; and T, are more

significant for the circumstance where the sidewall model is omitted.

20 el Hoat Fow
110f Modeled :
——— Simplified
100F -~ Omitred

90 ....... ......

I [°C]

50

107! 10° 10' 10°
t[s]

Fig. 3.25. Junction and case temperatures for the IGBT thermal models with the

107

modeled, simplified, and omitted sidewall heat flow

3.5.3 Analytical solution for the dynamical thermal model

Once the models are simplified, the junction temperatures are represented by (3.37),
(3.40), and (3.41) for TA1, where the thermal time constant 7, is R;Cy. The case and
cooling manifold temperatures are given in (3.42)-(3.45). It should be noted that these
equations are easy to implement and fast to solve; therefore, they are very suitable for
MATLAB implementations in discrete-time. For the other IGBTs and diodes, the

thermal models can be similarly represented analytically.
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(3.41)

(3.42)

(3.43)

(3.44)

(3.45)

In order to justify the dynamical converter-leg thermal model simplifications given in

this section, the junction and case temperatures of the outer switch pair TA1-DA1 of

3L-NPC-VSC are obtained for the transitions between 1.5MW and 3MW where PF=1,

Te=T,mp=15°C, and v=5//min via simulating the converter-leg thermal model shown in

Fig. 3.17 (on Ansoft-Simplorer) and via using the analytical solutions given in (3.40)-

(3.45) (on MATLAB). The comparisons of these temperatures in Fig. 3.26 show that

the junction temperatures match very closely whereas there are several “C mismatches

in the case temperatures due to the approximate power loss divisions at the junctions.
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Fig. 3.26. Comparison of the converter-leg thermal model simulation and analytical
solution results for the transitions between 1.5MW and 3MW where PF=1,
Te=Tm=15°C, and v=5//min

3.5.4 Converter static thermal model

Reducing the overall dynamical thermal model, the static thermal model, which is
practical for steady-state analyses in the next chapters, is obtained by removing the
thermal capacitances as shown in Fig. 3.27 with the parameters given in Table 3.5.
Also, as a reasonable simplification, the thermal coupling in the middle cooling plate
water is neglected since Ry, is significantly small compared to Ry, ... This model is
directly applicable to 3L-NPC-VSC and 3L-ANPC-VSC while this model’s clamping
branch is omitted for 3L-HB-VSC and is modified for 3L-NPP-VSC similarly to the
dynamical modeling of 3L-NPP-VSC (See Fig. 3.18).
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Fig. 3.27. Static thermal model of the converter phase-a leg of the 3L-NPC-VSCs (and
of the 3L-HB-VSCs when the clamping branch is removed)

Table. 3.5.  Static thermal model parameters

IGBT collector-side thermal resistance, Ry, . 13.9 K/kW
IGBT emitter-side thermal resistance, Ry, , 20.4 K/kW
Diode anode-side thermal resistance, R, , 42.6 K/kW
Diode cathode-side thermal resistance, R, . 23.2 K/kW
Plate-to-water thermal resistance at v=0, Ry, .00 6.2 K/kW
Plate-to-water thermal resistance constant for side plates, K, .,; 42 K-//kW-min
Plate-to-water thermal resistance constant for middle plates, K, .., 60 K-//kW-min
Plate water thermal resistance constant, K, ,, 14.4 K-I//kW-min
Plate sidewall thermal resistance, Ry, 72.3 K/kW
Cooling system thermal resistance, R, . 0.8 K/kW
Water flow rate through cooler plates, v 5-10 /min

As well as this static thermal model can be built in a circuit simulator, and thereby, the
junction temperatures are obtained by numerical analyses, the model can be represented
by a set of matrices for easy implementation and solved for the junction temperatures
algebraically. In the following, the algebraic representation is given for 3L-NPC-VSC
and 3L-ANPC-VSC, thereafter, the modifications required for the other 3L-VSCs are
straightforward. First, the heat flow equation at each junction is obtained and the
junction temperatures are represented as in (3.46) for the TAI1-DAI1 pair. Then, this
representation is generalized for the complete converter phase as in (3.47). Secondly,
the heat flow equation at each press-pack case is obtained and the case temperatures are

represented as in (3.48) for the TAI1-DA1 and TA2-DA2 pairs. Then, this
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representation is generalized for the complete converter phase as in (3.49). Next, the
heat flow at the common coupling of the cooling plates is modeled by (3.50). Finally,
the junction and case temperatures of the converter phase-a are solved and represented

in a closed-form expression by applying matrix algebra as in (3.51) and (3.52).

T P T,
J,TAl _ Al 1,TAL + Bl ca,ckl (346)
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T, = AP, + BT, (3.47)

where
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Rrh,mZRth,uth,m» Rth,mZRth,eRth,sw
Cc,cC Cc,cC o .
C — 2 5 2 5
. cc cc th,mZth,leh,xw Rth,mZth,cR/h,sw
! . cC,Cc, Ccc,Cc,
O 0 th,coleh,a Rth,canth,e
i cc, cc,
CC =R, Ry + Ry iRy o1 + Ry Ry 15
CCZ = Rth,eRth,aRth,CDZ + Rth,eRth,aRth,sw + Rrh,eRrh,szth,an + Rth,aRth,szIh,caZ H
CC3 = Rth,chh,leh,co2 + Rth,chh,kth,.w' + th,chh,.wath,coZ + Rth.thh,szlh,c‘OZ’
C'C'4 = Rth,eRth,a + Rth,aRth,col + Rrh,PRth,col H
cC. =1- Rth,eRth,aRth,coz . Rth,thh,thh,coZ
’ cc, cc,
2 2
R th,anth,ath,eth,kRth,xw . = th,coZth,ath,eth,cth,sw
23 7 > 24 — 5
CC,CC,CC, CC,CC,CC,
2 2
cc.. = Rth,L’()thh‘llRth,L‘Rth,}thh,SW’ _ Rth,cuZRth,kRth,eRth,L‘Rth,sw
31 T > 32 s
CC,CC,CC, CC,CC,CC,
d d _ 1 Rth,eRth,aRth,sw + Rth,[o2Rth,eRth,aRth,k Rth,thh,sw
2 )
cc, Cc, CC,CC,
dd = 1 Rth,thh,k Rth,sw + Rth,wZRth,eRth,uRth,k Rth,c Rth,sw
e Cc, CC,CC, '
G, 0 0 D,
I,=CT,+DT,, whereC=| 0 C, 0 |,D=|D,
0 0 C Dy
Tcom = E]La + FT‘cw
where E = [EIZ E,, Esa]’ F = th,colth,COZ/EE >
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th,es ™ th,col th,es ™ th,co2

EE EE EE EE

12

th ,cs th ,co2 Rth ,cs th ,col R R R R i|

EE=R, R, . +6R, R +6R, . R

th,es ™ “th,co2 th,es ™ “th,col®

T,=(I-B(I-DE)"'C)" (AP, + B(I - DE)" DFT,) (3.51)

cw

T, =(I-DE)'(CT,+DFT,) (3.52)

3.6 Summary

In this chapter, the 3L-VSCs’ electro-thermal models have been developed to be
utilized practically for the power density and reliability investigations in this thesis.
Therefore, the simplifications on these models have been performed and their effects
on modeling accuracy have been emphasized as well. In the electrical modeling, the
steady-state phasor analysis for the wind turbine grid connection has been performed
and the operating principles of each 3L-VSC have been utilized for obtaining switch
utilization. In the power loss modeling, the switching energy loss functions, which
were derived using the switching energy loss data collected from a proto-type
converter, and the conduction power loss functions have been utilized along with the
power loss characteristics of each 3L-VSC. In the thermal modeling, the Cauer-type
IGBT-diode pair thermal models have been converted to the Foster-type models for the
sake of ease in numerical analysis, and the cooling plate thermal model has been
derived from the data available. Also, the dynamical converter thermal model
composed of these IGBT-diode pair and cooling plate models has been built and the
analytical solution for the junction temperatures has been derived by means of the
model simplification efforts. Additionally, the converter dynamical thermal model has
been reduced to the static thermal model, which is more suitable for steady-state
analyses. For ease in implementation, this static model has also been represented by the

matrices, by which the junction temperatures have been algebraically solved.
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Chapter 4
Electro-thermal Model Validation

4.1 Introduction

In this chapter, the electro-thermal models developed in the previous chapter are
validated by means of a test setup including full-scale prototypes of two single-phase
3L-VSCs. First, the test setup power circuitries for 3L-NPC-VSC, 3L-ANPC-VSC, and
3L-HB-VSC are introduced with their operations and control. Then, the overall test
setup realized in the laboratory is introduced. Next, the collected experimental results
are reported and their degrees of consistency with the results obtained via the 3L-
VSCs’ electro-thermal models are assessed for model validation. Finally, the
mismatches between these results are discussed and addressed. Besides, the details of
double-pulse tests, via which the switching energy loss functions of the IGBT-diode

pairs are characterized for their utilization in the power loss models, are elaborated.

4.2 Test setup

The test setup is composed of the power circuitries and the peripheral systems such as
cooling systems, measurement systems, and control systems. As shown in Fig. 4.1, the
power circuitry for 3L-NPC-VSC and 3L-ANPC-VSC is composed of two 3L-ANPC-
VSC legs, which are tied at their DC terminals by capacitors and coupled at the their
AC terminals by an inductor. Hence, this circuit becomes capable of circulating any
real and reactive power (P, Q) within the converter power capability provided that the
power loss in the power circuitry is supplied by a DC power supply [55], [80].
Similarly, this circuit can be rearranged for 3L-HB-VSC tests by replacing the inductor
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with a transformer to sustain the isolation between the HBs as shown in Fig. 4.2. Also,
the HBs can be realized by modifying the 3L-ANPC-VSC legs as shown in Fig. 4.3

such that the outer switches are by-passed and the neutral point connection is removed.

DAL DBI1
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—
bA2  ——» DB2

i
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DA3 DB3
Voea <+ TC
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Fig.4.1. Test setup power circuitry for 3L-NPC-VSC and 3L-ANPC-VSC
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Fig. 4.2. Test setup power circuitry for 3L-HB-VSC
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Fig.4.3. Formation of an HB from a 3L-ANPC-VSC leg
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In order to control the power circulation between the two 3L-ANPC-VSC legs (or
between the two HBs), the controllers are utilized as shown in Fig. 4.4 where the leg-b
operates as a voltage source with the reference output voltage v, while the leg-a
including the inductor operates as a current source by controlling the converter current
(i=-i,). For the real and reactive power references (P, Q"), the current reference i’ is
generated regarding v'», in the current reference generator. The current controller is
realized as a proportional and integral (PI) controller in synchronous reference frame
by using 90° phase-shifted fictitious current signal as in [81]. Similarly, £120° phase-
shifted two fictitious voltage signals generated from v',, are utilized for producing the
zero-sequence voltage signal to be added to both v*,, and v",, for realizing SVPWM in
the PWM units. It should be noted that no neutral-point-voltage controller is required to
be implemented since the two separate DC power supplies balance the neutral-point

potential.

-
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n n
TA6 «{ DA6 TA3 ~{ DA3 DB3 }»TB3 DB6 |—TA6
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Fig. 4.4. The control diagram of the test setup power circuitry
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The power circuitries and the controllers have been realized along with a cooling
system, signal interface PCBs, fiber optic communications, a test setup control panel, a
DC bus platform, etc. in the department laboratory as a medium voltage test setup. The
layout and the photographs of the test setup are shown in Fig. 4.5-4.8. The test setup

equipments and parameters are listed in Table 4.1 and 4.2.
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Fig. 4.5. The layout of the test setup
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Fig. 4.6. Test setup photo (inside view)
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Fig.4.7. Test setup photo (outside view)
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Fig. 4.8. Test setup photo (a view from the control desk)
Table. 4.1. Test setup equipment list
Equipment Specifications
Yokogawa DL9040 oscilloscope [82] 4 channel, S00MHz
PEM CWT15 Rugowsky coil [83] 3kA, 10MHz
SI-9010 high voltage differential probe [84] +7kV, 70MHz
Yokogawa 701930 current probe [85] 150A, 10MHz

Almemo 2890-9 [86]

9-channel, 50 sampling/sec

PT100 temperature probes [87]

1.5mm diameter, 150mm long

LEM LTC1000-SF/SP8 current sensor [88]

1300A, 100kHz

LEM LV100-3000/SP12 voltage sensor [89]

3000V, 70ps response time

dSpace 1006 control platform [90]

3GHz

DS5101 PWM output board [90]

16-channel, 25ns resolution

DS2002 multi-channel A/D board [90]

32-channel, 16-bit, Sus conv. time

Magnapower MTIII DC power supply [91]

2500VDC - 100kW

Magnapower HN utility interface [92]

400VAC - 200kW

Cooling system

=== (N = (N[O = [N | BN 3

90//min - 1.2bar

4.3 Experimental results

The experiments have been conducted for the switching energy loss characterization
via double-pulse tests and for the electro-thermal model validation via 3L-VSC

operation tests. In this section, first, the double-pulse tests are explained in detail. Then,
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the experimental results from the 3L-VSC operational tests are collected at steady state
and under dynamical conditions and they are compared with the results obtained via the

converter electro-thermal models for model validation.

Table. 4.2. Test setup parameters

Phase-to-neutral output voltage 1.7kV s (50HZz)
Rated apparent power, S 2MVA
DC bus Voltage, Vch, VDCZ 2500V
Inductance, L 450uH (10%)
Inductor resistance, ;. 1.5mQ
Power Circuitry Transformer turns ratio, N 1:1
Transformer leakage inductance, L 325uH (7.2%)
DC bus resistance, 7pc 3.2kQ
Capacitance, C 1.1mF
Capacitor (Westcode, 3600V-220uF) [93] E51.S30-224R20
IGBT-diode pair (Westcode) [38] T1800GB45A
Gate resistance, Rg,, & Roor 2.50 & 3.8Q
PWM frequency, frmur 1050Hz
Controller Sampling time, T (double-update) 476.2us
Dead time 10us
Cooling plate (Westcode, AIN ceramic) [76] | XW180GN25A
Cooling System Water flow rate through cooling plates, v 5//min
Ambient temperature, 7,5 15-20°C
Main cooling water temperature, 7, 10-15°C

4.3.1 Double-pulse test results

The double-pulse tests have been performed in a prototype 3L-NPC-VSC leg, which
can be utilized in the real converter application, instead of a standard double-pulse test
setup where the commutation inductance may be different than the converter’s
commutation inductances [43]. As shown in Fig. 4.9, the test setup power circuitry is
slightly modified such that an equivalent double-pulse test circuit is formed. In order to
perform double-pulse tests for the two identified commutation paths with L,; and L,
(See Section 2.5), the gate signals for the leg-a IGBTs are adjusted as in Table 4.3 such
that the commutations between TAS5 and DA1 and between TA3 and DA?2 are realized.

As shown in the double-pulse test waveforms for the short commutation path (L,=L, )
in Fig. 4.10, the IGBT current ic rises through the inductor during the first pulse

duration T}, which is adjusted to perform the test at various current magnitudes by
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using the relation given as (4.1). During the off duration 75, which is fixed (at 40us),
the inductor current freewheels through the diode. Then, the second pulse is applied for
the constant duration of 73 (40us). Afterwards, the inductor current diminishes via the
diode and, then, the test terminates. As shown in Fig. 4.11, the second pulse is focused
in order to collect turn-on and turn-off waveforms. As explained in Section 3.3, using
these waveforms, energy losses during switching instants are calculated. Hence, the

IGBTs and diodes of the 3L-VSCs are characterized for switching energy loss.

1,(T)=V,.T /L (4.1)

Table. 4.3. IGBT utilizations for the two commutations in double-pulse tests

Commutation Path TAl TA2 TA3 TA4 TAS TA6
TAS5-DA1 (Short path with L, ) OFF ON OFF OFF Pulse OFF
TA3-DA2 (Long path with L, ;) ON OFF Pulse OFF OFF ON

DAl DB1

(D ¢ 4

11
L
~

DA2 DB2

|~T'BS

DA3 DB3 |—IB3 DB6 |—)“Aﬁ

11
L
~

+ C =
Vpea C)

DA4 DB4 |—'I'H4

Fig. 4.9. Power circuitry for double-pulse tests

4.3.2 3L-VSC operation test results

Converter operation tests for 3L-NPC-VSC and 3L-ANPC-VSC have been conducted
on the power circuits given in Fig. 4.1. Steady-state and dynamical experimental results
are reported. These results are compared with the results obtained via the electro-
thermal models in order to validate these models. However, 3L-HB-VSC tests have not

been conducted since the transformer was badly damaged during its transportation.
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Fig. 4.10. Double-pulse test waveforms for L,=L,; Vpc~=2500V,

Fig. 4.11.
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l: 5 0 ,us/dlv

i1 0.5kA/div z'F 10.5kA /div

1 1 1

T1=325us

vCE 0. SkV/dlv :0. SkV/dlv
L0.5kA/div z'F :0.5kA /div

TR20°C,

and

Double-pulse test waveforms during the second pulse for L,=L,,,

Vpc=2500V, T=20°C, and T,=325us
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a. Results at steady state

The converter electrical performance at steady state is experimentally shown for 3L-
NPC-VSC in Fig. 4.12 for 1.25MW (at PF=1) power transfer from the leg-b to the leg-
a at Vpc=2500V and v;,,=1700V,ns. In accordance with the theory and the simulation
results, the outer switch and the clamping diode experience all the switching losses
during half an electrical cycle while the inner switch stays in conduction. For the same
operating point, the total converter power losses including the inductor and DC bus
losses (including bleeding resistor losses) are measured approximately to be 21.5kW.
Considering that the inductor and DC bus losses are estimated to be approximately
0.9kW and 1.6kW, the remaining converter power loss (19kW) matches closely with
the power loss estimated via the converter electro-thermal model (19.5kW). Also, the
measured and estimated case temperatures match closely for the three power transfer
cases of 1.25MW, 1.25MVAr, and -1.25MW as shown in Table 4.4. Slight mismatches
can be addressed to air convection on the cooling plate side and busbar surfaces, the
non-modeled junction temperature dependency of switch power losses, and 2-3°C of

the ambient and cooling water temperature variance during operation.

[2000ms/dv)

i VkA/diy
t:2ms/div

[2000ms/dv)

—W”T [0

g3 B3
i e ” _HHHT

Fig. 4.12. Output and switch voltage/current waveforms for 3L-NPC-VSC at
Vpc=2500V, P=1.25MW, PF=1, and v,=1700V
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Table. 4.4. Leg-b case temperatures for 3L-NPC-VSC

Estimation ("C Measurement (°C)
1.25MW | 1.25MVAr | -1.25MW | 1.25MW | 1.25MVAr | -1.25MW
T uckBl 43.39 33.37 25.31 43.80 32.97 25.27
ToucaBl 37.93 28.58 26.33 36.62 28.63 23.88
TeuchBs 25.74 32.86 42.90 23.23 29.02 42.77
T v.caB3 23.84 32.29 40.05 22.70 28.04 39.98
T .k BS 21.85 20.82 14.90 19.51 19.21 17.76
T eoca.B5 19.34 20.12 14.69 19.58 19.68 17.78

For 3L-ANPC-VSC, the consecutive and equal utilization of Mode-I and II (50%
Mode-I and II) in the PWM pattern (See Fig. 2.28) is preferable for implementation in a
practical three-phase converter due to almost equal power loss distribution. Also, the
utilizations of 100% Mode-I and 100% Mode-II are considered to be useful for
demonstration purposes despite that they are not preferable in practice since they cause
power loss localizations like 3L-NPC-VSC. However, the experiments on the prototype
3L-ANPC-VSC can be conducted safely at the full DC bus voltage (Vp=2500V) for
the PWM pattern composed of only Mode-I (100% Mode-I) due to the DC bus voltage

limitation related with Mode-1I, which is explained in detail below.

In 3L-ANPC-VSC, there is a risk of applying double DC bus voltage (2Vp¢) to a single
switch rated less than 2Vpe (i.e. 2x2500V>Vpe 100r7=2800V [74]) due to an erroneous
PWM algorithm or improper terminations of PWM signals after an IGBT fault, an
overcurrent condition, or a PWM-disable command. Therefore, proper precautions
against this risk should be taken during both PWM programming and fault
handling/protection circuit design. With the PWM termination algorithm used in the
test setup’s fault handling/protection circuits, a Mode-II utilizing PWM pattern results
in the aforementioned overvoltage problem if the PWM signals stop at a zero-state for a
reason. This phenomenon is explained via the output and switch voltage/current
waveforms in Fig. 4.13 (where vg=vcpp=viap: and ig=icpc-ippe ¥=1,2,...,6) as
follows. Before the fault instant, TB1, TB3, and TB6 are off and TB2, TB4, and TBS5
are on. Just after the fault instant (5-10us later), TB1 and TB4 receive turn-off signals.
However, TB3 continues blocking the lower DC bus voltage instead of TB4 since there

is no current rather than switch leakage current, which can drive TB4 to block the DC
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bus voltage within several 100ms. After the other switches receive turn-off signals 50us
later (this delay is for avoiding a similar overvoltage problem when the PWM signals
are stopped at an active-state), TB2 and TBS5 become off and the negative output
current diverts to the upper path via DB1 from TBS5. Consequently, TB3 seeing both
the positive and negative DC bus rails experiences 2Vpc until the output current
diminishes. In order to avoid this problem, more intelligent fault handling circuits that
are able to keep the inner (TB2, TB3) and clamping switches (TB5, TB6) conducting
until the outer switches (TB1, TB4) start blocking V¢ are required.

Fault Instant—vi N Fault Instant>, ™ o
Vg | Va3 J M
sy 1 i
[ M Von . 0 MCE TN -
I Igs
R Ipi . ~ o | oL
L./ |
v:1kVidiv | i:125A4/div t:50us/div

Fig. 4.13. Overvoltage problem for Mode-II at Vp=1250V

Due to the overvoltage risk associated with Mode-II, the experiments are performed at
Vpc=2500V for only the PWM pattern with 100% Mode-I (Pattern-I) while they are
conducted at Vpc=1250V for 100% Mode-1I (Pattern-II) and 50% Mode-I and II
(Pattern-11T). The output and IGBT/diode pair voltage and currents are experimentally
obtained for these three patterns. For Pattern-I in Fig. 4.14, 1.25MW (at PF=1,
Vpc=2500V, and v;,,=1700V ) is delivered from the leg-b to the leg-a while 0.5MW
(at PF=1 at Vp=1250V and v;,,=850V ) is transferred for Pattern-II and Pattern-III in
Fig. 4.15 and 4.16. On these figures, which are in accordance with the theory and the
simulation results given in Chapter 2, it is seen from the TB1 waveforms that TB1

involves in every commutation of Pattern-I; however, it does not involve in any
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commutations of Pattern-Il. Moreover, in Pattern-III, TB1 and TB2 involve

consecutively in the commutations for a half 7.

Since the DC bus voltage of 2500V, at which the switching energy loss functions are
derived, is applicable in only Pattern-I (utilizing 100% Mode-I), the power loss and
thermal models are checked for validity for Pattern-1 as follows. Similar to the 3L-
NPC-VSC experimental results, the total converter power losses are measured
approximately to be 21.5kW. Considering that the inductor and DC bus losses are
estimated to be approximately 0.9kW and 1.6kW, the remaining converter power loss
(19kW) matches closely with the power loss estimated via the converter electro-
thermal model (19.5kW). Also, the measured and estimated case temperatures of the
leg-b switch pairs for Pattern-I are listed in Table 4.5 for 1.25MW, 1.25MVAr, and -
1.25MW transfers. These temperatures match in large extent. Slight mismatches can be

addressed to the same reasons as for 3L-NPC-VSC.

[2000ms/dv)
]

4 il
v 2kV /div e FV; Hj UU—

i:1kA/div .
t: 2ms/div Iy
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v [T

K Ips

Ip3

=t o S T

Fig. 4.14. Output and switch voltage/current waveforms for 3L-ANPC-VSC with
Pattern-1 (100% Mode-I utilization) at Vp~=2500V, P=1.25MW, PF=1, and
Vpn=1700V g
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Fig. 4.15. Output and switch voltage/current waveforms for Pattern-II (100% Mode-11
utilization) at Vp~1250V, P=0.5MW, PF=1, and v;,=850V ;s
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Fig. 4.16. Output and switch voltage/current waveforms for Pattern-III (consecutive

50% Mode-I and Il utilization) at Vp~1250V, P=0.SMW, PF=1, and
vbn=850VrmS
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Table. 4.5. Leg-b case temperatures for 3L-ANPC-VSC with Pattern-I
Estimation ("C Measurement (°C)
1.25MW | 1.25MVAr | -1.25MW | 1.25MW | 1.25MVAr | -1.25MW

Teackni 43.39 33.24 27.89 42.15 32.60 25.46
T eaeanr 37.93 29.06 23.93 35.49 28.28 23.14
T,o.ckB3 23.84 22.95 24.01 21.07 21.61 23.00
T eacaBs 25.74 23.55 23.47 21.35 21.53 22.66
Teackns 21.85 27.17 38.65 18.59 26.38 38.94
T eacas 19.34 31.74 38.33 18.65 29.48 37.97

b. Results under dynamical conditions

During the output power transition from 0.5SMW and 1MW at V,=2500V, PF=1, and
Vp,=1700V s, the electrical performance of 3L-NPC-VSC is demonstrated by the
experimental converter output voltage and current waveforms in Fig. 4.17. In this
figure, it is observed that the converter electrical response time is approximately
100ms, which is sufficiently short to observe the converter thermal response decoupled

from the electrical response transition.

[S000ms/]

t:50ms/div
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Fig. 4.17. Output voltage and current waveforms of 3L-NPC-VSC during the
transition from 0.5MW to IMW at Vp=2500V, PF=1, and v;,=1700V
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For the output power increase from 0.5MW to IMW starting at t=100s and the decrease
from 1MW to 0.5MW starting at 400s, the thermal performance of 3L-NPC-VSC is
demonstrated by the measured case temperatures of the outer and inner IGBT-diode
pairs (TA1-DA1 and TA3-DA3) in Fig. 4.18 (at Vpc=2500V, PF=1, and v;,=1700V 5.
Also, in this figure, the case temperatures estimated via the electro-thermal models are
given for comparison. It is observed that there are static and dynamic mismatches
between the estimated and the measured case temperatures. The static mismatches of
several °C are addressed to the approximate power loss divisions, disregarded air
convection cooling, difference between the ambient and cooling system water
temperatures, the ambient and cooling system water temperature variations of 2-3°C,
etc. The dynamic mismatches show that the simplified thermal model responds faster
than the real converter expectedly due to the IGBT-diode Cauer-to-Foster thermal
model conversion ignoring the cooling plate models (See Fig. 3.19) and the cooling

plate model thermal model simplification (See Fig. 3.16).

45 : — Measured :
40 - ———Estimated (wzth 3°C Oﬂset)

0 100 200 300 400 500 600
1[s]
Fig. 4.18. Measured and estimated case temperatures of 3L-NPC-VSC during the
transition between 0.5MW and IMW at Vp=2500V, PF=1, v;,=1700V ;11
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4.4 Summary

The MV 3L-VSC test setup has been developed in the department laboratory in order to
prove the 3L-VSC theory and simulation results and to validate the electro-thermal
models. In the test setup, the two full-scale prototype press-pack IGBT 3L-ANPC-
VSCs have been utilized along with the peripherals such as the cooling, measurements,
control systems, etc. for realizing proper operation of these converters. In addition to
the 3L-NPC-VSC and 3L-ANPC-VSC operations, the formation of the 3L-HB-VSC
power circuit from the 3L-ANPC-VSC circuit has been shown. Besides, the double-
pulse test procedure, to characterize the IGBT-diode pairs employed in the prototype

3L-VSC in terms of switching energy losses, has been elaborated.

The steady-state operation tests have been performed for 3L-NPC-VSC and 3L-ANPC-
VSC, which are in accordance with the theory and the simulation results. Hence, the
converter electro-model including the static thermal model has been validated. Besides,

the overvoltage risk for 3L-ANPC-VSC has been identified and explained in detail.

The dynamical converter performance has been shown for 3L-NPC-VSC to validate the
converter electro-thermal model including the dynamical thermal model. The
experimental results are close to the results obtained via the model; however, there are
mismatches due to the thermal modeling simplifications and the test setup conditions. It
should be noted that the electro-thermal model results in higher steady-state
temperatures and faster responses compared to the real converter; therefore, the further
electro-thermal model utilization in the converter reliability investigations in Chapter 6

are anticipated to yield more conservative results.
Nonetheless, the 3L-HB-VSC tests have not been able to be performed due to the

unexpectedly long latency in the transformer production and the damage made during

its transportation.
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Chapter 5

Power Capability Determination

5.1 Introduction

Converter power capability, which defines a converter’s real and reactive power limits,
is critical for wind turbine applications since the converter power rating information
extracted from the converter power capability curve is required for converter power
density studies. Also, the power capability is a necessary functional set of data for wind
turbine grid-connection as explained in the following. For wind turbine manufacturers
and/or operators, the converter power capability information is needed to assess
whether their wind turbines can fulfill grid code reactive power requirements and to
quantify how much their turbines and/or their wind power plants composed of these
turbines can provide ancillary services such as reactive power support [44]. Also, this
information can be incorporated with wind turbine controller design [94] and, thereby,
with wind power plant controller design. Furthermore, transmission system operators
request the power capability information from wind power plant operators in order to
model these plants and analyze their transmission system with these plants as they

require power capability curves from conventional power generators.

In this chapter, first, the power capability limiting factors, which are switch current,
semiconductor junction temperature, and converter output voltage, are explained in
detail for the 3L-VSCs with press-pack IGBT-diode pairs. Next, utilizing the validated
electro-thermal models of the press-pack IGBT 3L-NPC-VSCs and 3L-HB-VSCs, a

power capability determination algorithm is developed regarding the power capability
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limiting factors. By means of the algorithm, the 3L-VSCs’ power capabilities and their
abilities to meet a sample grid code reactive power requirement are comparatively

investigated.

5.2 Power capability

Depending on their generator technology and power system connection, the
conventional turbine generators’ power capability is determined by field heating limit,
stator heating limit, end heating limit, and steady-state stability limit as shown in Fig.
5.1 [95], [96]. For the wind turbines employing doubly fed induction generators
(DFIG), the power capability limiting factors, which are numerous and significantly
involved due to the complex DFIG construction and operation, are mechanical power,
stator current, and rotor current limits in brief (Fig. 5.2) [94]. For the wind turbines
with full-scale converters, current-carrying capacity limit and the converter output
voltage limit have been considered as the limiting factors in [44] generally. In this
thesis, being the converter/switch technology- and the power system-dependent factors,
the switch current, semiconductor junction temperature, and converter output voltage
limits are considered specifically for the full-scale wind turbines with press-pack
IGBTs. Assuming that there is no real power limit imposed by the wind turbine
generator and the generator-side converter, which are decoupled from the grid-side
converter in terms of reactive power, or assuming that they are to be designed in
accordance with grid-side converter’s power capability, the power capability of the
grid-side converter can be taken as the power capability of the whole full-scale wind
turbine at the grid side. Also, the real power capability of the generator and the
generator-side converter can be conveniently superimposed to the grid-side converter’s

power capability.

5.3 Power capability limiting factors for grid-side VSCs

The converter power capability is determined by the limiting factors related with its
switch technology, its topology, its physical structure, and its power system connection.
These factors are switch current, semiconductor junction temperature, and converter
output voltage as explained in the following. It should be noted that, being a wind
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turbine-imposed limiting factor, the mechanical output power limit (or nominal wind

turbine power) is not taken into account directly; however, the suitable wind turbine

mechanical power for each converter is to

be determined regarding the grid-side

converter power capability and a sample grid-code reactive power requirement in

Section 5.5.
P
7 |
—
I Stator Heating
',’ A‘&\Stabi/ify Limit \
"_/ Limit \\
/ \
If \
h Field Heating —»
‘\«—Lnd Heating Limit \
h Limit |
L 0
Underexcited(Leading) 0 Overexcited(Lagging)
Fig. 5.1. Power capability curve of a conventional turbine generator [95]
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5.3.1 Switch current limit

Overexcited(Lagging)

Power capability curve of a doubly fed induction generator (DFIG) [94]

IGBTs and diodes have several current ratings being continuous DC (Icpc/Irpe),

repetitive (Icra/Irry), non-repetitive surge

(UcsadIrsy) current ratings. For Westcode

T1800GB45A, which is the IGBT-diode pair employed in this thesis, these ratings are
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1.8kA, 3.6kA, and 10kA, respectively [38]. Since the IGBTs and the diodes in VSC
applications commutate repetitively, the current rating to be respected is Icra/Irrus
3.6kA. However, the converter design- and implementation-specific factors such as
commutation path stray inductance L, may result in a decrease in realizable switching
current. For the 3L-NPC-VSCs utilizing T1800GB45A IGBT-diode pairs and realized
as shown in Fig. 2.13, there are two commutations paths with L,~200nH and
L,;=500nH. As shown in Fig. 2.17 and 2.18, the instantaneous maximum switching
voltage for L,; and L,; during IGBT turn-off at /=2.4kA and Vz=2500V are
measured as 3250V and 3500V, where T1800GB45A’s maximum blocking voltage is
4500V. If the switching voltage safety margin for these VSCs is reasonably set 1000V,
the switching current is to be limited by 2.4kA, which is 66% of Icry/Irry. Assuming
that the converter output current is sinusoidal with negligible amount of ripple, the limit
for the converter output current peak in fundamental frequency /; .. can be set 2.4kA
(This value could be even lowered due to other practical concerns such as gate driver
limitations). Hence, any converter output real and reactive powers resulting in more
than /; .. for the given power system connection are considered to be beyond the

power capability of the VSC under investigation.

5.3.2 Semiconductor junction temperature limit

The maximum IGBT and diode junction temperature 7, is mostly specified as 125°C
in IGBT and diode datasheet by semiconductor manufacturers. Operating these
switches above 125°C is neither recommended nor guaranteed since it causes switch
lifetime degradation [97]. In a converter composed of a number of IGBTs and diodes,
its devices’ utilization varies significantly depending on the converter’s operating
principles and conditions, so do their junction temperatures. On any IGBT or diode,
any converter output real and reactive powers resulting in more than Tj,, are

considered to be beyond the power capability of the VSC under investigation.

5.3.3 Converter output voltage limit

The peak output voltage of any VSC is limited by its DC bus voltage in a proportion
depending on the converter topology and the modulation method. For 2L-VSC with
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space vector pulse-width modulation (SVPWM), the maximum peak phase voltage
Vima 18 0.58Vpe, where Ve is its full DC bus voltage [66]. For 3L-VSCs, V; uax 1S
1.16Vpc, where Vpc is the half DC bus voltage [68]. In order to leave some reserve
voltage for being able to control the output current under dynamical conditions, V7 .y
can be set as less than these theoretical values such that V; . is taken as 1.1Vp¢ in this

thesis.

5.4 Power capability determination algorithm

The algorithm developed to obtain the power capability curves for the wind turbine
grid connection with the 3L-NPC-VSCs and the 3L-HB-VSCs is explained via the
algorithm flow chart in Fig. 5.3 as follows. Making use of the electro-thermal model
parameters given in Chapter 2 and Chapter 3, this algorithm sweeps the applicable real
and reactive power area with the increments of AP and AQ by running the converter
electro-thermal model (as given in Chapter 3) in the power range defined as
P,.,>P>P,;, and Q,,,>0>Q0,.;,. For each P and Q pair in this range, the peak converter
phase voltage V; and current /; are calculated in the electrical model. These values are
compared with the converter output voltage limit V; .. and the switching current limit
I} max and, then, the P and Q pairs where these limits are exceeded are saved so that the
power capability border for the corresponding limit is determined. For checking
whether the junction temperature limit is exceeded by any IGBT or diode at steady
state, the power loss and static thermal models are utilized and 7; of each IGBT and
diode is calculated using the voltage and current outputs generated by the electrical
model for each P and Q pair. If the power loss model includes temperature-varying
power loss functions, these models can also be utilized iteratively in this algorithm until
T; for each IGBT and diode converges to its steady-state value. Once the steady-state
T;’s are calculated, these temperatures are compared with 7;,,. Each P and Q pair
where the temperature limit is exceeded by any IGBT or diode is saved to determine

the corresponding power capability border.
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Fig. 5.3.
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5.5 Power capability investigation

Utilizing the proposed power capability determination algorithm, which is implemented
in MATLAB, the power capabilities of the 3L-NPC-VSCs and 3L-HB-VSCs are
obtained for their application as a wind turbine grid-side converter. From these power
capabilities, three types of power ratings are derived. The first power rating is defined
as the maximum real power P, that can be delivered by the converter when PF=1.
The second power rating is the maximum apparent power S, that is sustainable by the
converter for all PF>0.9 (The ‘PF>0.9’ condition ensures compatibility for most of the
grid codes). The third power rating is defined as the real power which can be delivered
for a certain PF range in accordance with a specific grid-code reactive power
requirement; therefore, it can also be considered as the wind turbine nominal power
rating P,,,. In this study, P,,, is investigated for a sample set of the reactive power
requirements in German Transmission Code as shown in Fig. 5.4 [2] in order to
demonstrate the utilization of the grid-code reactive power requirements along with the
power capability studies. Furthermore, the P,,, values obtained in the power capability
investigation for the grid-side converter can be used as the generator-side converter
power rating in the converter design. It should be noted that although the reactive
power requirement is defined at the PCC of a wind power plant instead of the PCC of
each wind turbine, the power capability determination for a single wind turbine serves a
basis for determining the wind power plant power capability, where the plant’s
collector system, reactive power compensators, and substation transformers with tap-

changers should also be taken into account.

5.5.1 Power capabilities of the 3L-VSCs for a sample reactive

power requirement
The power capability of 3L-NPC-VSC is shown in Fig. 5.5 where the switch current,
converter voltage, and junction temperature limits are indicated. As shown in the
figure, the outer IGBT (T1&T4) temperatures rather than the inner IGBT temperature
(T2&T3) are the dominant limiting factor since the outer IGBTs are the most thermally
stressed switches in 3L-NPC-VSC for P>0. Also, the turbine nominal power P,,,
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complying with the sample grid code when 3L-NPC-VSC is utilized as a grid-side
converter becomes 5.4MW. For 3L-ANPC-VSC using the PWM pattern of consecutive
50% Mode-I and I, the inner IGBT temperatures are the most dominant limiting factor
(Fig. 5.6) since the inner switches experience more conduction loss than the outers
whereas its inner and outer switches share the switching loss almost equally. It should
be noted that this power capability can be slightly improved by an optimized PWM
pattern. According to the grid code requirement, the P,,, of 3L-ANPC-VSC becomes
7.12MW.

100%P,

20%P

nom

|

0 41%P

nom

-33%P

nom

Underexcited (Leading) O  Overexcited (Lagging)

Fig. 5.4. A reactive power requirement set defined in German Transmission Code [2]

For 3L-NPP-VSC using the same PWM pattern as 3L-ANPC-VSC, the power
capability is improved compared to 3L-ANPC-VSC (Fig. 5.7) since the inner and outer
IGBTs experience much closer conduction losses due to its topology. Also, P, is
slightly improved (7.88MW). Similar to the 3L-NPP-VSC case, the 3L-HB-VSCs’
switches experience close conduction and switching losses; therefore, the limitations
imposed by the upper (T1&T3) and lower (T2&T4) IGBTs’ junction temperatures are
very close as shown in Fig. 5.8. Due to its more compact structure with 4 IGBT-diode
pairs per phase, its P,,, (6.75MW) is lower than the P,,, of 3L-NPP-VSC with 6
IGBT-diode pairs per phase (7.88MW).
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Fig. 5.7.

Fig. 5.8.
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In Fig. 5.5-5.8, it should be noted that the clamping IGBTs and diodes (T5, T6, D5,
D6) are under less thermal stress due to high modulation index operation while the
outer and inner diodes (D1, D2, D3, D4) are thermally less stressed due to inversion
mode of operation (P>0); therefore, these switches’ junction temperatures, which do
not critically limit the converter power capability, are not included in the power
capability figures. Besides, further power capability investigations on 3L-NPC-VSC
and 3L-ANPC-VSC have been performed in [P9] where the grid voltage, PWM pattern,

and switching frequency effects on the converter power capability were demonstrated.

5.5.2 Power capability comparison in PQ-plane

The 3L-VSCs’ power capabilities determined with respect to the limits of switchable
semiconductor current (/¢ o =Ir ma=I1 max=2.4kA), semiconductor junction temperature
(T;max=125°C), and converter output voltage (V; u=1.1Vpc=2750V) are shown in the
same PQ-plane in Fig. 5.9. It should be noted in this figure that each 3L-VSC is limited
with the same converter voltage limit line, which is mainly imposed by the output
inductance designed for 6MVA. It is anticipated that the power capabilities of 3L-
ANPC-VSC, 3L-NPP-VSC, and the 3L-HB-VSCs enhance in the overexcited half-
plane when this inductance is redesigned for each converter regarding their real MVA
ratings, which are larger than 6MVA. In Fig. 5.9, the 3L-NPC-VSC’s operating area in
PQ-plane is mainly determined by the outer IGBTs’ T; and the output voltage limits.
By reducing the outer IGBTs’ thermal stress, 3L-ANPC-VSC has a larger operating
area limited by the inner IGBTs’ T; and the output voltage since the inner switches
experience more conduction loss than the outer switches. For 3L-NPP-VSC, the switch
current limit as well as the other limits determine the operating area, which is the
broadest since it does not cause any conduction loss in the inner switches during zero
voltage states. Although the 3L-HB-VSCs utilize their switches equally, their compact
structure with 4 switches per phase results in higher thermal stress on each switch and
their operating area is narrower compared to 3L-ANPC-VSC and 3L-NPP-VSC.
Besides, in this figure, the maximum real power (at PF=1) of each VSC is indicated as
the converter real power rating P,,,.. Also, the common operating area of the 3L-VSCs,

which is mostly determined by the area of 3L-NPC-VSC, is indicated in this figure.
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5.5.3 Power capability comparison in Sa-plane

The 3L-VSCs’ power capabilities are expressed in the plane of output apparent power
and output phase angle (Sa-plane) in Fig. 5.10, where S and « are defined in (5.1) and
(5.2). In this figure, the maximum apparent power S, sustainable for all o in [-40°,
25°] (or all PF in [0.77 leading, 0.9 lagging]), which is compatible with most of the grid
codes, is indicated as the converter apparent power rating. It should be noted that the
apparent powers of 3L-ANPC-VSC, 3L-NPP-VSC, and 3L-HB-VSC are significantly
limited for all o in [25°, 40°] (or all PF in [0.9 lagging, 0.77 lagging]) by the output
voltage limit, which is mainly imposed by the converter output inductance designed for
6MVA, which should be redesigned for each VSC’s apparent power rating to relax this

limitation.

S=P*+0? 5.1

a =tan"' (Q/P) (5.2)

Table 5.1 summarizes the results of the power capability investigation on the 3L-VSCs
comparatively. For the three power ratings, the order from the highest to the lowest
power rating is 3L-NPP-VSC, 3L-ANPC-VSC, the 3L-HB-VSCs, and 3L-NPC-VSC.
Between 3L-NPC-VSC and 3L-ANPC-VSC, the power rating difference is due to the
utilization of the outer and inner switches. However, the difference between 3L-ANPC-
VSC and 3L-NPP-VSC is due to the topological advantage of 3L-NPP-VSC such that
its inner switches do not conduct for zero-states. Besides, the power rating difference
between 3L-NPP-VSC (and/or 3L-ANPC-VSC) and the 3L-HB-VSCs is due to the

number of switches employed.

Table. 5.1.  Power capability investigation results of the 3L-VSCs

VSC topology 3L-NPC | 3L-ANPC | 3L-NPP | 3L-HB
Nominal turbine power, P,,,, (MW) 5.40 7.12 7.88 6.75
Maximum conv. power at PF=1, P,,,. (MW) 5.77 7.80 8.40 7.20
Maximum conv. apparent power, S,,.. (MVA) 5.60 7.40 8.20 6.90
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5.6 Summary

In this chapter, the power capability investigations have been performed for the 3L-
VSC employing the press-pack IGBT-diode pairs and applied as a grid-side wind
turbine converter. Once the power capability limiting factors have been defined as the
switch current, the output voltage, and the switch junction temperature for the full-scale
wind turbine grid-side converter utilizing press-pack IGBT-diode pairs; the power
capability curves of these VSCs, which are critical and required data set for wind
turbine producers, wind power plant operators, and the transmission system operators,
have been obtained along with a sample reactive power requirement by means of the
developed power capability determination algorithm based on the converter electro-

thermal models.

By means of these power capability investigations, the maximum nominal turbine
power applicable by using each 3L-VSC as a wind-turbine grid-side converter has been
determined regarding a sample grid-code reactive power requirement. Also, the
maximum converter real power (at PF=1) and the maximum converter apparent power
(sustainable for PF>0.9) for each 3L-VSC have been determined since these power
ratings are useful characteristic data for each VSC for the converter power density and

reliability investigations.

As a result of these investigations, it has been observed that the narrowest power
capability with P,,,=5.4MW (100%) is of 3L-NPC-VSC due to its excessive outer
switch utilization whereas the largest power capability with P,,,=7.88MW (146%) is of
3L-NPP-VSC. With poorer inner switch utilization compared to 3L-NPP-VSC, 3L-
ANPC has P,,,=7.12MW (132%). Having more compact structure with 4 switches per
phase compared to 3L-ANPC-VSC, 3L-HB-VSC has P,,,=6.75MW (125%)
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Chapter 6

Power Density and Reliability Assessments

6.1 Introduction
In this chapter, the power density and reliability of the 3L-NPC-VSCs and the 3L-HB-

VSCs are assessed for the application of wind turbine grid-side connection. For the
power density assessments, the converter power ratings are taken from the power
capability studies in Chapter 5. The converter volumes are considered to be the volume
of the converter cabinet with switches, cooling plates, gate drives, mechanical assembly
clamps, and DC bus capacitors. Being dependent on the converter topology and power
capability, DC bus capacitor sizing (in number and volume) is performed for each 3L-
VSC by means of the converter electro-thermal models developed in Chapter 3.
Besides, the grid-connection step-up transformer size for these 3L-VSCs is
comparatively investigated for any drawbacks of the 3L-HB-VSCs associated with the

overall full-scale converter power density.

Regarding reliability assessments, the two main reliability assessment approaches being
based on empirical-based models and physics-of-failure models are employed. Using
the first approach, the statistical failure rates of each switch (IGBT-diode pair) and
each DC bus capacitor in failure in time of 10°-hour (FIT) are used along with their
counts in order to calculate each 3L-VSC’s mean time between failures (MTBF)
simply. Using the second approach, the converter lifetimes are predicted based on the
IGBT junction temperature cycling-based failure model. In this lifetime calculation, the

electro-thermal models of each VSC developed in Chapter 3 is utilized to obtain the
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switch junction temperatures for various generic wind turbine loading profiles and,
then, the obtained junction temperatures are processed by a rain-flow algorithm for
identifying the junction temperature cycling data. Next, this cycling data is fed to the

IGBT lifetime model for predicting the converter lifetime.

6.2 Power density assessment

The power ratings of the 3L-VSCs are determined using the power capability
investigations in Chapter 5. Among these power ratings, the maximum converter
apparent power rating S, is taken as the converter power rating S in this chapter
(Table 6.1) since it is more comprehensive than the maximum converter real power
rating P, (at PF=1) and is more general than the nominal turbine power P,,,, which

has been determined for a specific grid-code reactive power requirement.

Table. 6.1. The apparent power ratings of the 3L-VSCs

VSC topology 3L-NPC | 3L-ANPC | 3L-NPP | 3L-HB
Converter apparent power, S (MVA) 5.60 7.40 8.20 6.90

The 3L-VSC volume is considered to be the volume of the VSC cabinet including
switches, cooling plates, gate drives, mechanical assembly clamps, and DC bus
capacitors. It should be noted that since the switching ripple filter, the transformer, and
their designs are not focused in this study, their volumes are not included in the power
density assessment studies. However, the transformer volume and weight for the 3L-
HB-VSCs are studied generally regarding fundamental frequency design in order to
show the effect of the 3L-HB-VSC topology on the total volume and weight of the

wind turbine grid connection system.

6.2.1 DC bus capacitor sizing

For DC bus capacitor sizing, the capacitor rms current /. due to the capacitor power
loss limitation and the capacitor voltage peak-to-peak ripple V4, due to the converter
modulation index limitation are taken into account. Given that the 3L-VSCs utilize the

capacitors with C,,; being able to sustain 7., the I.-limited number of per-phase

110



Chapter 6 Power Density and Reliability Assessments

capacitors n;,;, and the v,-limited number of per-phase capacitors 7, are determined
by (6.1) and (6.2) where the brackets denote the arithmetic ‘ceil’ function and the
converter topology dependent-constant kysc is ‘1° for 3L-HB/C-VSC, ‘2’ for the 3L-
NPC-VSCs and 3L-FB/S-VSC, and ‘3’ for 3L-HB/S-VSC.

ny = hkyse [ 1 [31.,,, | where ks, =1,2,3 6.1)
[;d(r,pp,C:IF ~ .

N,y = ke 317— where v, _ ., = J.lcdt (6.2)
de, pp lim ™~ unit

Using the DC bus current characteristics of the 3L-VSCs given in (2.6)-(2.13) (See
Section 2.7) along with the converter electrical model implemented in MATLAB (See
Section 3.2), /. and V., are acquired on the power capability borders (See Fig. 5.9 and
5.10). Using (6.1) and (6.2), the DC bus capacitor size and count are obtained by using
the employed capacitor’s parameters of C,,;=220uF and /. ,,;~40A [93] and by taking
Ve, pp,tim=250V (10%) (Ve pp,iim 15 taken as 500V only for 3L-HB/S-VSC). For their own
power capability borders, the [-limited and the v,-limited per-phase number of
capacitors for each 3L-NPC-VSC are shown in Fig. 6.1. Similarly, the per-phase
capacitor counts for the 3L-HB-VSCs are shown in Fig. 6.2. Also, for the common
operating region for all the VSCs, the per-phase capacitor counts are demonstrated in
Fig. 6.3. In these figures, the 3L-VSCs’ operation within |a|<40° (or PF>0.77) is
assumed for the DC bus capacitor count determination. Table 6.2 summarizes the
minimum DC bus capacitor counts and capacitances for the 3L-VSCs operating within

their own and commong power capability borders.

Table. 6.2. Per-phase DC bus capacitor counts and capacitances for the 3L-VSCs

Own Operating Region | Common Operating Region

Mph Cnh (HF) Mph Cyh (HF)
3L-NPC-VSC 12 12x220 12 12x220
3L-ANPC-VSC 16 16x220 12 12x220
3L-NPP-VSC 18 18x220 12 12x220
3L-HB/S-VSC 33 33x220 27 27x220
3L-HB/C-VSC 7 7x220 6 6x220
3L-FB/S-VSC 10 10x220 8 8x220
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Fig. 6.1. Per-phase [-limited (n;,;,) and v.-limited (7,,,) numbers of DC bus
capacitors for the 3L-NPC-VSCs
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Fig. 6.2. Per-phase [-limited (n;,,) and v,-limited (n,,,) numbers of DC bus
capacitors for the 3L-HB-VSCs
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Fig. 6.3. Per-phase I-limited (n;,;,) and vg-limited (n,,,) number of DC bus

capacitors for the 3L-VSCs for the common operating region

6.2.2 Converter cabinet volume

The placement of the converter stack, gate drivers, cooling manifold, and DC bus
capacitors in the converter cabinet of the 3L-VSCs is depicted via the top view of the
single-phase 3L-NPC-VSC cabinet as shown in Fig. 6.4. For the 3L-HB-VSCs, the
same cabinet with two 2L stacks positioned on the top of each other is assumed instead
of a single 3L stack. Of the cabinet dimensions, the depth varies by Ax~15cm
depending on the DC bus capacitor count as shown in Fig. 6.4 (the depth is equal to
78cm with the capacitor positions 1-6) whereas the height and the width are kept
constant as 120cm and 55cm. For example, the capacitor positions 1-8 are occupied for
n,=16 and the depth becomes 93cm (78cm+Ax) inspite of an empty capacitor position;
hence, the cabinet volume becomes 615/. In Table 6.3, the per-phase and total cabinet

volumes (V,;, and V,,,) of the 3L-VSCs are summarized based on Table 6.2.
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Table. 6.3. The per-phase and total cabinet volumes for the 3L-VSCs

Own Operating Region | Common Operating Region

Vo () 0 0 Vi ()
3L-NPC-VSC 515 1545 515 1545
3L-ANPC-VSC 615 1845 515 1545
3L-NPP-VSC 615 1845 515 1545
3L-HB/S-VSC 915 2745 815 2445
3L-HB/C-VSC 515 1545 415 1245
3L-FB/S-VSC 515 1545 515 1545

Capacitors —Ax

Cooling Manifold

©)

(560
BaE€)

Stack 8

)

=

Gate Drivers

Cabinet DC Busbar |

Fig. 6.4. Top view of the 3L-VSCs’ cabinet

6.2.3 Transformer size

Although the transformer volume is not incorporated into the converter power density
investigations in this thesis, a general transformer-size study for fundamental frequency
design is given in the following in order to show the effect of the 3L-HB-VSC type on

the transformer volume and, thereby, the wind turbine grid connection system volume.

There are three transformer types applicable to the 3L-HB-VSCs, 3-phase/3-limb, 3-
phase/5-limb, and three single-phase/3-limb as shown in Fig. 6.5-6.7. The first
transformer type, which is applicable to the 3L-NPC-VSCs and 3L-HB/S-VSC with 3-
phase/3-wire, is not suitable for 3L-HB/C-VSC and 3L-FB/S-VSC because it has no
magnetic path (other than transformer cabinet walls) for zero-sequence flux, which is
generated due to the zero-sequence voltage applied to the transformer terminals due to
space vector modulation or unbalanced faults; therefore, the last two transformers

including zero-sequence flux paths can be used for these two VSCs [98].
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Using the dimensions of a, b being window height and ¢ being thickness and assuming

that the same amount of windings is utilized, the transformer volumes are calculated by

(6.3)-(6.5). Also, their core weights are given in (6.6)-(6.8) where p.,. (in kg/m’) is the

core material density. Besides, their windings are assumed to weigh the same by W,,,4,.

For a=0.35m, b=1.35m, and ¢=0.4m, which are derived from the realized transformer

design dimensions for the test setup in Chapter 4, the transformer volumes and weights

are given in Table 6.4 for 6MVA and 3kV. For the given dimensions, the volumes and

weights of 3-phase/3-limb and 3-phase/5-limb transformers are close; therefore, the

effect of the 3L-HB-VSC type on the transformer volume is regarded as negligible.

V.

iy = 12(abc +2a’b+4a’c +8a’)

Viims = 14(abc + 2a’b+2a’c+4a’)

s = 18(abc+2a’b+2a’c+4a’)

W imbeore = (6abc + 40a2c)pL'1)re

W51imb,wre = (8abc + zgazc)pcore

W1 simpeore = (12abc +36a°c)p,,,.

(6.3)
(6.4)
(6.5)
(6.6)
(6.7)
(6.8)

Table. 6.4. Volume and weight of the transformers for the 6MVA and 3kV 3L-VSCs

3-phase/3-limb | 3-phase/5-limb 3 x Single-phase/3-limb
¥ (m) 12.4 10.8 13.9
Weore (kg) 3. lpmre 2-9pcure 4-0pcure
VVtotal (kg) VVwmjg+3 . 1,0 core andg+2 . 9)0 core andg+4 . OP core

Fig. 6.5. 3-phase/3-limb transformer’s front and side views
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Fig. 6.6. 3-phase/5-limb transformer’s front and side views

Fig. 6.7. Single-phase/3-limb transformer’s front and side views

Additionally, the transformers for 3L-HB/C-VSC and 3L-FB/S-VSC, which are
directly connected to the converter AC terminals as shown in Fig. 2.5 and 2.6, are
required to be designed electromagnetically and thermally regarding the ripple current
and the flux of the harmonic content of the converter voltage. Accordingly, the
transformer volume is likely to be influenced. Nevertheless, being beyond the scope of

this thesis, these design issues and their effects on the volume are not investigated.

6.2.4 Power density comparison

Using the converter apparent power ratings in Table 6.1 and the converter volume in
Table 6.3, the power densities of each 3L-VSC is tabulated comparatively in Table 6.5
regarding the converter operation within their own power capability region and within
the common power capability region. For their own operating regions (i.e. when they
are applied to the wind turbines with different power ratings), 3L-NPP-VSC, 3L-HB/C-
VSC, and 3L-FB/C-VSC result in the same power density (4.5kVA/I), which is 11%,
22%, and 77% higher than the 3L-ANPC-VSC’s, 3L-NPC-VSC’s, and 3L-HB/S-

VSC’s power densities, respectively. For the common operating regions (i.e. when they
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are applied to the wind turbine with the same rating), 3L-HB/C-VSC has the highest
power density of 4.5kVA/l whereas the other 3L-VSCs excluding 3L-HB/S-VSC result
in 24% lower power density. Being the lowest power density solution, 3L-HB/S-VSC
is almost half the power density of 3L-HB/C-VSC.

Table. 6.5. Power density comparison of the 3L-VSCs

Own Operating Region Common Operating Region

S Volume | Power d. S Volume | Power d.

(MVA) () (kVA/) | MVA) () (kVA/I)
3L-NPC-VSC 5.60 1545 3.6 5.60 1545 3.6
3L-ANPC-VSC 7.40 1845 4.0 5.60 1545 3.6
3L-NPP-VSC 8.20 1845 4.5 5.60 1545 3.6
3L-HB/S-VSC 6.90 2745 2.5 5.60 2445 2.3
3L-HB/C-VSC 6.90 1545 4.5 5.60 1245 4.5
3L-FB/S-VSC 6.90 1545 4.5 5.60 1545 3.6

6.3 Reliability assessment

The reliabilities of the 3L-VSCs are assessed by means of their MTBFs based on the
component statistical failure rates in FIT and their lifetimes based on IGBT junction
temperature cycling. In the MTBF calculations, the counts of switches (IGBT-diode
pairs) and DC bus capacitors are taken into account since they have dominant FIT
value, which are known. Nevertheless, the other components in the converter cabinet
such as gate drivers and cooling plates should also be considered to perform the MTBF
calculations more comprehensively. In the converter lifetime calculations, the lifetime
of the most stressed IGBT is considered to be equal to the converter lifetime since the
failure of this particular IGBT means an immediate failure of the converter, where there

is no switch redundancy.

6.3.1 MTBF calculation

The switch (T1800GB45A IGBT-diode pair) has 100FIT [38] and the DC capacitor has
300FIT [93]. The switch count per phase is 6 for the 3L-NPC-VSCs whereas it is 4 for
the 3L-HB-VSCs. Also, the DC bus capacitor counts are given in Table 6.2. Using
these component FIT and count information, the MTBFs of the 3L-VSCs are calculated

as given in Table 6.6. Due to the capacitor count (dominantly) and the switch count, the
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3L-HB-VSCs excluding 3L-HB/S-VSC have higher MTBFs (11.2-17.3 years) by 31%-
140% compared to the 3L-NPC-VSCs (6.3-9.1 years). For their own operating region,
3L-NPP-VSC and 3L-ANPC-VSC with higher power rating than 3L-NPC-VSC have
lower MTBF due to the capacitor count increase as a result of the power rating increase

whereas their MTBFs are equal for the common operating region.

Table. 6.6. MTBFs of the 3L-VSCs

Own Operating Region Common Operating Region
FIT FIT FIT MTBF FIT FIT MTBF
switches capacitors total (year) capacitors total (year)

3L-NPC-VSC 3x6x100 3x12x300 12600 9.06 3x12x300 12600 9.06
3L-ANPC-VSC | 3x6x100 3x16x300 16200 7.05 3x12x300 12600 9.06
3L-NPP-VSC 3x6x100 3x18x300 18000 6.34 3x12x300 12600 9.06
3L-HB/S-VSC 3x4x100 3x33x300 30900 3.69 3x27x300 | 25500 4.48
3L-HB/C-VSC 3x4x100 3x7x300 7500 15.22 3x6x300 6600 17.30
3L-FB/S-VSC 3x4x100 3x10x300 10200 11.19 3x8x300 8400 13.59

6.3.2 Lifetime prediction

Realized in this study, the converter lifetime prediction based on the IGBT junction
temperature cycling is explained as follows. First, the IGBT junction temperatures for
certain wind turbine power and reactive power profiles [P(f), O(¢); for <T,,] are
calculated by the algorithm utilizing the converter electro-thermal models with the
parameters given in Chapter 2 and Chapter 3 (Fig. 6.8). In order to extract the
temperature cycling information from these temperatures, the rain-flow algorithm given
in [99] is utilized such that the junction temperature excursions AT; (or peak-to-peak
temperature cycling amplitude), the average junction temperatures for these excursions
T;a» and the junction temperature cycling counts N are acquired. This cycling
information per IGBT is applied to the IGBT lifetime model, which may be in the types
of Coffin-Manson (6.9), exponential (6.10), and LESIT (6.11) [48]-[50], in order to

find the lifetime consumed for each temperature cycling.

Ny =€ (6.9)
N, ey =(aAT))™ (6.10)
Nf,LES[T = aATjibeﬂlT/'m‘ (6.11)

118



Chapter 6 Power Density and Reliability Assessments

< 1=0.1, =T D

».

»

Wind Power Profile: P(t)
Reactive Power Profile: O(1)

—

[ [ v (1) and i,(1): Eq.(3.1)-(3.10) | |

an
| »=0]]

»

>

v. [n] and i [n] via sampling with T,,,, ‘

d[n): Fig. 2.12 and Table 2.7-2.9
E. -type[n]: Table 2.10-2.13 < Mode[n]
T [n]: Table 2.14-2.17

con

[n]: Eq.(3.16)-(3.17) and Table 3.1

E,
P, [n]: Eq.(3.18)-(3.19)

con

H>N?//
Yes

No _—

-

| ] P via Eq.(3.22)-(323) | |

v T
(| T, viaEq(3400&345 [

Yes

v
( Termination )  /Save T,(1)

Switch junction temperature calculation algorithm for given wind power

and reactive power profiles

In this study, the temperature cycling-based lifetime data available for TI800GB45A
from the supplier (Westcode) accounts only for AT} but not 7;,,; therefore, the data is

able to be fitted to only the Coffin-Manson and exponential type models as shown in

119



High Power Density Power Electronic Converters for Large Wind Turbines

Fig. 6.9. Due to the low fitting accuracy for the Coffin-Manson model, only the
exponential model with the constants =6.65-10% and 5=0.1 is employed in the lifetime
studies. Using this model, the IGBT lifetime is predicted by summing consumed
lifetime ratios for the operating duration of T, as in (6.12) where K is the total number
of cycling. It should be noted that the assumptions for this prediction are that the
converter operates periodically under the same profile and 100% lifetime consumption
results in a switch failure. Among the lifetimes predicted for each switch of a converter,
the shortest switch lifetime, which is the lifetime of the most thermally stressed switch,

1s considered to be the converter lifetime.

X cye,k (A )
Ty =T, (Z LT, A) j (6.12)

k=1

10"
10
N, 10°}
10°t
10
10° i i

0 20 10 60 80 100 120
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Fig. 6.9. TI1800GB45A temperature cycling data and the projected lifetime models

The converter lifetime prediction approach explained above is applied to the 3L-VSCs
for generic wind profiles. Being corresponding to these generic wind profiles, the given
wind power profiles are scaled for the fictitious wind turbines with the 3L-VSCs’
power ratings obtained in Chapter 5 such that the maximum wind turbine power output
is equaled to the apparent power rating of the 3L-VSC under investigation. In Fig. 6.10,
the wind profile with the average wind speed v,,=10m/s and the corresponding wind
power profile for 3L-NPC-VSC with the peak power (Ppeq) of 5.6MW are shown for

T,,=600s (where quite harsh power fluctuations are present). In addition to their own
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scaled wind power profiles, this wind power profile in Fig. 6.10 is applied to the other
3L-VSCs in order to compare their lifetimes for the same wind turbine power. Besides,
the reactive power profile is assumed to be zero (Q(#)=0) in this study; however, it is

possible to include any reactive power profile conveniently using the given algorithm.

For the given wind power profile for »,,=10m/s and the corresponding power profile
with P,.4=5.6MW in Fig. 6.10, the junction temperatures of the most thermally
stressed switches (TA1 and TA2 for phase-a) are plotted in Fig. 6.11-6.14 for the 3L-
VSCs. Since the junction temperature excursion of TA1 AT} 14, is higher than or equal
to AT 745, the converter lifetime is predicted based on the TA1’s lifetime. It should be
noted that the junction temperature cycling with the electrical frequency (50Hz) (i.e.
power cycling) is not included in the lifetime study since the IGBT lifetime model does

not have resolution for A7,<10°C, where most of the power cycling occurs.

Using the rain-flow algorithm given in [99], the TA1 junction temperature cycling data
is extracted from the raw 7} 74, data (in Fig. 6.11) as demonstrated in Fig. 6.15 for 3L-
NPC-VSC loaded by the wind power profile with v,~10m/s and P,.,=5.6MW.
Assuming that this wind power profile is processed continuously and repetitively for
the whole converter lifetime, the TA1 lifetime (hence the 3L-NPC-VSC lifetime) is
predicted as 19.74-year by using (6.12). Similarly, the lifetimes of the other 3L-VSCs
for the same wind power profile are predicted and tabulated in Table 6.7. Also, the
lifetime predictions for the 3L-VSCs are performed for various wind profiles with
0,=8, 10, ..., 18m/s in order to predict the converter lifetime which is the combination
of the lifetimes predicted for each wind profiles. In this study, the weight of each wind
profile is taken to be the same in the combination; however, more realistic
combinations of these profiles can be utilized if there is any relevant field data
available. Using the aforementioned combination of the lifetimes, the resulting
converter lifetimes are given in Table 6.7. Furthermore, these lifetime studies are
repeated for their own power ratings of each 3L-VSC such that the scaled wind power
profiles and the junction temperatures are shown in Fig. 6.16-6.21 and the

corresponding lifetime results are tabulated in Table 6.7 as well.
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Fig. 6.10. Wind and power profiles of a 5.6MW wind turbine at v,,=10m/s
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Fig. 6.11. Junction temperatures of TA1 and TA2 in 3L-NPC-VSC for the wind power
profile with v,,=10m/s and P,.;=5.6MW
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Fig. 6.12. Junction temperatures of TAl and TA2 in 3L-ANPC-VSC for the wind
power profile with v,,=10m/s and P,,.=5.6MW
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Fig. 6.13. Junction temperatures of TA1 and TA2 in 3L-NPP-VSC for the wind power
profile with v,,=10m/s and P,,.,;=5.6MW
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Fig. 6.14. Junction temperatures of TA1 and TA2 in 3L-HB-VSC for the wind power
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Fig. 6.16. Wind and power profiles of a 7.4MW wind turbine at v,,=10m/s
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Fig. 6.17. Junction temperatures of TAl and TA2 in 3L-ANPC-VSC for the wind
power profile with v,,=10m/s and P,,.,=7.4MW
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Fig. 6.18. Wind and power profiles of a 8.2MW wind turbine at v,,=10m/s
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Fig. 6.19. Junction temperatures of TA1 and TA2 in 3L-NPP-VSC for the wind power
profile with v,,=10m/s and P,.,=8.2MW
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Fig. 6.20. Wind and power profiles of a 6.9MW wind turbine at v,,=10m/s
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Fig. 6.21. Junction temperatures of TA1 and TA2 in 3L-HB-VSC for the wind power
profile with v,,=10m/s and P,.,=6.9MW
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The lifetime predictions in Table 6.7 show that the 3L-VSCs have close lifetimes for
their own power ratings since their junction temperatures varies almost proportionally
with the power rating. For the common power rating, which is the lowest power rating
among the 3L-VSCs power ratings, the lifetimes of the 3L-VSCs descend in the order
of 3L-NPP-VSC, 3L-ANPC-VSC, 3L-HB-VSC, and 3L-NPC-VSC in accordance with
their thermal stress characteristics (See Section 5.5). Although these predicted lifetimes
express the lifetime relation among the 3L-VSCs comparatively, the accuracy and
reasonability of these lifetime numbers themselves should be questioned considering
the following aspects of the lifetime prediction method. The first aspect is the
correctness and comprehensiveness of the switch lifetime model as a function of the
stressing factor being the junction temperature for possible failure mechanisms. In this
aspect, the extraction of the lifetime models from the switch lifetime tests carries
critical importance [50]. The second aspect is that the practicality of the wind power
profile (i.e. misson profile, load profile), which can be ensured by being supplied with
realistic field data. The last aspect is that the verificationability of the lifetime

predictions by means of the field lifetime data.

Table. 6.7. The lifetime prediction for the 3L-VSCs

Own Power Rating Common Power Rating
0,=10m/s 0,=8-18m/s 0,=10m/s 0,=8-18m/s
3L-NPC-VSC 19.74-year 72.94-year 19.74-year 72.94-year
3L-ANPC-VSC 22.51-year 63.43-year 118.60-year | 287.99-year
3L-NPP-VSC 17.81-year 50.88-year 155.38-year 372.84-year
3L-HB-VSCs 22.99-year 67.68-year 83.46-year 196.58-year

6.4 Summary

In this chapter, the converter power density and reliability have been assessed for the
3L-NPC-VSCs and the 3L-HB-VSCs applied as grid-side wind turbine converters by
employing their electro-thermal models. Hence, these 3L-VSCs have been compared
with respect to power density and reliability for their own operating regions (i.e. for the
wind turbines suiting their own power capabilities) and for the common operating

region (i.e. for the wind turbine suiting the narrowest power capability).
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For the power density calculations, the converter cabinet volumes of the 3L-VSCs have
been calculated based on the DC bus capacitor sizing study whereas their power ratings
had been found in Chapter 5. Also, the influence of the transformer type suitable for
each 3L-HB-VSC on the whole full-scale converter volume has been found
insignificant regarding fundamental frequency design since the 3-phase/3-limb
transformer, which is the standard transformer and suitable for the 3L-NPC-VSCs and
3L-HB/S-VSC, occupies close volume compared to the 3-phase/5-limb transformer,
which 1is suitable for 3L-HB/C-VSC and 3L-FB/S-VSC. Nonetheless, more
comprehensive transformer studies regarding converter harmonic voltage and current
applied to the transformer should be conducted in order to be able to determine the

influence of the transformer type on the volume more realistically.

Considering the volume of the grid-side converter cabinet including switches, cooling
plates, gate drivers, etc. as the converter volume, the power density assessments have
shown that 3L-HB/C-VSC provides higher than or equal power density to the others
due to its DC capacitor size advantage. Requiring the greatest DC bus capacitor count,
3L-HB/S-VSC results in the lowest power density. 3L-NPP-VSC and 3L-FB/S-VSC
appears as the second highest power density solution. For the 3L-NPC-VSCs operating
in their own power capability regions, the power density order in descending trend is
3L-NPP-VSC, 3L-ANPC-VSC, 3L-NPC-VSC in accordance with their power ratings
whereas their power densities are the same for the common operating region.
Nevertheless, the other components in the converter cabinet such as gate drivers and
cooling plates should also be considered to perform the MTBF calculations more

comprehensively.

The reliability assessments based on MTBF have shown that 3L-HB/C-VSC and 3L-
FB/S-VSC result in higher MTBFs than the others due to their comparatively fewer DC
bus capacitors and switches whereas 3L-HB/S-VSC results in the lowest MTBF. For
the common operating region, the MTBFs of the 3L-NPC-VSCs are the same whereas
the MTBF order for their own operating regions is 3L-NPP-VSC, 3L-ANPC-VSC, 3L-

NPC-VSC in ascending trend and in accordance with their DC bus capacitor counts.
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The reliability assessments based on the switch lifetime related with the switch junction
temperature excursions have shown that all the 3L-VSCs result in close lifetimes for
the wind turbines with their own power ratings. For the common wind power rating, the
lifetime order in descending trend is 3L-NPP-VSC, 3L-ANPC-VSC, 3L-NPC-VSC, the
3L-HB-VSCs.

About the reliability assessments, it should be stated that both MTBF and lifetime
numbers have been found using the certain reliability prediction approaches, which are
based on many assumptions on real applications. Therefore, the numbers predicted in
these reliability assessments should be considered as not exact numbers. Still, these
numbers are important and indicative since they are useful for comparing the
reliabilities of these 3L-VSCs. Also, these reliability prediction approaches are still
applicable when more realistic reliability models developed in conjunction with the

field data are available.
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Chapter 7

Conclusions and Future Work

Employing press-pack IGBT-diode pairs, the three-level neutral-point-clamped voltage
source converters (3L-NPC-VSCs) [3L-NPC-VSC (with diode clamping), 3L active
NPC VSC (BL-ANPC-VSC), and 3L neutral-point-piloted VSC (3L-NPP-VSC)] and
the three-level H-bridge voltage source converters (3L-HB-VSCs) [3L-HB/S-VSC
(with separate DC buses), 3L-HB/C-VSC (with common DC bus), 3L-FB/S-VSC (with
two separate-DC-bus 2L-FB-VSCs)] realized in medium voltage (MV) multi-MW
range are suitable to be utilized as full-scale converters in large wind turbines in terms
of electrical performance and grid-code compatibility. With respect to power density
and reliability, which are critical design criteria for the large wind turbines located in
remote locations, operating under harsh conditions, and with limited nacelle space;
these 3L-VSCs with press-pack insulated-gate bipolar transistors (IGBTs) are
qualitatively favorable solutions. In order to quantitatively assess their power densities
and reliabilities, the 3L-VSCs’ electro-thermal models, which consist of electrical,
power loss, and thermal models, are required to obtain the electrical and thermal
quantities that determine or influence the converter power density and reliability as
well as the converter power capability, which is an important design criterion for the

grid connection.

The main focus of this thesis is the detailed electro-thermal modeling of the 3L-VSCs
with the press-pack IGBT-diode pairs to be utilized as the grid-side converter of the

full-scale wind turbine converter. Having been derived regarding converter topology,
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switch technology, converter structure, converter operating principles, and the other
relevant converter electro-thermal characteristics, the converter electro-thermal models
have been implemented suitably with computer computation platforms (e.g. MATLAB)
and been utilized practically in the converter power capability determination, power
density estimation, and reliability prediction algorithms. Hence, the 3L-VSCs have
been comparatively investigated with respect to power capability, power density, and

reliability.

In this chapter, the conclusions of this thesis and the possible future works associated

with this thesis are elaborated as follows.

7.1 Conclusions

The conclusions of the studies and investigations carried out in this thesis are

summarized in this section.

Serving the theoretical background for the converter electro-thermal modeling, the
operation principles, switching loss characteristics, conduction duration characteristics,
and DC bus characteristics of each 3L-VSC have been elaborated. Additionally, the
pulse-width modulation (PWM) method based on the mapping of the 3L-NPC-VSC’s
PWM signals has been proposed for the other 3L-VSCs and its proper operation with
these 3L-VSCs has been proven by the simulation results in Chapter 2 and by the

experimental results in Chapter 4.

The converter electro-thermal modeling has been performed successfully for each 3L-
VSC in three stages; electrical, power loss, and thermal modeling, as explained in the
following. In the electrical modeling, first, the converter grid-side connection including
the switching ripple filter, the step-up transformer, the grid itself has been modeled as a
single-line diagram where the converter is modeled as an ideal voltage source. Hence,
for the given turbine power (real power) and the given reactive power at the point of
common coupling (PCC) with the grid, the converter output voltages/currents have

been obtained by phasor analysis assuming steady-state and balanced operation
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conditions. Next, the converter’s switch and DC bus capacitor have been electrically
modeled regarding the converter topology- and PWM-dependent characteristics.
Hence, the converter switch current and DC bus capacitor voltage/current
corresponding to any converter output voltage/current have been obtained using
discrete-time computations based on the converter’s switch conduction and DC

capacitor characteristics.

In the power loss modeling, first, switch’s (IGBT-diode pair’s) switching energy loss
and conduction power losses as a function of switch current have been modeled based
on the double-pulse tests performed on the switches (Westcode T1800GB45A) placed
in a real 3L-VSC leg and the switch datasheet, respectively. Next, positioned in a 3L-
VSC, each switch’s switching energy loss and conduction duration behaviors during a
PWM period have been modeled regarding converter topology- and PWM-dependent
characteristics. Hence, for any obtained converter output voltage/current using the
converter electrical model, the converter switch power losses have been calculated for a
PWM cycle and an electrical cycle using discrete-time computations based on the

converter’s power loss characteristics.

In the thermal modeling, first, the IGBT-diode pair’s complex and difficult-to-solve
Cauer-type thermal models have been simplified into a Foster-type thermal model.
Secondly, the cooling plate’s thermal model has been developed as a Foster-type
model. Utilizing the IGBT-diode pair and cooling plate models, the converter
dynamical thermal model has been built. In order to reach fast numerical solutions of
the switch junction and/or case temperatures for a given converter power loss data set,
this model has been simplified and the closed-form analytical solutions of the junction
and the case temperatures have been obtained. Additionally, the converter static
thermal model, which is practical for steady-state analyses, has been derived from the
dynamical model and the easy-to-implement algebraic solutions for the junction and

case temperatures have been derived.
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In order to validate the developed electro-thermal models, the medium voltage
converter test setup with two full-scale prototype 3L-VSCs has been built. The
experimental results obtained for 3L-NPC-VSC and 3L-ANPC-VSC have
demonstrated their electrical and thermal performances at steady state; hence, the
validity of the electro-thermal models with the static thermal model has been proven by
the close matching between the experimental results and the results obtained from the
electro-thermal models. To validate the dynamical thermal model, the 3L-NPC-VSC
experimental results during the output power transitions have been acquired. A close
match between the estimated case temperatures via the model and the measured
temperatures has been observed. Furthermore, the mismatches have been addressed for
further improvement of the model. Besides, the planned experiments with 3L-HB-VSC
have not been conducted due to the unexpectedly long latencies in the transformer

production and the damage made during its transportation.

Furthermore, in the experimental studies of 3L-ANPC-VSC, the overvoltage problem
related with the PWM signal termination has been identified elaborately and the
experimental results for 3L-ANPC-VSC have been acquired regarding this overvoltage
risk. Also, a solution for this problem has been proposed to be employed in the

converter’s protection scheme.

Based on the validated electro-thermal models, the converter power capability
determination algorithm has been developed regarding the switch current, converter
voltage, and switch junction temperature limits applicable for the 3L-VSCs with the
IGBT-diode pairs. Using the developed algorithm, the power capabilities of the 3L-
VSCs have been obtained in accordance with a sample grid-code reactive power
requirement. Also, these power capabilities have been investigated comparatively with
respect to the three power ratings: the converter real power rating at PF=1 (P,,,), the
converter apparent power rating sustainable for PF>0.9 (S,,..), and the nominal wind
turbine power (P,,,) complying with the reactive power requirement. These
investigations have shown that 3L-NPC-VSC has the narrowest power capability

(Spa=5.6MVA, 100%) mainly due to its excessive utilization of its outer switches
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compared to the other 3L-VSCs. With higher conduction losses in its inner switches,
3L-ANPC-VSC results in narrower power capability (S,,=7.4MVA, 132%) than 3L-
NPP-VSC (S,,,,=8.2MVA, 146%). With equal power loss distribution over its switches
but with fewer switches compared to the 3L-NPC-VSCs (i.e. 4-switch per phase vs. 6-
switch per phase), the 3L-HB-VSCs with S,,=6.9MVA (123%) have the power
capability region wider than 3L-NPC-VSC, however, narrower than 3L-ANPC-VSC
and 3L-NPP-VSC.

Taking S, as the power rating, the converter power densities have been obtained for
the volume of converter cabinet, which is constituted of press-pack switches, cooling
plates, gate drivers, and DC bus capacitors. While the cabinet volume excluding the DC
bus capacitor volume is almost constant for each 3L-VSC, the DC bus capacitor
volume depends on the converter DC bus characteristics. Therefore, the DC bus
capacitor capacitances and counts have been calculated with respect to the capacitor
RMS current and capacitor voltage fluctuation limits of a given DC bus capacitor by
utilizing the converter electro-thermal model over the converter power capability
regions. Besides, the transformer volume calculations for 3-phase/3-limb transformer,
which is suitable for the 3L-NPC-VSCs and 3L-HB/S-VSC, and 3-phase/5-limb
transformer, which is suitable for 3L-HB/C-VSC and 3L-FB/S-VSC, have shown that
the influence of the 3L-VSC topology on the transformer volume is not significant

regarding fundamental frequency design.

As a result of the power density investigations, the power density of 3L-NPC-VSC is
3.6kVA/I (100%). 3L-HB/C-VSC has the highest (4.5kVA/I, 125%) and 3L-HB/S-VSC
(2.5kVA/I, 69%) has the lowest power density mainly due to the DC bus capacitor
volume. For the common converter operating region defined mostly by 3L-NPC-VSC’s
power capability, which is the narrowest among all the 3L-VSC; the power densities of
the 3L-NPC-VSCs and 3L-FB/S-VSC are the same (3.6kVA/I, 100%). For their own
operating regions, 3L-NPP-VSC and 3L-FB/S-VSC has the same power density of
4.5kVA/I (125%) whereas the power density is 4kVA// (111%) for 3L-ANPC-VSC.
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In the converter reliability assessment based on converter MTBFs regarding only the
press-pack switch and DC bus capacitor counts, the MTBF of 3L-NPC-VSC is 9.06-
year (100%). Similarly with the power density assessments, mainly due to DC
capacitor count, 3L-HB/C-VSC has the highest MTBF (15.22-17.30-year, 168-191%)
and 3L-HB/S-VSC has the lowest MTBF (3.69-4.48-year, 41-49%). For the common
operating region, 3L-FB/S-VSC (13.59-year, 150%) has 50% higher MTBF than the
3L-NPC-VSCs (9.06-year, 100%) due to lower DC bus capacitor and switch counts.
For their own operating regions, due to the increased DC capacitor count, the MTBFs
become 11.19-year (123%) for 3L-FB/S-VSC, 7.05-year (78%) for 3L-ANPC-VSC,
and 6.34-year (70%) for 3L-NPP-VSC.

For the converter reliability assessment based on the switch lifetime prediction, the
switch junction temperatures have been obtained for generic wind power profiles by
means of the converter electro-thermal models. Extracting the junction temperature
excursions via the rain-flow algorithm and applying them to the switch lifetime model,
the converter lifetimes have been predicted. For the wind power profiles scaled for the
converter power ratings, the lifetimes are close and around 20-year for the harshly
fluctuating wind profile with v,~=10m/s. For the common wind power profile with
v,=10m/s, the lifetimes of 3L-ANPC-VSC, 3L-NPP-VSC, and the 3L-HB-VSCs are 6,
8, and 4 times the lifetime of 3L-NPC-VSC.

To summarize, in this thesis, the electro-thermal models of the 3L-NPC-VSCs and the
3L-HB-VSCs employing press-pack IGBT-diode pairs have been developed
comprehensively, implemented in sufficiently simplified and practical manners, and
validated via a single-phase full-scale prototype 3L-VSC. For the 3L-VSCs applied as
grid-side converters for large wind turbines, these models have been utilized
extensively in the power capability determination, power density estimation, and
reliability prediction studies. Hence, the power capability, the power density, and the
reliability of each 3L-VSC have been quantitatively acquired. Below are the results of

these investigations.
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e 3L-NPP-VSC provides the broadest power capability; however, its increasing
capacitor need proportional to its power capability has drawbacks on its power
density and reliability.

e The 3L-HB-VSCs provides the power capability close to 3L-ANPC-VSC despite
that they have fewer switches.

e 3L-HB/C-VSC provides the highest power density and the highest MTBF due to
its DC capacitor count advantage. However, its non-standard transformer and
switching ripple filter connection should be studied in design- and application-
wise.

e 3L-FB/S-VSC provides comparable power density with and higher MTBF than
the 3L-NPC-VSCs due to its DC capacitor count advantage. However, its non-
standard transformer and switching ripple filter connection should be studied in
design- and application-wise. Also, its DC capacitor power balance problem
should be taken into account.

e 3L-HB/S-VSC has the lowest power density and MTBF due to its very large DC
capacitor count; therefore, its application is expected to be strictly hindered.

e The 3L-NPC-VSCs and the 3L-HB-VSCs provide the same junction
temperature-based lifetime for the wind turbines rated with their achievable
power ratings.

e  Among the 3L-NPC-VSCs, 3L-NPP-VSC is the most suitable solution regarding
power capability, power density, and reliability.

e Among the 3L-HB-VSCs, 3L-HB/C-VSC is the most suitable solution regarding
power density and reliability.

e If the transformer and switching ripple filter connections of 3L-HB/C-VSC are
justified in practical terms, 3L-HB/C-VSC becomes more suitable solution than

3L-NPP-VSC regarding power density and reliability.

7.2 Future work

Following up the studies and investigations carried out in this thesis, the future works

are summarized in this section.
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There are possible improvements in the converter electro-thermal modeling for

increasing the model accuracy to some extent as explained in the following.

First of all, in the converter electrical modeling, the neglected resistive terms in the
grid-side connection model can be included to the models for increasing the model
accuracy. Also, the converter, switching ripple filter, and transformer power losses can
be incorporated into the real power flow at the point of common coupling. Moreover,
the current ripple content can be added to the switch and DC bus capacitor currents for
increasing the model accuracy marginally. More importantly, the electrical models can

be enhanced for covering unbalanced electrical conditions as well.

Secondly, in the power loss modeling, the switching energy loss and on-state voltage
functions can be enhanced to be the functions of both the switch current and the switch
junction temperature. In order to collect the switching energy loss data dependent on
switch junction temperature from the test setup, heating equipments with thermostats
for sustaining various junction temperatures at thermal equilibrium can be added to the
converter leg. Moreover, the switch current with the switching ripple content can be fed
to the switching loss and power loss functions instead of the average switch current in

each PWM cycle in order to further improve the accuracy of these models.

Lastly, in the thermal modeling, the Foster-type IGBT-diode pair thermal models can
be derived for the circumstance where the cooling models are included in order to
enhance the model reduction accuracy. Also, the thermal models can be fed by the
switch power loss data updated in each PWM cycle instead of the data updated at each
electrical cycle in order to obtain the temperature cycles with the electrical frequency

(i.e. power cycles).

Elaborated in this thesis, the electro-thermal model development approach for the 3L-
VSCs with the press-pack IGBT-diode pairs and with the AIN cooling plates to be
employed as the grid-side converter of large wind turbines can also be conveniently

used for different applications (e.g. generator-side wind turbine converter, active
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rectifier, etc.) with different converter topologies (e.g. SL-VSCs), different switches
(e.g. IGCT, IEGT), different switch connection types (e.g. series, parallel, separate
IGBTs and diodes), different cooler types (e.g. aluminum coolers with deionized
water), and different DC bus capacitor types. Furthermore, once the electro-thermal
model is built for any abovementioned specific converter, the power capability
determination, power density estimation, and reliability prediction algorithms
developed and/or applied in this thesis can be utilized for any of these converters under

investigation.

Investigated for a sample grid-code reactive power requirement in this thesis, the
converter power capability can also be studied for any grid-code reactive power
requirement which is applicable to a specific wind turbine grid connection. Also, the
generator-side converter can be included to these investigations. Moreover, the effects
of the grid voltage, the switching frequency, and the switching ripple filter on the
converter power capability can be incorporated in these investigations. Furthermore,
the results of these investigations can be utilized as inputs for optimizing the switching

frequency and the switching ripple filter.

In the IGBT lifetime prediction, the possible future work is as follows. First, the
realistic field wind power profile can be used instead of generic power profiles. Also,
the reactive power profiles can be incorporated along with the wind power profiles.
Secondly, the lifetime prediction can be done by using realistic lifetime models which
have been confirmed by comprehensive lifetime tests. Finally, the temperature cycles
with the electrical frequency (i.e. power cycling) can also be included in the lifetime

predictions along with the lifetime models having temperature resolution for them.

Similarly to the IGBT lifetime prediction performed in this thesis, DC bus capacitor
lifetime can also be predicted using its lifetime model with the stressing factor of
temperature. In order to obtain the capacitor temperature, the converter electro-thermal

model should be supplemented with the DC capacitor power loss and thermal models.
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The MTBF-based reliability prediction can be extended by including the FIT numbers

of the components such as gate drivers, cooling plates, etc.

For the 3L-HB-VSCs, the 3-phase/6-wire connection requiring 3-phase/5-limb
transformers instead of the standard 3-phase/3-limb transformers and switching ripple
filter be placed in the grid side of the transformer can be studied in more detail since it
is expected to affect the power density of the whole electrical unit in the wind turbine.
Possible investigation issues are as follows. First, the transformers can be designed
electro-magnetically and electro-thermally taking the effects of the converter harmonic
voltage and current into account; hence, they are sized in volume accurately. Next, the
switching ripple filter’s inductor and capacitor sizes can be studied for their placements

in the transformer primary and secondary sides.
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Abstract— Recent advances in the wind power technology have increased wind turbine power ratings
to multi-MWs. This increase and recently introduced strict grid codes are spurring the utilization of
full-scale medium voltage (MV) grid-side power electronics converters in wind turbines. In this study,
for the grid connection of a hypothetical 6MW-3kV wind turbine, three-level (3L) configurations of
NPC, FC, and HB VSCs are simulated for PF=0.9-1 and f;=650-1050Hz. The simulation results show
their performance with respect to total harmonic distortion of current, switch utilization, switch losses,
and loss distribution. Finally, these VSCs are compared with respect to the two most important criteria
(power density and reliability) for the 6 MW wind turbine connected to a MV (>3kV) grid via a
transformer.

1. Introduction

Wind power penetration to electricity grids have been increased signifcantly in the recent
decade. Therefore, more comprehensive grid codes for connection of wind power turbines to
grids were needed and have been introduced recently. Meanwhile, the wind power
technology has advanced as well such that wind turbine power ratings have exceeded 3MW
[1]. These two advances have made utilization of full-scale grid side power electronics
converters more practical such that these high performance converters can fulfill grid code
requirements such as fault ride through and reactive power support. Practically, construction
of these multi-MW converters in medium voltage levels rather than low voltage levels is
advantageous due to fewer power electronics and control equipments, which affect power
density, reliability, and cost of the converter [2]. Considering the aspects of power quality,
semiconductor switch electrical and thermal stresses, and electromagnetic interference (EMI),
multi-level (ML) voltage source converters (VSCs) are more promising than standard two-
level VSCs for multi-MW MYV applications [3]. In this study, three-level (3L) topologies of
neutral point clamped (NPC), flying capacitor (FC), and H-Bridge (HB) as shown in Fig.1, 2,
and 3 are chosen to be studied concerning power density and reliability, which are considered
as the two most important criteria in wind turbine applications. As semiconductor switches of
these converters, press-pack IGBTs with antiparallel diodes are chosen because of their high
electrical ratings (e.g. 4.5kV-1.8kA-1kHz), small thermal resistance, snubber-free operation,
etc. In this paper, 3L-NPC, -FC-, and -HB-VSCs with press-pack IGBT-diode pairs are
simulated for a hypothetical 6MW-3kV wind turbine’s grid connection via a transformer such
that output waveforms and switch current waveforms demonstrate output power quality and
switch utilization, respectively. Also, switch losses are calculated on-line by means of switch
loss models based on a real IGBT press-pack device’s parameters in order to compare power
loss distribution over the converters. Then, the simulation results of these three VSCs are
summarized. Finally, the VSCs are generally compared with respect to power density and
reliability.
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II. Simulation Models

The 3L-NPC-, -FC-, and -HB-VSCs are simulated by means of ideal components such as
switches, voltage sources, capacitors, transformers, and inductors in Ansoft-Simplorer as seen
in Fig.1, 2, and 3. The parameters of the simulation models are shown in Table I. In addition
to electrically ideal switch models, power loss models of IGBTSs and diodes are built based on
a 4.5kV-1.8kA Westcode IGBT-diode pair (T1800GA45A) in order to calculate conduction,
turn-on, and turn-off/reverse recovery losses on-line [4]. It should be noted that no switching
ripple filter i.e. grid filter rather than a filter inductor is modeled because the study
emphasizes on the converter itself. Likewise, neutral point balancing and flying capacitor
voltage regulation are not considered in this study.

Table I. Simulation Parameters

NPC FC HB
Output real power (P) 6MW 6MW 6MW
PF 0.9-1 0.9-1 0.9-1
Line-line output voltage (Vi) 3kV-50Hz 3kV-50Hz 3kV-50Hz
DC bus voltage (Vpc) 2500+2500V | 2500+2500V 2500V
Filter inductance (L) 450pH (10%) | 450pH (10%) | 450uH (10%)
Switching frequency (fc) 650-1050 Hz | 650-1050 Hz | 650-1050 Hz
PWM PD-PWM PS-PWM UPWM

In simulations, PF is limited to 0.9 considering grid code requirements. Switching frequency
is limited by the maximum switching frequency of the IGBT and total harmonic distortion of
the output current (THD)). For the modulations of the converters, the most common carrier
based PWM methods (with zero-sequence added reference output voltage signal) are utilized
such that phase disposition PWM (PD-PWM) for NPC [5], phase shifted PWM (PS-PWM)
for FC [6], and unipolar PWM (UPWM) [7] are realized.

III. Simulation Results

The outputs waveforms of each converter for PF=1 and £;,=1050Hz are shown in Fig.4, Fig.5,
and Fig.6, through which it is observed that 3L-NPC-VSC supplies the output current with
less ripple than 3L-FC-VSC and 3L-HB-VSC. The latter two converters supply almost the
same output current. In Table II, THD;s are summarized for each extreme PF and f; condition.

2k LA :‘7 7]_7‘
1 JJ— ) il -
iy o B
L4 o
—1 il
-2k

o8 J-J

i} Sms 10ms 15ms 20ms
t

Fig.4. Output voltage reference (black), output voltage (red), and output current (blue)
waveforms for 3L-NPC-VSC.
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Table II. Total Harmonic Distortion Comparison

o /=1050 Hz f=650 Hz
THD; (%) PF=1 PF=0.9 PF=1 PF=0.9
3L-NPC 8.8 8.1 14.2 134
3L-FC 20.9 17.4 34.2 28.8
3L-HB 21.0 17.3 34.1 28.7

Switch utilization in each converter for PF=1 and f;=1050Hz are shown by each IGBT’s and
each diode’s current waveforms in Fig.7, 8, and 9. It is obvious from the figures that 3L-
NPC-VSC utilizes outer IGBTs and clamping diodes more extensively than 3L-FC- and 3L-
HB-VSCs. However, the NPC does not utilize inner and outer diodes in this operation mode.
Moreover, the utilization of these diodes is very insignificant even for PF=0.9.

On-line simulated conduction (Pcon), turn-on (Poy), turn-off (Por), and reverse recovery (Prec)
power losses of each IGBT and diode in each converter for PF=1 and f;=1050Hz are shown
in bar charts as seen in Fig.10, 11, and 12. In these charts, it is obviously seen that the outer
IGBT of the NPC experience 30% more power loss than IGBTs of the FC and HB. Also, the
FC and HB show very similar power loss pattern. Considering that IGBTs and diodes (except
for clamping diodes) share the same press packs, IGBT-diode pair power losses are also
important in the power loss distribution discussion and these losses are demonstrated in bar
charts as seen in Fig.13, 14, and 15. It is noticed on these charts that the outer NPC switch
pair and the switch pairs of the FC and HB experience almost the same power loss. In Table
IIT, power loss distribution of each converter in each PF and f. case is quantified by power
loss deviation (APje) term, which is defined in (1) where Py, is the average power loss with
respect to total number of IGBTs and diodes for switch-wise calculation or total number of
IGBT-diode pairs for pair-wise calculation. The table shows that the IGBTs of the HB and
FC converters show similar loss deviation and better loss distribution than the NPC IGBTs.

APlnss (%) = 100*(|P1055‘Pavg|/Pavg) (1)
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Table ITI. Power loss deviation (APjoss)
f=1050Hz & PF=1 f=1050Hz & PF=0.9

0,
APios, (%) T1/D1/81 T2/D2/S2 | DS | T1/D1/S1 | T2/D2/8S2 | D5
3L-NPC 165/100/59 | 30/100/21 4 156/91/59 | 40/99/15 )
3L-FC 50/50/0 50/50/0 - 57/57/0 57/57/0 -
3L-HB 57/55/1 60/62/1 - 61/63/0 66/64/0 -
APros (%) f=650Hz & PF=1 f=650Hz & PF=0.9

T1/D1/S1 T2/D2/S2 | D5 | T1/D1/S1 | T2/D2/S2 | DS
3L-NPC 146/100/47 | 60/100/4 6 | 152/100/51 | 71/100/3 22
3L-FC 58/57/0 59/59/0 - 79/80/0 80/79/0 -
3L-HB 64/64/1 63/63/1 - 68/65/2 62/65/2 -

IV. Conclusion

This study on grid connection of multi-MW wind turbines via MV power electronics
converters compares the three well-known 3L-VSC topologies of NPC, FC, and HB by
means of simulation results. Briefly, the NPC supplies higher quality output (two times better
THD) than the FC and HB while the FC and HB show much better switch utilization and
more equal power loss distribution. Moreover, it is observed that the effect of PF (within 0.9-
1 range) is not significant on both THD; and power loss distribution while /. has strong effect
on THD; but not on power loss distribution.

V. Discussion

Two of the most important criteria in wind turbine applications are power density and
reliability. The three converters studied via simulations in this paper can be generally
compared with respect to these two criteria. Considering power density, the NPC requires
smaller grid filter due to less THD; than the others, however it has clamping diodes which
increase the volume of the converter. Likewise, the FC has extra flying capacitors whereas
the HB requires fewer DC capacitors than the FC and the NPC because it needs only the half
DC bus voltage of the others. Considering reliability, the FC is the less advantageous because
of its short lifetime flying capacitors while the NPC may more suffer from thermal cycling
related lifetime due to its more thermally stressed outer switches. Also, the clamping diodes
of the NPC add in the total number of components and in complexity; therefore, they can be
considered as disadvantageous for reliability compared to the other converters.
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Abstract

Three-level (3L) neutral point clamped (NPC), flying capacitor (FC), and H-bridge (HB) voltage
source converters (VSCs) as a grid-side full-scale medium voltage (MV) converter are modeled,
controlled, and simulated for the grid connection of a hypothetical 6MW wind turbine. Via the
converter topological features and the simulation results demonstrating the converter performance,
these three 3L-VSCs are discussed and compared in terms of power density and reliability, which can
be considered as two of the most important criteria for the converters placed in wind turbine nacelles.
Given the grid connection circuit (without capacitive switching ripple filters), the 3L-HB-VSC is
expected to be superior with respect to power density and reliability over the 3L-NPC- and -FC-VSCs.

Introduction

Globally, cumulative wind power installed capacity has reached around 120GW and it has been
forecasted that this capacity will be tripled by the end of the next 5-year period between 2008 and
2013 [1]. In this development, the increasing contribution of multi-MW (>2.5MW) wind turbines can
be expected considering that their annual market share has already developed significantly from 4.3%
(688MW) in 2006 to 6.0% (1877MW) in 2008 [1]. In the multi-MW wind turbine market, the
maximum power rating of a commercial wind turbine has reached 6MW [1] by the concern of
generating more power from wind power sites. However, the interface between wind turbine and
electricity grid in order to penetrate MWs of wind power in accordance with grid codes is another
important concern regarding that the grid codes regulating this penetration are getting stricter [2].
Therefore, full-scale power electronic converters, which process all wind turbine output power to
ensure compliance with these grid codes, are attracting interest in wind power generation technology.
Mainly, there are two full-scale converter options: single unit of a medium voltage (MV) converter [3]
and parallel units of low voltage (LV) converters [4]. These two solutions could be compared and
discussed in terms of power density, reliability, complexity, modularity, converter topology, supported
turbine technology, and cost. However, to be able to do so fairly, detailed research studies should be
conducted beforehand in this area, where the literature and the technology are now under a fast
development. As a contribution to this growing literature, this study will investigate several MV



converter solutions considering their grid-side power quality performance and switch utilization under
normal conditions.

Power electronic converters in MV are generally realized as multi-level (ML) voltage source
converters (VSC) instead of 2L-VSCs in order to improve the figures of switch power losses,
harmonic distortion, dv/dt, and common mode voltage/current [S]. In the literature, there are three
main ML-VSC topologies, which are neutral point clamped (NPC) [6], flying capacitor (FC) [7], and
cascaded H-bridge (CHB) [8]. For MV AC drive applications, these topologies have been studied in
the literature extensively [5], [9] and compared in detail [10]. Also, these topologies have been
employed in the MV AC drive market successfully. However, they have not been elaborately studied,
extensively applied, and fairly compared for the wind turbine applications despite there are several
studies such as [3], [11], [12].

This study considers the interface of a hypothetical 6SMW wind turbine with 10kV grid via 3L-NPC, -
FC-, and -HB-VSCs with 4.5kV press-pack IGBT-diode pairs. The VSCs are modeled, controlled, and
simulated in such detail that these VSCs’ performance is demonstrated comparatively in terms of
converter output current total harmonic distortion (THD;), switch power losses, and power loss
distribution. This effort along with the consideration of each VSC’s topological features aims to give
an insight about the power density and reliability of these three VSCs as a grid interface circuitry to be
built in a nacelle. Given the grid connection circuit (without capacitive switching ripple filters like
LCL filter), the 3L-HB-VSC is anticipated to be superior in terms of power density and reliability over
the 3L-NPC- and -FC-VSCs.

In this paper, first, the 3L NPC, FC, and HB topologies, their modulations, and their controls are
briefly explained. Secondly, the wind turbine grid connection including grid, step-up transformer, 3L-
VSCs, and the IGBT-diode pairs, is modeled in sufficient detail. Next, the simulation results
comprising of output voltage/current waveforms, converter output current harmonic spectrums, switch
current waveforms, and switch power losses are represented. Finally, these three VSCs are discussed
and compared with respect to power density and reliability.

Three-level Medium Voltage Converter Topologies and Their Controls

3L-NPC-, -FC-, and -HB-VSCs shown in Fig. 1-3 are able to produce three levels of voltages such as
Ve, 0, and -V per phase by making use of neutral point clamps, flying capacitors, and two-2L legs,
respectively. Opposed to the other two converters, the 3L-HB-VSC requires open-winding (at
converter side) transformer or independent DC buses in order not to cause any undesired current
circulation among the three HBs. It should be noted that the DC bus voltages of the NPC and FC
converters are 2Vpe whereas the DC bus voltages of the HB converter and the flying capacitor
voltages of the FC converter are Vpc.

The power flow via each VSC power circuit is controlled via an identical closed-loop current
controller (realized in dq frame), which takes the reference current corresponding to the real and
reactive powers to be delivered to the grid and produces the reference voltages. Then, the modulation
signals for IGBT switches corresponding to the reference output voltages are produced by space vector
pulse-width modulation (SVPWM) with near three vector (NTV) approach such that each VSC can
produce the same output voltages for the same reference voltages [13]-[15]. However, neutral point
and flying capacitor voltage balance controls, which have slight effects on the converter performance
at steady-state, are considered to be beyond the scope of this study and not included.
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Modeling of the Wind Turbine Grid Connection

The grid connection of the wind turbine is modeled by ideal DC voltage sources, converters with ideal
IGBTs and diodes, infinitely large flying capacitors, 10% filter inductors, ideal step-up transformers,
and 10kV grid. The parameters of the simulation model are given in Table I. The limits for PF and fg
are selected considering grid code requirements and MV switch capabilities, respectively. Moreover,
the turn-on, turn-off/recovery, and conduction power losses of IGBTSs and diodes are modeled as look-
up tables by means of the utilization of turn-on energy (E,, vs. Vg and Ic), turn-off energy (Eos vs.
Ve and I¢), reverse recovery energy (E,.. vs. Vp and Ip), and on-state voltage drop (Vcg s vs. Ic and
Vpon Vs. Ip) curves given in the datasheet of a 4.5kV-1.8kA Westcode press-pack IGBT-diode pair
(T1800GA45A) [16]. It should be noted that the turn-on losses of diodes are neglected [17].

Table I: Model parameters for the wind turbine grid connection with the 3L-VSCs

Model Symbol | Quantity Value
Electricity Vsio | Line-to-line voltage (50Hz) 10kV
Grid PF | Power factor 1-0.9 (ind.)
Turbine P Rated power oMW
Vbe DC bus voltage 2500V
Vepr | Output line-to-line voltage 3kV
Converter
fs Switching frequency 650-1050Hz
L Filter inductance 450uH (10%)
Transformer Nrr Transformer turns ratio (Ngig:Ncony) 3.33

Simulation Results

The 6MW wind turbine grid connection models for the 3L-NPC-, -FC-, and -HB-VSCs are simulated
via Ansoft-Simplorer under the four cases of fs=1050Hz & PF=1, fs=1050Hz & PF=0.9, f;=650Hz &
PF=1, and fs=650Hz & PF=0.9. Given in Fig. 4, voltage/current waveforms and current harmonic
spectrums for the case of fs=1050Hz & PF=1 show that each converter produces the identical outputs
with THD; of 8.9% despite there is negligible discrepancy (around 0.1%) at several harmonic
frequencies. For the case of fs=1050Hz & PF=0.9, Fig. 5 demonstrates that the identical output
performance of the three converters (THD=8.3%). For the cases of fs=650Hz & PF=1 and fs=650Hz
& PF=0.9, Fig. 6 shows the output voltage and current waveforms of the converters, where THD,
values are 14.3% and 13.3%, respectively. Table II summarizes THD; for all the cases.

Switch utilization of each converter for the case of fs=1050Hz & PF=1 is illustrated in Fig. 7 by means
of the IGBT and diode current waveforms for phase-a. As seen in the figure, the outer IGBTs of the
NPC (TA1 and TA4) do switch twice the IGBTs of the FC and HB while the inner IGBTs of the NPC
(TA2 and TA3) do not switch at all. Similarly, the clamping diodes (DA5 and DA6) switch twice the
antiparallel diodes of the FC and HB whereas the antiparallel diodes of the NPC are almost idle. In
Fig. 8, the switch utilization in these converters can also be seen via the charts representing the power
losses of turn-on (P,,), turn-off/recovery (P,u/Pc), and conduction (P.,) of each IGBT and each
diode. The figure shows that at least 50% of the total power loss (Pj.s) is comprised of P,,, which is
independent from fs unlike Py, Pogy, and P.. Also, the figure demonstrates that the switch utilization is
not significantly influenced by the PF decrease from 1 to 0.9. Table II summarizes P for all the
cases and shows that Py, values for the three VSCs under a specific case are almost equal.
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Table II: THD; and P, of the 3L-VSCs

NPC FC HB

fs=1050Hz fs=650Hz fs=1050Hz fs=650Hz fs=1050Hz fs=650Hz
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Fig. 7: For fs=1050Hz & PF=1; IGBT (red), antiparallel diode (blue), and neutral point clamping
diode (black) current waveforms with 2500A offsets for phase-a of the NPC (a), the FC (b), and the
HB (c) VSCs

Discussions of Power Density and Reliability

Having the identical output performance under the given circuit topologies as obtained by the
simulations, power density and reliability for 3L-NPC-, -FC-, and -HB-VSCs are mainly dependent on
the aforementioned topological features. Hence, these three converters can be compared in terms of
power density and reliability as follows (Table III).

Regarding power density, the FC is expected to be the largest volume due to its flying capacitors. In
the NPC, its 3L converter structure with clamping diodes is a volume increasing factor. Moreover, the
NPC is expected to require a bigger cooling system than the others if the cooling system for each
converter is designed to the keep the most thermally stressed switch (outer IGBTs for the NPC)
temperature at the same level in a press-pack switch based converter. Due to the HB’s 2L converter
structure, the HB is expected to have the less volume than the others. It should be noted that all the




VSCs can use the same filter inductor in the circuit topologies (without capacitive switching ripple
filters) considered in this study. Also, the open-winding transformer used for the HB can be assumed
to have the same size as the other transformers used for the NPC and FC.

In reliability point of view, flying capacitor lifetime would be a limiting factor for the FC. In the NPC,
depending on amount of power loss and thermal characteristics of IGBTSs, the higher junction
temperature excursion of its outer switches may be a limiting factor compared to the other VSCs.
Without three flying capacitors in the FC and without one more DC bus capacitors and eight more
clamping diodes, the HB is expected to be more reliable than the others considering this component
count advantage. Also, the HB’s mature and modular 2L structure with reliable driver and protection
schemes is another advantage in practice.

NPC FC HB
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Fig. 8: Turn-on (blue), turn-off/recovery (red), and conduction (black) loss charts for phase-a of the
NPC (left), FC (middle), and HB (right) VSCs

Conclusion

This study on the grid connection of a 6MW wind turbine via MV-3L-VSCs shows that the 3L-NPC-,
-FC-, and -HB-VSCs are able to produce the same converter outputs with the circuit topologies
considered under the operation conditions of fs and PF. It is observed that the increase of fs from
650Hz to 1050Hz results in 35% THD, decrease and in 30% P\, increase. The change of PF from 1 to



0.9 (inductive) results in 10% THD, decrease and in 12% Py increase. Unlike THD; and P, the
switch utilization differs among the three VSCs such that the NPC results in unbalanced power loss
distribution among IGBTs and among diodes whereas the FC and HB distribute the losses more
evenly over the converter. In addition to the loss distribution, the topological features of the three VSC
favors the HB over the NPC and FC in power density and reliability as generally discussed and
summarized in Table III. However, in order to reach more solid conclusions via this comparison, this
study and discussion should be extended by considering LCL type switching ripple filters, which are
placed between the step-up transformer and the VSC for the grid connection of wind turbines.

Table III: Comparison for power density and reliability

Power Density Reliability

(=) 3L structure with clamping diodes (—) Higher IGBT junction temperature
3L-NPC | (-) Bigger cooling system than the others | excursion

due to unbalanced power loss distribution | (-) 6 clamping diodes more than the others
3L-FC () 3 flying capacitors () 3 flying capacitors more than the others
3L-HB (+) 2L structure (+) Mature 2L structure

(+) Half DC bus capacitance of the others | (+) Half the number of DC bus capacitors
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Abstract -- This paper proposes a single leg switched or a
hybrid PWM (HPWM) method for three-phase three-level H-
Bridge Voltage Source Converters (3L-HB-VSCs). By means of
the proposed modulation, a 3L-HB-VSC can generate the same
output as a three-level neutral point clamped (3L-NPC) VSC with
phase disposition (PD) PWM provided that the outputs of 3L-HB-
VSC are isolated by transformers or connected to open winding
machines. Thus, the proposed method is called PD-HPWM.
Moreover, it is emphasized that 3L-HB-VSC with HPWM utilizes
its switches similar to 3L-NPC-VSC. Compared to 3L-NPC-VSCs,
3L-HB-VSCs (without neutral point clamping diodes) have
simpler, more modular, and more reliable 2L circuit structure.
Therefore, this method encourages the use of 3L-HB-VSCs in the
applications utilizing transformers such as grid-side converters of
multi-MW wind turbines. The proposed PWM method’s
performance is d ated by the si of a 6MW wind
turbine’s grid connection and experimentally verified via a small-
scale prototype.

Index Terms-- H-Bridge, hybrid modulation, neutral point
clamped, multilevel converters, wind energy

1. INTRODUCTION

H-bridge (HB) voltage source converters (VSCs) have been
mostly utilized in DC/DC converter systems [1] and single-
phase AC applications [2]. In three-phase applications, with
AC side isolation transformers as shown in Fig. 1, HB-VSCs
have been utilized in Series Active Filter (SAF) [3], Dynamic
Voltage Restorer (DVR) [4], and STATCOM [5] applications.
Moreover, the three-phase HB-VSC topology or its close
variants have been used to drive open winding induction
machines [6]-[9] and dual three-phase induction machines
[10]. Note that in these induction machine drive systems, these
converters are considered as two 2L three-phase VSCs. In
addition to these studies, the cascaded connections of H-bridge
(CHB) VSCs have been investigated in medium voltage motor
drive applications [11], [12].

The modulation of single-phase HB-VSC has been
thoroughly studied in the literature [1], [11]. In most
applications, three-level (3L) modulation, which is called
unipolar pulse width modulation (UPWM), is preferred to the
two-level (2L) modulation, which is also called bipolar PWM
(BPWM), because UPWM ensures the half of the dv/dt output
voltage stress that BPWM results in. As well as UPWM, single
phase-leg switched modulation or hybrid PWM (HPWM)
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generates 3L output voltage [11], [13]. Nevertheless, these
PWM methods have not been studied for three-phase HB-
VSCs elaborately. For the aforementioned ‘two 2L VSCs’
variants of the three-phase HB-VSC, there are PWM studies
which aim at control of dual three-phase induction machines
[10], common mode voltage elimination of an open winding
induction machine [7], and balancing the power drawn from
two isolated DC sources in an open winding induction machine
drive system [8]. In [9], it has been demonstrated that by
means of a space vector based PWM method a ‘cascaded 2L
converter’ is able to generate the same converter performance
as 3L neutral-point-clamped (NPC) VSC (Fig. 2), which has
been thoroughly studied in the literature since it was
introduced in 1981 [14]. Nonetheless, the correlation between
the three-phase HB-VSC (or so-called 3L-HB-VSC hereafter
in this paper) with HPWM and 3L-NPC-VSC has not been
studied in the literature.
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Fig. 2. 3L-NPC-VSC with a transformer for grid connection
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This study demonstrates that a 3L-HB-VSC with HPWM
generates the same output voltage as an 3L-NPC-VSC with
phase opposition disposition PWM (POD-PWM), and then it
proposes a carrier-based HPWM in order 3L-HB-VSC to
generate the same output voltage as 3L-NPC-VSC with phase
disposition PWM (PD-PWM) (or its space vector equivalent of
Nearest Triangle Vector (NTV) PWM when zero-sequence
triangular voltage is added to three-phase reference voltages).
Thus, the former HPWM method will be called POD-HPWM
and the proposed method will be called PD-HPWM hereafter
in this paper. It should be noted that in a three-phase three-wire
system, PD type PWM results in less harmonic distortion than
POD type PWM due to the elimination of the common mode
harmonic terms in line-to-line voltages [11]; therefore, the
existence of the proposed PD-HPWM carries more
significance than POD-HPWM particularly for low switching
frequency applications where this elimination makes
significant difference in harmonic spectrum. Also, this study
emphasizes on the capability of 3L-HB-VSC with HPWM to
utilize its switches similarly to 3L-NPC-VSC.

In this paper, first, POD-PWM, PD-PWM, and POD-
HPWM are described. Then, PD-HPWM is proposed via a
carrier based realization. By means of the simulations of a
6MW wind turbine medium voltage grid-side converter as 3L-
NPC-VSC and 3L-HB-VSC, the equivalency between these
POD methods and the equivalency between these PD methods
are demonstrated via output voltage/current waveforms. Also,
the switch current waveforms illustrates the similarity of the
switch utilizations in the two VSCs . Next, experimental
results of a 1.5kW prototype validate the performance of the
proposed PD-HPWM. Finally, the advantages and
disadvantages of 3L-HB-VSC with PD-HPWM compared to
3L-NPC-VSC are discussed and its possible application fields
are addressed.

1. THREE-LEVEL PWM METHODS

For 3L-NPC-VSCs, there are two types of triangular carrier
based PWM methods: POD-PWM and PD-PWM (Fig. 3 and 4
for phase-a). Both methods compare the reference voltage v,
with the upper triangle v,,. and the lower triangle v,,. signals
where v, and v,;’s absolute peak values are scaled with the
half of the total DC bus voltage of the converter, Vpc.
Tllustrated in Fig. 5, the difference between the two methods is
that v, and v,,. for PD-PWM are in-phase while they have
180° phase shift for POD-PWM [11]. These two methods
results in similar output voltage and current in single-phase
applications; however, the elimination of common mode
harmonic (zero sequence) components in the line-to-line
output voltage in three-phase systems makes the output
difference favoring PD-PWM [11].

In 3L-HB-VSCs, the single leg switched or hybrid PWM
method (Fig. 6) modulates the leg of SA4/&SA2 with the
switching frequency fs while the other leg of SA3&SA4 with
the electrical frequency £, [11], [13]. Hence, the switches are
utilized similarly to those of the NPC for PF=I1. Also, the
resulting output current waveform is theoretically identical to

the one with POD-PWM because the comparison of the
absolute value of the reference voltage [v",| with the triangular
carrier signal v,; works similarly to POD-PWM. Thus, this
method will be called POD-HPWM hereafter in this paper.
Nonetheless, the existence of the PD counterpart of POD-
HPWM would carry more importance due to its favorable
output performance in three-phase applications. Hence, PD-
HPWM (Fig. 7) is proposed as follows. The modulation
algorithm compares the positive part of v", with v, for v',>0
and the negative part of V', with v, for v,<0 in order to
modulate the leg with the switches SA4/&SA2 of the HB while
the polarity of v', is used for the switching decision of the leg
with S43&SA44. The signals employed in the hybrid PWM
methods are illustrated in Fig. 8.
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Fig. 5. The waveforms of POD-PWM and PD-PWM employing third-
harmonic added reference voltage v', (black), vi+ (red), v, for PD-PWM
(green), and v,,.. for PD-PWM (blue)
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output current Total Harmonic Distortion THD; values for each
case. Demonstrated in Fig. 12, there is a correlation between
the switch utilizations of 3L-NPC-VSC and 3L-HB-VSC with
the hybrid PWM methods. Given in Table III, for PF=I, there
is one-to-oneness for IGBT utilization while the antiparallel
diodes DA2&DA]I of the HB converter are utilized similarly to
the clamping diodes DA5S&DA6, respectively.

TABLE I
SIMULATION PARAMETERS

Grid line-to-line voltage 10KV e (50HZ).
Filter inductor, 450uH (10%)
Transformer turns-ratio, N (Nn/Nei) | 0.3 (1:3.33)
Output power, P MW
Power factor, PF 1
DC bus voltage, Vpc 2500V
Switching_frequency, fs 1050Hz
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Fig. 9. The reference voltage v, (black), output phase voltage v, (green),
and output current i, (blue) waveforms of phase-a for POD-PWM (upper) and
PD-PWM (lower) in 3L-NPC-VSC

Fig. 8. The waveforms of POD-HPWM and PD-HPWM employing third-
harmonic added reference voltage v', (black), [v",| (blue), v,; and v, (red), and
Viri- (green).

III.  SIMULATION RESULTS

The simulations are conducted by employing ideal
component models built in Ansoft/Simplorer for the medium
voltage 3L-HB-VSC and 3L-NPC-VSC shown in Fig. 1 and 2
for a grid connection of 6MW wind turbine via a three-phase
transformer with open primary windings. The simulation
parameters are given in Table I. In implementation of PWM
algorithms, asymmetrical double-edge regular sampling is used
[11]. Fig. 9 demonstrates that the output current is significantly
less distorted for PD-PWM than POD-PWM in 3L-NPC-VSC.
The line-to-line voltage waveforms shown in Fig. 10 explain
the performance difference such that PD-PWM results only in
the voltage steps of Vpc while POD-PWM results in both Vpe
and 2Vpe. For 3L-HB-VSC, Fig. 11 demonstrates the
equivalencies between POD-PWM and POD-HPWM and
between PD-PWM and PD-HPWM. Table II summarizes the
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Fig. 10. The output line-to-line voltage v, (red) and output current i, (blue)
waveforms for POD-PWM (upper) and PD-PWM (lower) in 3L-NPC-VSC

TABLE IT
THD; RESULTS IN SIMULATIONS
VSC HB
Modulation PoD- PD- PoD- PD-
PWM PWM HPWM HPWM
THD, (%) 1963 | 888 1958 | 878
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problem related with loading and processing duty cycles in the
DSP control platform and can be avoided by DSP code
improvements. Fig. 17 shows that one leg of the HB is
continuously switched while the other leg is switched twice in
an electrical period.

TABLE IV
EXPERIMENTAL SETUP PARAMETERS

= =N Load line-to-line voltage 220V (50H2)
[T - Filter inductor, L TTmH (10%)
) Transformer tuns-ratio, N (Nw/Nez) _| |
Load i C 5.6uF
B H‘_\\ I Load resi R 33Q
L MV Output power, P 15kW
oo PD-HPWM == — Power factor, PF ~1
g S T o on DC bus voltage, Vi 180V
Switching frequency, fs 1050Hz

Fig. 11. The reference voltage v", (black), output phase voltage v, (green),
and output current i, (blue) waveforms of phase-a for POD-HPWM (upper)
and PD-HPWM (lower) in 3L-HB-VSC
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Fig. 12. IGBT (red), antiparallel diode (blue), and neutral point clamping
diode (black) current waveforms with 2500A offsets for phase-a of 3L-NPC-
VSC with PD-PWM (upper) and 3L-HB-VSC with PD-HPWM (lower)

TABLE Il
CORRELATION OF SWITCH UTILIZATION IN 3L-HB- AND -NPC-VSCs
NPC | TAI | TA2 | TA3 | TA% |
HB | TAI | TA4 | TA3 | TA2 | |

NPC | DAI | DA2 | DA3 | DA4 | DAS | DAG
HB | DA4 | DA4 | DA3 | DA3 | DA2 | DAI

IV. EXPERIMENTAL RESULTS

The experiments are conducted via a prototype circuit with
the parameters listed in Table IV. The prototype HB and NPC
circuits differ from the circuits given in Fig. 1 and 2 by the
usage of a three-phase RC load instead of an electricity grid.
Illustrated by the oscilloscope waveforms in Fig. 13 and 14,
PD-PWM results in the output current with significantly less
harmonic distortion than POD-PWM in 3L-NPC-VSC. Due to
the finite amount of transformer leakage inductance, these
current waveforms are slightly less distorted than the
simulation waveforms. Fig. 15 and Fig. 16 show that 3L-HB-
VSC with POD-HPWM and the proposed PD-HPWM can
generate output waveforms very close to those obtained by 3L-
NPC-VSC. The deviation on the output current waveform
during the zero crossings is caused by a synchronization

YOKOGARA - 2009/07/16 110708 52
Runi 85

Fig. 13. The load phase voltage (red), output phase voltage (green), and
output current (blue) waveforms of phase-a for POD-PWM in 3L-NPC-VSC
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Fig. 14. The load phase voltage (red), output phase voltage (green), and
output current (blue) waveforms of phase-a for PD-PWM in 3L-NPC-VSC
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Fig. 15. The load phase voltage (red), output phase voltage (green), and
output current (blue) waveforms of phase-a for POD-HPWM in 3L-HB-VSC
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Fig. 16. The load phase voltage (red), output phase voltage (green), and
output current (blue) waveforms of phase-a for PD-HPWM in 3L-HB-VSC

V. DISCUSSION

The proposed PD-HPWM carries importance due to its
equivalent performance and similar switch utilization to 3L-
NPC-VSC, which is dominantly used converter topology
especially for medium voltage converters with low switching
frequency (f¢<2kHz). Hence, for medium voltage grid
converter applications requiring transformers or for open
winding machine converter applications, 3L-HB-VSC can be
considered as an alternative to 3L-NPC-VSC because the
former has simpler, more modular, and more reliable 2L
structure than the 3L structure. Also, the clamping diodes and
neutral point variation problem of the NPC are eliminated in
the HB. Considering switch utilization, the duty of the
clamping diodes in the NPC is performed by the antiparallel
diodes in the HB. However, for the applications where IGBTs
and diodes are packaged together, the elimination of the
clamping diodes increases the power loss stress on the IGBT-
diode packages forming the switched HB legs and becomes a

disadvantage. On the other hand, for medium voltage
applications where these two semiconductors are packaged
separately, this elimination is an advantage of reducing
semiconductor cost and more efficient utilization of the
switches. Moreover, several control and design strategies can
be developed by means of hybrid modulation of 3L-HB-VSCs
as follows.
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Fig. 17. With respect to the negative rail of the DC bus, the switched leg’s
voltage (green) and the other leg’s voltage (red), and output current (blue)
waveforms of phase-a for PD-HPWM in 3L-HB-VSC

The switched leg and the other leg can be interchanged
cyclically. Hence, better utilization of the switches over the
NPC can be achieved and better lifetime for each switch can be
attained. Also, as proposed in [9], different type of switches
can be used for the two legs. For example, the switches with
low switching loss for the switched leg and the switches with
low conduction loss for the other leg can be chosen in order to
optimize the efficiency.

For the grid applications requiring capacitive switching
ripple filters, the implementation of these filters at the grid side
of the transformer does not influence the output performance
equivalency of the two converters. However, if a capacitive
filter is directly applied to the inverter side of a 3L-HB-VSC,
then the elimination of the common mode terms in three-phase
system does no longer exist and the converter output current
deteriorates significantly with the harmonics around the
switching frequency. In order to solve this problem, common
mode inductors in series with the filter inductors can be
applied to 3L-HB-VSC.

VI. CONCLUSION

The 3L-HB-VSC with the proposed PD-HPWM produces
the same output performance as the 3L-NPC-VSC with PD-
PWM or space vector NTV. Moreover, the PD-HPWM
enables the former VSC to utilize its switches similarly to
those of the latter. The performance of the proposed method
has been validated by the simulations and experiments. Thus,
the former VSC can be considered as an alternative to the latter
for medium voltage grid-connected converter with transformer
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or open winding motor drive applications in regards to design
simplicity and switch utilization flexibility. Only disadvantage,
which can be avoided by the hardware solutions discussed, is
the limitation of capacitive switching ripple filter employment
for grid-connected applications.
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Abstract -- The wind turbine converters demand high power
density due to nacelle space limitation and high reliability due to
hlgh maintenance cost. Once the converter topology with the

d switch hnology is selected, the converter
power density and reliability are dependent on the component
count and the switch thermal performance which is determined
by the converter load profile and the converter structure. In this
study, the converter-structure based power loss and thermal
models are developed for the di voltage full le 3L-
ANPC-VSC and 3L-HB-VSC utilizing press-pack IGBT-diode
pairs and interfacing a 6MW wind turbine to a medium voltage
grid. Thc sw1tchmg power loss models are built using the
experi d switching power loss data from a full-
scnle 3L ANPC-VSC leg. The static thermal models are

idering the double-sided cooling of the switches
by the coolmg plates. For the experimental model verifications, a
test setup with a single-phase full-scale 3L-ANPC-VSC is
introduced. Using the power loss and thermal models, the switch
junction temperatures are obtained on simulation for the wind
turbine grid interface. The power density and reliability of the
VSCs are discussed and compared with respect to these junction
temperatures as well as the counts of press-pack switches, gate
driver, and cooling plate.

Index Terms-- Press-pack IGBT, ANPC, HB, power loss,
thermal model, power density, reliability, wind turbine

1. INTRODUCTION

Boosted from 4.3% (688MW) in 2006 to 6.0% (1877MW)
in 2008 [1], the share of multi-MW (>2.5MW) wind turbines
in the fast growing wind energy market has been increasing
significantly. As the grid codes regulating the wind turbine
connections are getting stricter, the interface between wind
turbine and electricity grid for penetrating MWs of wind
power becomes a challenge. Consequently, the full-scale
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power electronic converters, which process all the wind
turbine output power while ensuring compliance with the grid
codes, are attracting more interest than ever. Although the
full-scale converters can be designed as parallel low voltage
converter units [2], a single medium voltage (MV) converter
unit [3] becomes more preferable due to its smaller footprint,
less cabling cost, and less component count as the turbine
output power increases beyond SMW.

The MV power electronic converters are generally realized
as multi-level (ML) voltage source converters (VSC) instead
of 2L-VSCs in order to improve the figures of switch power
losses, harmonic distortion, dv/df, and common mode
voltage/current [4]. In the literature, there are three main ML-
VSC topologies, which are neutral point clamped (NPC),
flying capacitor (FC), and cascaded H-bridge (CHB) [4], [5].
For MV AC drive applications, these topologies have been
studied in the literature extensively [4], [5] and compared in
detail [6]. Also, there are several studies about these
topologies applied to wind turbines [2], [7], [8].

Among ML-VSCs, 3L-VSCs have found the highest
interest because of their lower cost, higher power density, and
higher reliability as a result of less component count than
>3L-VSCs. Among 3L-VSCs, 3L-NPC-VSC has domination
in the AC drive market [5]. As an improvement for 3L-NPC-
VSC’s inherent problem of unequal power loss distribution,
its clamping branches are reinforced with active clamping
switches and 3L Active NPC (ANPC) is formed (Fig. 1) [9].
Besides, 3L-HB-VSC shown in Fig. 2 assures equal power
loss distribution inherently [10]. Furthermore, its modulation
flexibility enables that the same power loss distribution as
3L-NPC-VSC can be obtained [11].
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Fig. 2. Three-phase 3L-HB-VSC connected to a MV grid

Compared to the AC drive applications, the wind turbine
applications demand higher power density due to nacelle
space limitation and higher reliability due to high
maintenance cost. Therefore, the switch technology selection
in association with the converter topology is even more
critical for the wind turbine applications. Among the state-of-
the-art MV switches, the press-pack IGBT appears to be
advantageous over IGBT modules and IGCTs regarding
power density and reliability because it possesses all the
attributes of double-sided cooling, wire-bondless contacts,
snubberless operation, small gate drivers, high switching
frequency at rated voltage and current [12].

In addition to the converter topology and switch
technology, the switch thermal performance limits the
converter power density and reliability [9]. While the
maximum switch junction temperature determines the power
density, the switch junction temperature variations due to the
converter load profile along with the converter structure
determine the switch lifetime [13], [14] and thereby,
converter reliability in a sense. Therefore, the accurate
converter structure-based power loss and thermal models are
required in order to quantify the power density and reliability.

In this paper, first, the press-pack IGBT-based 3L-ANPC-
VSC and 3L-HB-VSC are introduced in regards to the
conduction paths affecting switching power losses and the
pulse-width modulation (PWM) method utilizing these
conduction paths. Secondly, the power loss modeling
approach is introduced such that the switch current- and
commutation path-dependent switching loss functions are
derived using the switching energy loss figures obtained via
double-pulse switching tests. Next, the static thermal models
consisting of thermally resistive elements are developed
regarding the physical converter structure with the press-pack
switches featuring double-sided cooling and using the
manufacturers’ thermal data. After the test setup including a

full-scale single-phase 3L-ANPC-VSC for verification of the
power loss and static thermal models is introduced, these
models are applied to the three-phase 3L-ANPC-VSC and
3L-HB-VSC interfacing a 6MW wind turbine with a grid on
simulation and their switch junction temperatures are
obtained. Finally, the power density and reliability of 3L-
ANPC-VSC and 3L-HB-VSC are discussed comparatively
with respect to the switch junction temperatures and the
converter components including only IGBT-diode pairs,
cooling plates, and gate drivers.

1. 3L-ANPC-VSC AND 3L-HB-VSC

The VSCs shown in Fig. 1 and Fig. 2 are able to produce
three-level output voltages such as Vpey, 0, -Vpeo for 3L-
ANPC-VSC and Vpe, 0, -Vpe for 3L-HB-VSC. Assuming
Vper=Vpe=Vpe, the same voltage blocking capability is
required for the switches of both VSCs. Each voltage level
can be produced by specific conduction paths depending on
the output current direction. For instance, Fig. 3 and 4 show
the conduction paths required for generating Vpe; & 0 and
Vpe & 0. In the following, the definition and PWM utilization
for the two different zero voltage producing paths are
explained.

Fig. 3. Mode-I (left) and Mode-1I (right) conduction paths of 3L-ANPC-VSC
for v’y >0 and i,>0

Fig. 4. Mode-I (left) and Mode-11 (right) conduction paths of 3L-HB-VSC
for v',>0 and i,>0

A.  Mode Definition

The utilization of one of the two zero voltage generating
paths together with a non-zero voltage generating path during
a PWM period is termed as Mode in this study. For 3L-
ANPC-VSC, Mode-I uses the zero voltage producing path
inside the contour of the non-zero voltage producing path
while Mode-II uses the one outside this contour (Fig. 3).
Similarly, Mode-I and Mode-II can be defined for 3L-HB-
VSC (Fig. 4). It should be noted that Mode-I implies a Type-I
commutation and Mode-II implies a Type-IIl commutation
defined in [9] for 3L-ANPC-VSC. Associated with Mode-I
and 7/, the switching energy losses move from a switch to
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another, where these losses are classified as IGBT turn-on
E,,, IGBT turn-off E,; and diode reverse recovery E,,.
losses. Table I and II summarizes these losses with respect to
Mode, reference voltage V" and current i, for phase a.

distribution approximately. For the total power loss
homogenization attempts in 3L-ANPC-VSC, an extra effort
considering the conduction power losses P, and operating
conditions should be undergone as in [9].

TABLE I
SWITCHING LOSSES ON THE IGBT-DIODE PAIRS OF 3L-ANPC-VSC Voer ]
Mode-1 Mode-IT
Vv¥,>0 Vv, <0 V>0 v¥,<0 Somi
>0 | i,<0 | i,>0 | i<0 | i,>0 | i,<0 | i,>0 | i,<0 -
TAl- | Ew | . - b _ _ : Van
DAl Ey e v =
TA2- . . . | Ea | g £ Eo, DC2 0%
DA2 Ey e = Ey f;’WM oot
TA3- Eon, | Eon, :
DA3 B B B Ere | Ey | B .
<! <L Fig. 5. PD-PWM for phase-a of 3L-NPC-VSC
TA4- . el [ B | - i . .
gf;_ z Loy TABLE ITT
DAS Euc ”/’ - - - - - - PWM SIGNAL MAPPING FOR 3L-ANPC-VSC
e L Mode-0 Mode-1 Mode-II
DAS - - | B B | - - - - AV [ V0 | V<0 | Va0 | V70
danaxrc day day di dyy day
TABLE I i dis dus s dis
SWITCHING LOSSES ON THE IGBT-DIODE PAIRS OF 3L-HB-VSC dis s dis du dus
Mode-1 Mode-1T dis dis dus dis dis
V>0 V<0 ) VF<0 0 das dis das dys
>0 | i,<0 | i,>0 | i,<0 | i,>0 | i,<0 | i,>0 | i,<0 g anpc 0 day di di dur
TAI- Eon, E,,
DAl | By | B | By | B | - | - - - TABLE IV
TA2- Eon Eon PWM SIGNAL MAPPING FOR 3L-HB-VSC
paz | B | g | B | gy | - - - - Mode-1 Mode-II
TA3- Eo, Eon V5,20 | v¥5,<0 | v¥5,>0 [ v%,<0
DA3 S I T el IV e I dum | du dp di dy;
TA4- - ) B | g | B | £ diz dis dis dis dis
DA4 Eop g disp du dys dus du
disis di du du di

B.  PWM Approach

This study adopts the modulation of 3L-NPC-VSC as the
base modulation method and proposes the utilization of its
modulation signals via appropriate mappings in order to
modulate 3L-ANPC-VSC and 3L-HB-VSC. This approach
takes the following fact a priori: all these three converters can
produce any of the three voltage levels by conducting two
semiconductors at a time. Once generated via phase
disposition type pulse-width modulation (PD-PWM) for 3L-
NPC-VSC (Fig. 5), the modulation signals of 3L-NPC-VSC
are mapped over the ones of 3L-ANPC-VSC and 3L-HB-
VSC shown in Table III and IV such that the predefined
conduction paths by Mode I and II are used. It should be
noted that Mode-0 in Table III implies the usage of the zero
path which the current direction allows since the clamping
IGBTs are either nonexistent or turned-off.

Utilization of Mode-I and Mode-II during an electrical
cycle T, determines the distribution of the total switch power
losses over the VSCs. For proper PWM operation, mode
transitions are permitted only at the beginning of the PWM
period  Tpyy. Obviously, homogeneous power loss
distribution is aimed for the best electrical and thermal
utilization of the switches. Therefore, a mode sequence in 7,
should be defined. In this study, the mode sequence is set as
the consecutive and equal utilization of Mode-I and Mode-1I
in order to homogenize the switching power loss Pj,

III.  POWER LOSS MODELING

The switching energy losses depend on IGBT/diode
current /¢/Ir and voltage Veg/Viy as well as stray inductance
L, of the IGBT/diode commutation path, IGBT gate
resistance Rg, and junction temperature 7; [15] as given in
(1)-(3). Besides, the conduction power losses depend on /¢/I
and 7j as given in (4), (5).

E, =iV T, Ly R;) O]
Ey=tyUeVer Ty Loo Ro) @
B, = ol Vi T, Lo  Ry) ©)
Popiasr =l Vep e T) )
Popiioge =1r Vi, T, ) (5)

Once obtained accurately, these loss functions can be
employed along with a specific VSC’s electrical model.
Although P, data derived from manufacturer datasheets
given is quite directly usable, the switching energy loss data
cannot be directly usable because L, and R; used in
manufacturer tests may significantly deviate from the ones of
practical VSCs. Furthermore, the VSCs such as ANPC
employ different commutation paths with different L, values.
Therefore, double-pulse tests, through which the switching
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energy loss data are collected, should be applied to the
switches mounted on either the VSCs or the test circuits with
the same L, as the VSCs in order to extract accurate
switching loss data. In the following, the switching loss data
extraction from a practical 3L-ANPC-VSC and then the
power loss modeling via utilization of both the switching and
conduction power loss data along with the electrical models
are explained.

A. Switching Loss Data Extraction

The double-pulse tests, which are standard tests for switch
characterization, are applied to the 3L-ANPC-VSC prototype
shown in Fig. 6 (with the parameters in Table VII) for the
commutation paths with different L,. Thereby, the switching
loss figures are collected when 7} equals ambient temperature
of 20-25°C. Moreover, these losses can be fitted to the linear
functions of /I as in (6)-(8). In order to obtain the
temperature dependent switching loss data, these tests should
be done for 7; between 25°C and 125°C.

E, =a,+al. (6)
on] =b,+b1, 7
E,.=cytely ®)

The commutation loops for Mode-I and Mode-II are
represented by darker colors on the simplified VSC structure
(Fig. 7) and the simplified circuit diagram (Fig. 8) for V>0,
As given in (9) and (10), Mode-II results in longer path and
higher L, than Mode-I. For these two modes, the switch
voltage, current, and power waveforms for /-~1200A and
Ver=2500V are experimentally obtained (Fig. 9-12). Via the
IGBT turn-on waveforms in Fig. 9 and 10, L, ypcar and
Ly anpcam can be estimated as ~200nH and ~400nH by using
(11) describing the initial ¥ fall accross L, resulting almost
constant dIc/dt [16]. This inductance difference affects E,,
and E,.. significantly while E,; remains almost the same.

Ly avpcan = 2oy + Loy + Loy ©)
L =4L, +L,,+2L +L,, (10)

‘o, ANPC . MIT
Ly = Ve =VerXdlc /)™ an

For Mode-I1, the experimental switching loss data and the
corresponding linear functions are shown in Fig. 13. Using
the parameters derived from the data and given in Table V,
the switching energy loss functions are shown in Fig. 14.

For the 3L-HB-VSC, the commutation loops of Mode-I
and Mode-II are identical and their stray inductances are the
same (Fig. 15). Since these inductances are close to L, sypc i
as in (12), the switching loss functions derived for Mode-I of
3L-ANPC-VSC can be directly applied to 3L-HB-VSC.

Loy =2Lp+ Ly =L

‘G, ANPC.MI

(12)

Fig. 7. Commutation paths of Mode-I (left) and Mode-II (right) for v",>0
shown in the simplified structure of 3L-ANPC-VSC

Fig. 8. Commutation paths of Mode-I (left) and Mode-II (right) for v",>0
shown in the simplified circuit diagram of 3L-ANPC-VSC

B.  Power Loss Modeling Approach

Along with the electrical VSC simulation outputs Veg/ Vi,
1¢/I, and duty cycles d; the power loss models utilize the
switching energy loss functions derived as (6)-(8) with the
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parameters given in Table V and the simplified conduction
power loss functions at 25°C supplied by the manufacturer as
given in (13) and (14) with the parameters Vi gsr=1.81V,
rri6er=1.33mQ, Vg 4ioae=2.43V, and r7 4;4~0.93mQ [17].

Psosr = 1eWrosonr + 77 1071 c) (13)
B iiode = Le Vo iiode + 11 iioae ) (14)
=y e
Yoz
Ver
Ven £ 0.6k /div Py 11.25MW /div
me ig 10.6kA/div iy :1ps/div

Fig. 9. IGBT switching voltage (green), current (blue), power loss (brown)
waveforms during IGBT turn-on (left) and turn-off (right) for Mode-I
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Fig. 13. Switching energy loss data and functions for Mode-I1
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waveforms during IGBT turn-on (left) and turn-off (right) for Mode-11
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Fig. 15. Commutation paths in the simplified structure (left) and circuit
(right) diagrams of 3L-HB-VSC

The power loss modeling approach can be illustrated by
Fig. 16 for TAI’s E,, as follows. The switching voltage
Vg a1 is captured at the instant when dry; changes its state to
‘1°. At the next simulation instant (7, later), the switching
current /¢ 7y, is captured and E,, 74, is calculated using (6)
and Table V. For E,;74; and E,..p4;, the same approach is
followed. Similarly, the conduction losses are calculated for
the simulation instants with non-zero IGBT/diode current and
non-zero duty cycle of the corresponding IGBT/diode. Once
the power loss figures for each simulation instant are
obtained, they are averaged over an electrical cycle via (15)
and (16). The averaged loss figures for each IGBT/diode are
fed to the static thermal models. Without averaging, the loss
figures can be directly applied to the dynamic thermal
models.

| T
diode = F (B, [+ Py a7 T,3)

(15)
1Ly

1
B gar = T Z (E, [n]+E,;[n]+ P, ger[n]-T,,,) (16)
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Fig. 16. Waveforms of TA1 voltage vz, current iz, duty cycle dry, turn-on
energy loss E,, 14 during E,, calculation

IV. STATIC THERMAL MODELING

Based on the physical placement of the press-pack devices
(switch or IGBT-diode pair) and cooler plates shown in Fig. 7
and 15, the static thermal model is built as in Fig. 17 and
applicable for both VSCs under study. Accounting for the
power loss flow through each side of the press-pack device,
the model represents the converter thermal behavior
realistically. Table VI tabulates the thermal resistance values
derived from the data supplied by the manufacturer [17],
[18]. Moreover, the thermal model given in the figure can be
mathematically represented for an IGBT-diode pair by (17)-
(19) and the junction temperatures can be calculated by (20).

T, B, T.
T2 gl | g gl ek 17
T/VD PLD Iu.m
T, =CT;+ DT, (18)
L, =ET,+FT,, (19)
T,=(I-B(~DE)"Y (AP, +B(I~DE) 'DFT,,) (20)
where
R/h (R/h.e 0 R/h.(' R/h.(
Rl/l c + R/h.u R/h,( + th.u R/h.L + Rl/t.L’
0 th.kR/h.u th a R}lx‘k '
R/h.l( + R(!«.u th.k + R/h.u R//uk + R/h.u
Rl/l.le/l.ul ck R/h.( R}h co.ck Rv)v.( th.k
R, R, R,
Cc- ih.CD1 o | | ot
Rl/t.uRI/t.ul ea R/h uth co.ea R/h.cRm.u
R}Ir.(‘DZ R/h CD2 RH‘,(‘DZ
E= OR) o Rrea  ORpos R cn F= Ry coiRococa ,
Rier Rir Rir
Rm.(Dl = R/h (th.k + Rrh.A Rrh.(u ck + Rl/:.u;.(ARl/:.z ’
RH)‘(‘DZ = th.chh a + th.uRll).u).('u + th.m.mth.u’
Rivir = Rico.aRococa + OR iRy ot + OR o Rit o0

Fig. 17. Static thermal model of 3L-ANPC-VSC and 3L-HB-VSC

TABLE VI
PARAMETERS OF THE STATIC THERMAL MODELS

IGBT collector-side thermal resi: Ry, 13.9 K/IkW
IGBT emitter-side thermal Ripe 20.4 K/IkW
Diode anode-side thermal Riva 42.6 KIkW
Diode cathode-side thermal resi: Rink 23.2 K/kW
Cooler thermal res. for 2-cooler/1-device, Ry,cot 11.8 K/IkW.
Cooler thermal res. for 3-cooler/2-device, Ry | 13.6 K/KW.
Cooling system thermal resistance, Ry, 0.25 K/kW
Water flow rate through cooler plates, v 10 //min

V. TEST SETUP FOR VERIFICATION OF THE POWER LOSS AND
STATIC THERMAL MODELS

The power loss and static thermal models can be verified
via the single-phase full-scale 3L-ANPC-VSC (Fig. 18 and
19) with the parameters given in Table VIL In the VSC,
single-phase power flow between the ANPC legs is formed
by controlling the leg b as a voltage source and the leg a as a
current source while the DC power supply compensates for
only the system power loss [16]. For the operating conditions
with various power flows, the simulated and measured case
temperatures are compared for the model verification.

i Kool Kow ok Jrmonsk Y

o kow  owd Y

Fig. 18. Test setup power circuitry

TABLE VII
PARAMETERS OF THE TEST SETUP
Phase-to-neutral output voltage 1.7k Vs (S0HZ)
Power, P 2MW

DC bus voltage, Voci, Voc: 2500V,
d L 450uH (10%)
C: i C 1.1mF
PWM frequency, /i 1050Hz
ling time, 7 (double-update) 476.2ps
Dead time 10us
IGBT-diode pair (Westcode) TI1800GB45A

Gate R 3Q
Cooling plate (AIN-based) XWI80GN25A
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Fig. 19. Test setup photo

VI.  SIMULATION RESULTS OF THE THREE-PHASE VSCS

The 6MW wind turbine grid connection with 3L-ANPC-
VSC and 3L-HB-VSC are simulated via Ansoft-Simplorer
using the parameters given in Table VIII and the parameters
in the previous sections. The voltage and current output
waveforms, which are almost identical for both VSCs, are
given in Fig. 20 for P=6MW and PF=I at the point of
common coupling (PCC) with the grid. The switch current
waveforms of the VSCs for this operating point illustrate the
consecutive utilization of Mode-I and Mode-II (Fig. 21). The
power loss distribution is illustrated in Fig. 22 for the three
critical PFs of 1, 0.9 inductive (overexcited), and 0.9
capacitive (underexcited). It is observed that 3L-HB-VSC has
almost homogenous power loss distribution among the
IGBTs whereas the 3L-ANPC-VSC’s power loss distribution
can be more homogenized via a finer tuned mode sequence. It
is seen that the diodes are quite lightly loaded due to high
modulation index. Besides, the total power loss of each VSC
varies around 45kW (1>0.99). The power losses are expected
to be higher in practice because the simulation results are
obtained with the power loss models built for 7},,=25°C
and the switching power losses tend to increase at higher
junction temperatures.

TABLE VIII

PARAMETERS OF THE WIND TURBINE CONNECTION SYSTEM
Grid line-to-line voltage 10k Vs (50HZ)
Transformer turns-ratio, N (Nin/Neyia) 0.3 (1:3.33)
Turbine rated power, P, 6MW
Power factor at PCC 0.9 ind. - 0.9 cap.
DC bus voltage, Vpc 2500V
Capacitance, C I.ImF
Transformer leakage inductance
(seen at converter fide), L 450uH (10%)
Grid ind Ls 25001 H (5%)
Filter inductor (at the grid side), Ly 5000pH (10%)
Filter capacitor (at the grid side), Cr 25uF (10%)
IGBT-diode pair (Westcode) TI1800GB45A
PWM frequency. fpi 1050Hz

ling time, 7 (double-update) 476.2us
Deadtime, Tear 0us

i ion time-step, Ty Sus

Corresponding to the power losses, the junction
temperatures are shown in Fig. 23. For 3L-ANPC-VSC, there
is a mismatch between the outer and inner IGBTs (TA1 and
TA2) by almost 5°C for PF=1, however this mismatch can be
diminished by means of a finer mode sequence. In contrast to
3L-ANPC-VSC, the temperature mismatch for 3L-HB-VSC
is negligible. Also, the figure shows that the difference
between the maximum junction temperatures 7}, is not
more than 5°C.
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Fig. 20. The reference voltage v", (black), inverter phase voltage v, (green),
inverter current i, (blue), line voltage v, (red), and line current i, (grey)
waveforms of phase-a for 3L-ANPC-VSC and 3L-HB-VSC at PF=1
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Fig. 21. IGBT (red) and diode (blue) current waveforms for the phase-a
of 3L-ANPC-VSC (left) and 3L-HB-VSC (right) at PF=1
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VII.  DISCUSSIONS ON POWER DENSITY AND RELIABILITY

The simulation results show that 3L-ANPC-VSC and 3L-
HB-VSC under the given conditions perform very close
electrically and thermally. Therefore, the power rating for
both VSCs can be taken as the same. The 3L-ANPC-VSC
thermal performance can be slightly enhanced by a finer
mode sequence. For example, 7j,, can be reduced from
78°C to 75°C at PF=1. Considering that both VSCs attain
T ma=75-80°C at full-load, it can be stated that the IGBT
lifetime due to junction temperature excursion, which is an
indicator for reliability, is very close for each VSC.

Regarding semiconductors, IGBT gate drivers, and cooling
plates, 3L-HB-VSC requires 33% fewer components than 3L-
ANPC-VSC. According to the reliability calculation method
using the failure rate 4 of each individual VSC component
[20], 3L-ANPC-VSC results in 50% more . because the
failure rates are summed up as given in (21) and (22) and
therefore, 3L-HB-VSC has 50% more mean time between
failures (MTBF=1/ ).

Aure =187 a0 +1 8/1;"«4",“ +27 At @n
ﬂ’llli - IZﬂIFKT/dnuA + IZJ'Lululuur + 1 8/1”‘“,“ (22)

Accounting only for the components mentioned above,
50% more power density of 3L-HB-VSC compared to 3L-
ANPC-VSC (83.3kW// vs. 55.5kW// and assuming the power
rating of 6MW) is expected. It should be noted that the power
density of the experimental 3L-ANPC-VSC framed by the
cabinet (Fig.19) is 7.5kW/L. It is expected that the 3L-HB-
VSC framed by a similar cabinet (with the same capacitors)
will have the approximate power density of 10kW//, which
means almost the 25% improvement.

VIIL

In this study, the converter-structure based power loss and
thermal models are developed for the medium voltage and
full-scale 3L-ANPC-VSC and 3L-HB-VSC utilizing press-
pack IGBT-diode pairs and interfacing a 6MW wind turbine
to a medium voltage grid. For the experimental model
verifications, a test setup with a single-phase full-scale 3L-
ANPC-VSC is introduced. Using the power loss and thermal
models, the switch junction temperatures are obtained on
simulation and show that both converters perform very close
thermally. Therefore, the VSCs’ rated power and switch
lifetimes are expected to be very close. Considering the
counts and volumes of the press-pack devices, IGBT drivers,
and cooling plates, the reliability and power density of 3L-
HB-VSC is 50% better than 3L-ANPC-VSC. Including the
VSC cabinet, the 3L-HB-VSC power density is expected to
be 25% more than 3L-ANPC-VSC.

CONCLUSION
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Special Tests for the Power Electronic Converters of Wind Turbine Generators
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Abstract -- Power electronic converters for wind turbines are
characterized by high specific power density and high
reliability. Special tests for such converters are performed in
order to determine the power loss and thermal models, which
are dependent of the load profile and converter structure. Two
multi-level medium-voltage source converter topologies, of the
3L-ANPC-VSC and 3L-HB-VSC type, are considered in the
paper. Both converters employ press-pack IGBT-diode pairs
and interface a 6 MW wind turbine to a medium voltage grid.
The power loss and thermal model data applicable for both grid
and generator-side VSCs is used to estimate the switch junction
temperatures through the simulation of wind turbine grid
interface operation. A discussion of the power density and
reliability of the grid-side VSCs with respect to press-pack
switches, gate driver, and cooling plate is included. A test set-up
for a single-phase full-scale 3L-ANPC-VSC being able to
emulate both grid and generator-side VSCs is also described.

Index Terms-- Press-pack IGBT, ANPC, HB, power loss,
thermal model, power density, reliability, wind turbine

1. INTRODUCTION

The number of multi-MW wind turbines with power
ratings larger than 2.5MW has increased significantly in
recent years [1]. As the grid regulations applicable to wind
turbines are becoming stricter, the issues related to the
interface between the wind turbines and the electricity grid
become more critical.

Medium voltage (MV) full-scale power electronic
converters represent an attractive choice for the high output
power ratings and for ensuring compliance with the grid
codes. This type of converters are generally realized as multi-
level (ML) voltage source converters (VSC) for improving
switch power losses, harmonic distortion, dv/dt, and common
mode voltage/current [2]. There are three main ML-VSC
topologies, which are neutral point clamped (NPC), flying
capacitor (FC), and cascaded H-bridge (CHB) [2]. For AC
drive applications, these topologies have been studied
extensively [2], [3]. Among ML-VSCs, 3L-VSCs have found
the highest interest because of their lower cost, higher power
density, and higher reliability due to less component count.
Among 3L-VSCs, 3L-NPC-VSC is the most prevalent in the
AC drive market [3]. As a relief for 3L-NPC-VSC’s inherent
problem of unequal power loss distribution, 3L Active NPC
(ANPC) with active clamping switches is formed (Fig. 1) [4].
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Being another 3L VSC, 3L-HB-VSC (Fig. 2) assures equal
power loss distribution inherently [5].

\

Fig. 2. Three-phase 3L-HB-VSC connected to a MV grid

Wind turbine applications demand higher power density
due to nacelle space limitation and higher reliability due to
high maintenance cost compared to AC drive applications.
Therefore, the switch technology selection in association
with the converter topology for wind application is more
critical. Among the state-of-the-art MV switches, the press-
pack IGBT appears to be advantageous over IGBT modules
and IGCTs regarding power density and reliability because it
possesses all the attributes of double-sided cooling, wire-
bondless contacts, snubberless operation, small gate drivers,
high switching frequency at rated voltage and current [6].

In addition to the converter topology and switch
technology, the switch thermal performance limits the
converter power density and reliability [4]. While the
maximum switch junction temperature determines the power
density, the switch junction temperature variations due to the
converter load profile determine the switch lifetime [7] and
thereby, converter reliability. In order to obtain these
temperature variations for quantifying power density and
reliability, the power loss and thermal models are required.



In this paper, press-pack IGBT based 3L-ANPC-VSC and
3L-HB-VSC’s power loss models are introduced. Next, the
static thermal models consisting of thermally resistive
elements are developed regarding the switch and converter
structure. Emulating both generator- and grid-side converters,
a test setup including a full-scale single-phase 3L-ANPC-
VSC is introduced to verify the power loss and thermal
models. These models are applied to the three-phase 3L-
ANPC-VSC and 3L-HB-VSC interfacing a 6MW wind
turbine with a grid on simulation and their switch junction
temperatures are obtained. Finally, the power density and
reliability of the grid-side VSCs are discussed comparatively
with respect to the junction temperatures and the components
including IGBT-diode pairs, cooling plates, and gate drivers.

1. POWER LOSS MODELING

The switching energy losses depend on IGBT/diode
current /¢/I; and voltage Veg/Vi, as well as stray inductance
L, of the IGBT/diode commutation path, IGBT gate
resistance Rg, and junction temperature 7; [8] as given in (1)
for turn-on loss. Besides, the conduction power losses depend
on I¢/Irand T; as given in (2) for IGBT.

Ean=fun(1(‘5VC£sT/sLa»RG) (1)
Broicor =1 Vegu (10»7;) 2)

Although P,,, data derived from manufacturer datasheets
given is quite directly usable, the switching energy loss data
cannot be directly usable because L, and R; used in
manufacturer tests may significantly deviate from the ones of
practical VSCs. Therefore, for switching loss modeling, the
double-pulse tests, which are standard tests for switch
characterization, are applied to the 3L-ANPC-VSC prototype
shown in Fig. 3 for the commutation paths with different L.
Experimentally obtained, Fig. 4 shows the switch voltage,
current, and power waveforms for /~=~2000A and
Ver=2500V. Using these waveforms, the switching loss
figures are collected for 7;=20°C. Moreover, these losses can
be fitted to the linear or quadratic linear functions of /¢/I for
E,,. In order to obtain the temperature dependent switching
loss data, these tests should be done for 7} between 25°C and
125°C. The experimental switching loss data and the linear
functions are shown in Fig. 5. For conduction loss modeling,
the conduction power loss functions at 25°C supplied by the
manufacturer as in (3) for IGBTs are used [9].

er,lGRT = IC(VT\)JGBT +rTJGET1F) (3)

Along with the electrical VSC simulation outputs Veg/ Vi,
Ic/ly, and duty cycles d obtained in Ansoft-Simplorer; the
power loss models utilize the switching energy loss functions
derived in the double-pulse tests and the conduction power
loss function parameters given in the datasheet. Thereby,
each switch’s switching energy and conduction power losses
are calculated simulation step-wise in simulation and
averaged over an electrical cycle as given in (4) for IGBTs.

The averaged loss figures for each IGBT/diode are fed to the
static thermal models. Without averaging, the loss figures can
be directly applied to the dynamic thermal models.

T {Tn

1
B ier = F Z (E,,[n]+ E.;// [n]+ P, csr[n]-T,,) (4)

e n=0

i 0.5KkA /div:

< 0.5k /di
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Fig. 5. Switching energy loss data and linear functions
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III.  THERMAL MODELING

Based on the physical placement of the press-pack devices
(switch or IGBT-diode pair) and cooler plates shown in Fig.
3, the static thermal model is built as in Fig. 6. Accounting
for the power loss flow through each side of the press-pack
device, the model represents the converter thermal behavior
realistically. The thermal resistance values are derived from
the data supplied by the manufacturer [5], [9], [10].

IV. TEST SETUP FOR MODEL VERIFICATION

The power loss and static thermal models can be verified
via the single-phase full-scale 3L-ANPC-VSC (Fig. 7 and 8)



with the parameters given in Table I. In the VSC, single-
phase power flow between the legs is formed by controlling
the leg b as a voltage source and the leg a as a current source
while the DC power supply compensates for only the system
power loss. Hence, this setup can be used for emulating both
generator and grid-side converter operations. For various
operating conditions, the simulated and measured case
temperatures can be compared for the model verification. For
example, the measured and estimated case temperatures of
the leg-b as generator-side converter is given in Table II at
Vpc=2500V, P=IMW, v',=1.7kVy,. In Fig. 9, the
waveforms at Vp=1250V, P=0.5MW, v*l,,,=850Vrms show the
leg-b emulating the generator-side converter.
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Fig. 6. Static thermal model of 3L-ANPC-VSC and 3L-HB-VSC

Fig. 8. Test setup photo
TABLEI

PARAMETERS OF THE TEST SETUP
Phase-to-neutral output voltage 1.7k Vs (S0HZ)
Power, P 2MW
DC bus voltage, Vper, Vocz 2500V

d L 450uH (10%)
C; i C L.ImF
PWM frequency, frm 1050Hz

TABLE I
MEASURED AND ESTIMATED CASE TEMPERATURES OF THE LEG-B

()] Tewckr | Teacans | Teackps | Teoeans | Teackps | Teaeans
Meas. 232 218 21.6 20.7 357 333
Estim. 277 26.6 243 227 375 37.1

i< Vkd /div Ip

Fig. 9. The leg-b output and switch voltage/current waveforms for generator-
side converter

V. SIMULATION RESULTS

The 6MW wind turbine grid connection with each VSC is
simulated via Ansoft-Simplorer using the parameters given in
Table III and the parameters in the previous sections. It
should be noted that the generator-side VSCs can also be
simulated if generator parameters are available. The voltage
and current output waveforms, which are almost identical for
both VSCs, are given in Fig. 10 for P=6MW and PF=1 at the
point of common coupling (PCC) with the grid. The power
loss distribution is illustrated in Fig. 11 for the three critical
PFs of 1, 0.9 inductive, and 0.9 capacitive. It is observed that
3L-HB-VSC has almost homogenous power loss distribution
among the IGBTs whereas the 3L-ANPC-VSC’s power loss
distribution can be better homogenized [4]. Besides, the total
power loss of each VSC varies around 45kW (1>0.99). The
power losses are expected to be higher in practice because
the junction temperatures shown in Fig. 12 are higher than
25°C where the switching power loss data are collected and
switching power loss tends to increase at high junction
temperatures. For 3L-ANPC-VSC, there is a temperature
mismatch between the outer TA1 and inner TA2 IGBTs by
almost 5°C for PF=I, however this mismatch can be
diminished by a finer modulation. In contrast to 3L-ANPC-
VSC, the temperature mismatch of 3L-HB-VSC is negligible.

TABLEIII
PARAMETERS OF THE WIND TURBINE CONNECTION SYSTEM

Grid line-to-line voltage 10KV s (50H2Z)
Transformer turns-ratio, N (Nj/Ngia) 0.3 (1:3.33)
Turbine rated power, Py 6MW

Power factor at PCC 0.9 ind. —0.9 cap. |
DC bus voltage, Ve 2500V
Transformer leakage inductance

(seen at converter lsgide), Lz 450uH (10%)
Grid ind Ls 2500pH (5%)
Filter inductor, Lp 5000uH (10%)
Filter capacitor, C 25pF (10%)
PWM frequency, frs 1050Hz
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Fig. 10. The reference voltage v", (black), inverter phase voltage v, (green),

inverter current i, (blue), line voltage v,, (red), and line current i, (grey)
waveforms of phase-a for 3L-ANPC-VSC and 3L-HB-VSC at PF=1

- TPF=1
W2k II:PF =09 ind.
Ug 10T PF = 0.9 cap.

Fig. 11. Turn-on P,, (blue), turn-off/recovery Poy/P.. (red), and conduction
P,y (green) power losses of the phase-a IGBTSs and diodes for 3L-ANPC-
VSC (top) and 3L-HB-VSC (bottom)
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Fig. 12. Junction temperatures 7; of the phase-a IGBTs and diodes for 3L-
ANPC-VSC (top) and 3L-HB-VSC (bottom)

VI. DISCUSSIONS ON POWER DENSITY AND RELIABILITY

The simulation results show that both VSCs perform very
close electrically and thermally. Therefore, the power rating
for both VSCs can be taken as the same. The 3L-ANPC-VSC
thermal performance can be slightly enhanced by a finer
modulation. Considering that both VSCs attain 7j,,,=75-
80°C at full-load, it can be stated that the IGBT lifetime due
to junction temperature cycling is very close. Regarding
semiconductors, gate drivers, and cooling plates, 3L-HB-
VSC requires 33% fewer components than the other.
According to the reliability calculation method using the
failure rate 1 of each individual VSC component [11], 3L-
ANPC-VSC results in 50% more A because the failure rates
are summed up as in (4) and (5) and therefore, 3L-HB-VSC
has 50% more mean time between failures (MTBF=1/ 7).

A = 186511000 +1 Sﬂ'galem ser ¥ 2T At )
j’HB = 12/11(;5r/dm.1f +12]’gandn\w +1 8/1‘5(./(-, )

Accounting only for the components mentioned above,
50% more power density of 3L-HB-VSC (83.3kW// vs.
55.5kW/I and assuming the power rating of 6MW)
expected. Also, the power density of the experimental 3L-

ANPC-VSC framed by the cabinet is 7.5kW//. Tt is expected
that the 3L-HB-VSC framed by a similar cabinet (with the
same capacitors) will have the approximate power density of
10kW/I, which means almost the 25% improvement.

VII.  CONCLUSION

In order to quantify power density and reliability based on
switch junction temperatures of the 6MW wind turbine MV
grid- and generator-side VSCs, the power loss and thermal
models are developed for 3L-ANPC-VSC and 3L-HB-VSC
utilizing press-pack IGBT-diodes. To verify these models,
the single-phase 3L-ANPC-VSC test setup is introduced and
experimental results are shown. Using the power loss and
thermal models, the switch junction temperatures are
obtained for the grid-side connection on simulation. Being
shown that both VSCs perform very close thermally, the
VSCs’ rated power and switch lifetimes are expected to be
almost the same. Regarding the counts and volumes of the
press-pack devices, gate drivers, and cooling plates, the
reliability and power density of 3L-HB-VSC is 33% better
than the other VSC. Including the VSC cabinet, the 3L-HB-
VSC power density is expected to be 25% more. A similar
power density and reliability study can be performed for the
generator-side VSCs as well by means of the developed
thermal models.
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Abstract -- With three different DC-side and AC-side
connections, the three-level H-bridge voltage source converters
(3L-HB-VSCs) are alternatives to 3L neutral-point-clamped
VSCs (3L-NPC-VSCs) for interfacing large wind turbines with
electricity grids. In order to assess their feasibility for large
wind turbines, they should be investigated in terms of power
density, which is one of the most important design criteria for
wind turbine converters due to turbine nacelle space limitation.
In this study, by means of the converter electro-thermal models
based on the converter characteristics, the power capabilities,
DC capacitor sizes, converter cabinet volumes of the three 3L-
HB-VSCs utilizing press-pack IGBTs are investigated in order
to quantify and compare the power densities of the 3L-HB-VSCs
employed as grid-side converters. Also, the suitable transformer
types for the 3L-HB-VSCs are determined and comparatively
studied in terms of volume and weight in order to estimate the
size effects of the 3L-HB-VSC topology on the whole wind
turbine connection system. Finally, based on the power density
and transformer-size investigations, the feasibility of each 3L-
HB-VSC is discussed.

Index Terms -- H-bridge, power capability, power density,
press-pack IGBT, three-level, transformer, voltage source
converter, wind turbine

1. INTRODUCTION

To grid-interface large wind turbines in multi-MW range,
which are increasing in number to meet the renewable energy
demand of modern society, full-scale back-to-back voltage
source converters (VSCs) in medium voltage range (MV) are
highly suitable since they ensure compliance with modern
grid codes, take part flexibly in ancillary grid-services, and
perform satisfactorily by controlling full turbine power at
decoupled generator and grid sides [1]-[4]. In design and
implementation of such full-scale VSCs, converter power
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density (due to wind turbine nacelle space limitation) and
reliability (due to high maintenance cost of remotely located
wind turbines) are considered as critical criteria.

In the MV converter market, three-level neutral-point-
clamped VSC (3L-NPC-VSC), 3L active NPC VSC (3L-
ANPC-VSC), and 3L neutral-point-piloted VSC (3L-NPP-
VSC) have been proven to be high power density and highly
reliable solution [4]-[7]. Employed in these 3L-NPC-VSCs,
press-pack insulated-gate bipolar transistors (IGBTs) and
integrated gate-commutated thyristors (IGCTs) are two
competitive switch technologies in terms of power density
and reliability.

As alternatives to the abovementioned 3L-NPC-VSCs, the
3L H-bridge VSCs (3L-HB-VSCs) can be realized as three
different VSCs using six 2L half-bridges (or 2L phase legs)
without any cascading as shown in Fig. 1-3 [8]-[13]. Despite
not having been employed widely, the 3L-HB-VSCs are
advantageous over the 3L-NPC-VSCs in terms of switch,
gate driver, cooler, etc. counts; however, the 3L-HB-VSCs’
DC bus capacitor count is strongly topology dependent [14],
[16]. Moreover, in contrast to the 3L-NPC-VSCs, the 3L-
HB-VSCs are 3-phase/6-wire systems at their AC sides;
therefore, isolation on either their DC or AC sides is required
in per-phase manner for proper converter operation.
Otherwise, there may occur circulating high frequency
currents among the phases, which may decrease the output
current power quality and cause extra stresses on switches.
Also, zero-sequence voltages, which are either generated for
increasing the modulation index limit by space vector
algorithms or resulted during faults, may cause undesired
zero-sequence current flow.



With respect to the way this isolation maintained among
the phases, the 3L-HB-VSCs are classified into three. First,
the 3L-HB-VSC with three Separate DC buses [like cascaded
H-bridges (CHBs)] is called 3L-HB/S-VSC in this study (Fig.
1) [17]. Since the isolation is maintained on the DC side, a
common neutral point at the AC side is formed by connecting
single wire of each phase and, the switching ripple filter and
the step-up transformer are applied conventionally. Next, the
3L-HB-VSC with a Common DC bus is called 3L-HB/C-
VSC in this study (Fig. 2) [8], [9]. The isolation is
maintained by the step-up transformer with isolated phase
windings (like open winding generators [4], [8]) at the AC
side and the switching ripple filter is placed at the
transformer grid-side where the system is 3-phase/3-wire.
Lastly, the 3L-HB-VSC composed of two three-phase 2L
full-bridge VSCs (2L-FB-VSCs) with Separate DC buses
forms so-called 3L-FB/S-VSC in this study (Fig. 3) [10]-
[13]. In order to sustain complete isolation among the phases,
the transformer and the switching ripple filter are applied the
same as 3L-HB/C-VSC. It should be noted that AC side
isolation is practical in large wind turbines since the step-up
transformers already utilized for MV power collector system
connections can be modified and the wind turbine generators
can be realized as open-winding generators.
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Fig. 1. Circuit diagram of 3L-HB/S-VSC connected to a MV grid
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Fig. 2. Circuit diagram of 3L-HB/C-VSC connected to grid a MV grid
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Fig. 3. Circuit diagram of 3L-FB/S-VSC connected to grid a MV grid

With the different DC bus structures and transformer
connections to accommodate for the isolations among the
phases, these 3L-HB-VSCs require different amount of DC
capacitance and transformer core material; therefore, the
converter cabinet volume, which includes the switch, gate

driver, cooler, and DC bus capacitor volumes, and the
transformer volume are expected to be influenced by 3L-HB-
VSC type. Hence, the power densities of these 3L-HB-VSCs
are influenced as well despite that the power ratings of all the
3L-HB-VSCs are the same. Since the power density is a
critical criterion in wind turbine converter design, the power
capabilities, cabinet volumes, and transformer volumes of the
3L-HB-VSCs should be investigated; hence, the power
densities of the 3L-HB-VSCs are quantified and compared in
order to assess the implementation feasibility of each 3L-HB-
VSC for large wind turbines. Although the transformer
volume is not incorporated into the converter power density
calculations in this study, the transformer size is important in
order to show the effect of the 3L-HB-VSC type on the
overall wind turbine grid connection system volume.

In this study, the converter power densities for the press-
pack IGBT 3L-HB-VSCs interfacing large wind turbines
with electricity grid are investigated by determining their
power capabilities, DC bus capacitor sizes, and converter
cabinet volumes by means of their converter electro-thermal
models. In this paper, first, the 3L-HB-VSCs are introduced
in terms of operating principles, pulse-width modulation
(PWM), DC bus capacitor size, switch power loss
characteristics, and physical structure. Secondly, the 3L-HB-
VSCs electrical performances are demonstrated by
simulations. Next, by means of the converter electro-thermal
models, the converter power capabilities, DC bus capacitor
sizes, and cabinet volumes are determined. Hence, the power
densities of the 3L-HB-VSCs are quantified and compared.
Moreover, the transformer volumes are investigated for the
transformer types suitable with each 3L-HB-VSC. Finally,
the feasibilities of these 3L-HB-VSCs for large wind turbines
are discussed based on their power densities, transformer
types, and other practical concerns.

1. 3L-HB-VSCs

The 3L-HB-VSCs are differentiated as 3L-HB/S-VSC,
3L-HB/C-VSC, and 3L-FB/S-VSC (Fig. 1-3) by the isolation
methods mentioned in the previous section. However, they
produce the output voltage at the levels of Vpe, 0, -Vpc,
which are produced by specific conduction paths depending
on output current direction and output voltage polarity
(assuming Vpc.ue=Vpe=Voci=Vpc). The transitions between
these conduction paths are driven by specific commutations,
which cause switching losses Ej,, classified as IGBT turn-on
E,,, IGBT turn-off £, and diode reverse recovery E,,,. losses
on switches [6]. The 3L-HB-VSCs can utilize the conduction
paths independently from the direction of i, by means of the
degree of freedom provided by the two 2L legs as shown in
Fig. 4. In this study, the utilizations of the conduction paths
with the commutations in the leg with TA1-DA1 and TA2-
DA2 are called Mode-I and the ones in the other leg are
called Mode-1I [15], [16].



Fig. 4. 3L-HB-VSC conduction paths for (left) Mode-I and (right) Mode-1I
(v'>0 and i,>0)

A. PWM

The PWM signals generated for 3L-NPC-VSC can be
applied to the 3L-HB-VSCs with appropriate mappings since
they share the same output voltage vector space [10], [15],
[16]. In this study, space vector PWM (SVPWM) with
carrier-based implementation is selected as a base 3L-NPC-
VSC PWM technique and the PWM signal mappings being
dependent on Mode are given in Table I, where d,;-dy, are
the 3L-NPC-VSC duty cycle signals [15], [16]. It should be
noted that the Mode transitions are allowed only at the
beginning of PWM periods, where both modes require the
same switches to conduct; hence, smooth Mode transitions
are guaranteed. In this study, the Mode sequence is set as the
consecutive and equal utilization of Mode-I and 1 (50%
Mode-I and II) for achieving equal switch utilization.
Besides, for 3L-FB/S-VSC, this PWM technique is needed to
be modified in order to balance the DC bus power flows, as
performed in [12].

TABLEI
PWM SIGNAL MAPPING
Mode-1 Mode-I1
V0 [ V<0 [ V>0 | viu<0

Ay dy di di dur
12118 /13 ” 1 13
13,18 /1s /13 13 m
4HB. 12 11 ! 2

B.  Converter Structure

The realization of the 3L-HB-VSCs in practice is critical
since the converter power losses, cooling performances, and
volumes have strong dependence on the converter structure.
In this study, the single-leg 3L-ANPC-VSC structure is
considered as a base converter structure and the single-phase
3L-HB-VSC is assumed to be built without the clamping
IGBT-diode pairs as shown in Fig. 5.

C.  Switch Power Loss Characteristic

Depending on the converter topology and operation
principles, the 3L-HB-VSCs have power loss characteristics
with respect to loss type and loss-experiencing switch. For
power loss modeling, these characteristics should be
identified and utilized [15]. For the 3L-HB-VSCs, the
switching energy losses experienced by each IGBT and diode
are tabulated in Table II and III depending on Vo is and
Mode. Similarly, since the conduction power losses are
calculated using switch conduction durations, the conduction
durations 7, of each switch of the 3L-HB-VSCs are given

as a function of the 3L-NPC-VSC’s duty cycles dy;-d4, and
the PWM period Tpy, in Table IV and V.

Fig. 5. Representation of (left) a single-leg 3L-ANPC-VSC structure and
(right) a simplified single-phase 3L-HB-VSC

TABLEII
SWITCHING ENERGY LOSSES FOR MODE-I
V>0 Va0
>0 i,<0 >0 <0
TAI-DAI By Ey Eree By Eog Free
TA2-DA2 Epe Fon Eur Epe Eon By
TA3-DA3 - - - -
TA4-DA4 - - B -
TABLEIII
SWITCHING ENERGY LOSSES FOR MODE-1I
V>0 V<0
>0 <0 >0 <0
TAI-DA1 - - - -
TA2-DA2 - - -
TA3-DA3 Erec Eo By Frec Eon Eup
TA4-DA4 Eo Ey Ep Eon Eog E.
TABLE IV
SWITCH CONDUCTION DURATIONS FOR MODE-I
V>0 v,,<0
i>0 <0 >0 <0
TA1 duTpwy 0 da2Tpwn
DA1 0 duTrwy 0 daoTrwn
TA2 0 dasTrwy 0 daiTrwn
DA2 | disTpyy 0 dyaTpwn
TA3 0 0 0 Tpwr
DA3 0 0 Tewn
TA4 Tpwa 0 0 0
DA4 0 Tewu 0 0
TABLEV
SWITCH CONDUCTION DURATIONS FOR MODE-11
Var>0 V<0
>0 i, <0 >0 i, <0
TA1 Tewut 0
DAl 0 Trwn 0 0
TA2 0 0 0 Tewut
DA2 0 0 Tpwa 0
TA3 0 dusTrwy 0 dasTrwn
DA3 | disTrwy 0 dasTrwy 0
TA4 | duTpyy 0 daTrwy 0
DA4 0 i Tpw 0 dioTpwn




D.  DC Bus Capacitor Size

The 3L-HB-VSCs’ DC bus characteristics reflect on DC
bus capacitor current and voltage. While the DC bus
capacitor current is associated with the capacitor power
losses, the capacitor voltage is related with the capacitor
voltage fluctuation. Being topology-dependent, the DC bus
characteristics are described for the 3L-HB-VSCs as follows.

Due to their different DC bus configurations, the 3L-HB-
VSCs have different DC bus currents as given in (1)-(3) for
3L-HB/S-VSC, in (4) for 3L-HB/C-VSC, and in (5) and (6)
for 3L-FB/S-VSC, where the duty cycles are of the 3L-HB-
VSCs. Using the DC bus current iy, for each 3L-HB-VSC,
the capacitor current i is calculated using the average DC
bus current, which represents the current fed from the
generator-side converter, as in (7) where 7, is the electrical
period (20ms for 50Hz operation). The RMS value of the
capacitor current /. and the DC bus voltage fluctuation are
calculated by (8) and (9). Calculating these two characteristic
values in the converter operating area, the DC bus capacitors
are dimensioned for a given capacitor type, which will be
performed in Section IV.

biemisa =l (dyy=d3) = iy +ipgs —ipy —ipy (1)
bie.misn =1y (dyy = dpy) = gy + gy — iy — gy 2)
b mwys.c =1 (dey =des) = iy +ires =ipey —ipes (3)
lpemre = i,(d g —d g)+iy(dy —dyy) +i.(dey —d;)
= lpgy gy Flgey g H gy iy )
~lpa ~pg ~iper =gy ~ipgs ~ipcs
e s = Ly +iydy +idey )

=lrgy F gy Flrer ~ g ~lpp ~lpey

e s = ~hgs —hdyy —ides

S (6)
= lrgs F gy Flres ~lpg ~lpgs Tlpes
T,
=1, i, where I, = Jiiar )
T
®)
7, =(/C) [i.dr ©)

III.  SIMULATIONS OF THE 3L-HB-VSCs

The 3L-HB-VSCs are simulated in Ansoft-Simplorer for
a wind turbine grid-side converter as shown in Fig. 1-3 with
the parameters given in Table VI. The power circuitries are
modeled in such detail that the converter electrical
performances regarding output voltages/currents and DC bus
voltages/currents are observed for showing the consistency
between the theory and the simulation results.

The steady-state output performances of the 3L-HB-VCSs
are demonstrated by means of the simulation results. For the

3L-HB-VSCs, the phase-a reference voltage V' converter
voltage v,,, converter current 7, grid voltage v, and grid
current iy, waveforms are shown for P=6MW and PF=1 in
Fig. 6-8. These waveforms are very close for all the converter
cases since the PWM signals are equivalently produced by
the utilized PWM method. Only, the output waveforms of
3L-HB/S-VSC differs significantly from the others since its
DC bus voltage fluctuates with larger magnitudes (at 100Hz
due to single-phase power flow) than the others, which can
be suppressed by adding more DC bus capacitance.

At the DC sides of the 3L-HB-VSCs, the DC bus voltage
and currents are shown in Fig. 9-11 for P<6MW and PF=1 at
steady-state. Although the 3L-HB-VSCs’ AC side voltage
and current waveforms are quite close to each others’, the DC
bus voltage and current waveforms are quite different due to
the difference in their DC bus configurations. Thus, 3L-
HB/S-VSC has large second (due to single-phase power
flow), 3L-HB/C-VSC has negligibly small sixth, and 3L-
FB/S-VSC has third harmonic voltage fluctuations. Also, 3L-
FB/S has half the fundamental frequency fluctuation, which
can be diminished by an extra effort in modulation as in [12].

TABLE VI
SIMULATION PARAMETERS OF THE 3L-HB-VSCS FOR THE WIND TURBINE
GRID-SIDE CONNECTION

Grid line-to-line voltage

10KV, (50HZ)

Transformer turns-ratio, N (Neon/Neria) 0.3 (1:3.33)
Turbine apparent rated power, S 6MVA
DC bus voltage, Vpc 2500V,
C: of 3L-HB/C-VSC, C 1.1mF
Capacitance of the other 3L-HB-VSCs, C 3.3mF

Transformer leakage inductance, Ly
(referred to the converter side)

Grid ind Ls

Filter inductor (at the converter side), Ly
Filter capacitor (at the converter side), C;
Filter inductor (at the grid side), Lr

Filter capacitor (at the grid side), Cr

450uH (10%)

2500H (5%)
450uH (10%)
225uF (10%)
50001H (10%)
25uF (10%)

PWM frequency, /o 1050Hz
ing time, 7 (double-update) 476.2us

Deadtime, T, 10us

Simulation time-step, Ty, Sus

IV. POWER DENSITY INVESTIGATION

In this section, the 3L-HB-VSCs’ power densities are
investigated by determining the converter power capability
and DC bus capacitor sizes, where the converter electro-
thermal models based on the converter characteristics (as
given in Section II), structure, and switch technology, are
utilized as elaborated in [15], [16]. Although the converter
volume is taken as the volume of the converter cabinet
including IGBT-diode pairs, gate drivers, cooling plates, DC
bus capacitors, and stack mechanical assembly, the
transformer sizes suitable for the 3L-HB-VSCs are
determined in order to assess advantage or disadvantage of
any 3L-HB-VSC for the whole wind turbine volume.



Fig. 6. The phase-a reference voltage v",,, converter voltage v,,, converter
current i,, grid voltage vy, and grid current i, waveforms for 3L-HB/S-VSC
at P=6MW and PF=1

Fig. 7. The phase-a reference voltage v',,, converter voltage v,,, converter
current i,, grid voltage v,,, and grid current i, waveforms for 3L-HB/C-VSC
at P=6MW and PF=1
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Fig. 8. The phase-a reference voltage v",,, converter voltage v,,,, converter
current i,, grid voltage vy, and grid current i, waveforms for 3L-FB/S-VSC

at P=6MW and PF=1
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Fig. 9. The phase-a DC capacitor current i., and voltage vpc, of 3L-HB/S-
VSC at P=6MW and PF=1
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Fig. 10. The DC capacitor current i, and voltage vpc of 3L-HB/C-VSC at
P=6MW and PF=1
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Fig. 11. The DC capacitor current i.; and voltage vpc; of the first full-bridge
(FB-I) of 3L-FB/S-VSC at P=6MW and PF=1

A.  Power Capability

By running the 3L-HB-VSCs’ electro-thermal model over
the real and reactive power (P, Q) coordinates, the converter
power capability is determined with respect to the limits of
switchable semiconductor current (2400A for 4500V-1800A
IGBT-diode pair), semiconductor junction temperature
(125°C), and converter output voltage (1.1Vp¢ being less than
the absolute modulation index limit of 1.16¥¢ to leave a DC
bus voltage margin for current control) [16]. As shown in
Fig. 12, the 3L-HB-VSCs’ operating area in PQ-plane is
mainly determined by the IGBTs’ junction temperatures and
the output voltage limits. Since the upper and lower IGBTs
are almost equally utilized by means of the PWM pattern
with equal Mode-I and /I, their junction temperatures limit
the power capability closely. It should be noted that the
diodes are not under significant thermal stress since the grid-
side wind turbine converter operates in inversion mode of
operation at high modulation index. Furthermore, in Fig. 13,
the power capability is expressed in both PQO-plane and the
plane of output apparent power and output phase angle (Sa-
plane), where S and « are defined in (10) and (11). In this
figure, the minimum apparent power sustainable for |a|<40°
(or PF>0.77) is indicated as the converter apparent power
rating (6.9MVA) and the maximum real power (at PF=1) is
indicated as the converter real power rating (7.2MW).

S=\P+0? (10)
a=tan"'(Q/P) (11

B.  DC Bus Capacitor Sizing

For DC capacitor sizing, the capacitor RMS current /. due
to the capacitor power loss limitation and the capacitor
voltage peak-to-peak ripple V., due to the converter
modulation index limitation are taken into account. Given
that the 3L-HB-VSCs utilize the capacitors with C,,,; being
able to sustain /., the I-limited number of per-phase
capacitors 7;,, and the vg-limited number of per-phase
capacitors n,,, are determined by (12) and (13) where the
brackets denote the arithmetic ‘ceil’ function and the VSC
topology-dependent constant kysc is ‘17 for 3L-HB/C-VSC,
<2’ for 3L-FB/S-VSC, and ‘3’ for 3L-HB/S-VSC.
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Using the DC bus characteristic currents of the 3L-HB-
VSCs given in (1)-(6) along with the converter electrical
model, 7, and V., are acquired on the power capability
borders. Employing (12) and (13), DC bus capacitor sizes
and counts are obtained by using the employed capacitor’s
parameters of C,,;=220uF and I.,,,~40A [18] and by taking
Vete,pprtim=250V (10%) (Vg pp,iim s taken as 500V for 3L-HB/S-
VSC). On the power capability border, the / -limited and the
vg-limited per-phase capacitor counts for each 3L-HB-VSC
is shown in Fig. 14. In this figure, the converter operation
within |a|<40° (or PF>0.77) is considered to be determining
the DC capacitor count. Table VII summarizes the minimum
capacitor counts and capacitances for the 3L-HB-VSCs.
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Fig. 14. Per-phase /.-limited (17;,,;) and v,.~limited (n,,,) numbers of DC
capacitors for the 3L-HB-VSCs

C.  Converter Cabinet Volume

The placement of the converter stack (with the two 2L
stacks positioned on the top of each other), gate drivers,
cooling manifold, and DC capacitors in the converter cabinet
of the 3L-HB-VSCs is depicted via the top view of the
single-phase 3L-HB-VSC cabinet as shown in Fig. 15. Of the
cabinet dimensions, the depth varies by Ax~15cm depending
on the capacitor count (the depth is equal to 78cm with the
capacitor positions 1-6) whereas the height and width are
kept constant as 120cm and 55cm. For example, the capacitor
positions 1-8 are occupied for 7,,=16 and the depth becomes
93cm (78cm+Ax) inspite of an empty capacitor position;
hence, the cabinet volume becomes 615/. In Table VII, the
per-phase and total cabinet volumes (¥, and V,,) of the 3L-
HB-VSCs are summarized.

TABLE VII
CAPACITOR SIZES AND CABINET VOLUMES

Ty Cpi (UF) Vo (D) Vi (D)
3L-HB/S-VSC 33 33x220 915 2745
3L-HB/C-VSC 7 7x220 515 1545
3L-FB/S-VSC 10 10x220 515 1545

Capacitors <+ Ax—>

Cooling M ld
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Stack 02 @ 6

Gate Drivers

elets

DC Busbar

Cabinet

Fig. 15. Top view of the 3L-HB-VSCs’ cabinet



D.  Power Density

Using the converter apparent and real power ratings and
the converter volume, the power densities of each 3L-HB-
VSC is tabulated in Table VIII. 3L-HB/C-VSC and 3L-FB/C-
VSC result in the same power density (4.5kVA/I), which is

77% higher than the 3L-HB/S-VSC’s power density
(2.5kVA/I).
TABLE VIII
POWER DENSITY COMPARISON OF THE 3L-HB-VSCs
P S Volume Power d. Power d.
MW) | (MVA) ) (kW/D) (KVA/)
3L-HB/S 7.2 6.9 2745 2.6 25
3L-HB/C 72 6.9 1545 4.7 4.5
3L-FB/S 7.2 6.9 1545 4.7 4.5

E.  Transformer Size

Although the transformer volume is not incorporated in
the converter power density calculations in this work, the
transformer size is studied in the following in order to show
the effect of the 3L-HB-VSC type on the transformer volume
and thereby the wind turbine grid connection system volume.

There are three transformer types applicable to the 3L-
HB-VSCs, 3-phase/3-limb, 3-phase/5-limb, and three single-
phase/3-limb as shown in Fig. 16-18. The first transformer
type, which is applicable to 3L-HB/S-VSC as well as to the
conventional 3L-NPC-VSCs, is not suitable for 3L-HB/C-
VSC and 3L-FB/S-VSC because it has no magnetic path
(other than transformer cabinet walls) for zero-sequence flux,
which is generated due to zero-sequence voltage applied to
the transformer terminals due to space vector modulation or
faults; therefore, the last two transformers including zero-
sequence flux paths can be used for these two VSCs [19].

Using the dimensions of a, b being window height and ¢
being thickness and assuming that the same amount of
windings is utilized, the transformer volumes are calculated
by (14)-(16). Also, their core weights are given in (17)-(19)
where e (in kg/m®) is the core material density. Moreover,
their windings are assumed to weigh the same by W, For
a=0.35m, b=1.35m, and ¢=0.4m given for the 6MVA and
3kV ratings, the transformer volumes and weights are given
in Table IX. For these dimensions, the volumes and weights
of 3-phase/3-limb and 3-phase/5-limb transformers are close;
therefore, the effect of the 3L-HB-VSC type on the
transformer volume can be considered negligible. Weighing
33% more than the others (core-wise), the 3 single-phase/3-
limb transformers are expected to have limited usage.

Vi = 12(abc +2a’b +4a’c +8a’) (14)
Vi = 14(abc +2a’b +2d%c +4a’) (15)
Vi = 18(abc +2ab+2a’c +4a’) (16)
Wi = (6abc+40a’c)p,,,. (17)
Wi eore = (8abc+28a%c)p,,.. (18)
W, stmbeore = (12ab6+36a26)pm, (19)

TABLE IX
VOLUME AND WEIGHT OF THE TRANSFORMERS FOR 6MVA AND 3KV
3-phase 3-phase 3 x Single-phase
/3-limb /5-limb /3-limb
V () 124 108 13.9
Weore (kg) 3.1pcore 2.9pcore 4.0peore
Wi (kg) Woandgt31poore Woindgt2.9Pcore Wonat4-0peore

ne

2a a ®

Fig. 18. Single-phase/3-limb transformer’s front and side views

V. DISCUSSIONS ON THE FEASIBILITY OF THE 3L-HB-VSCs

Among the 3L-HB-VSCs, 3L-HB/S-VSC has the lowest
power density due to its very large DC capacitor count.
Moreover, the large count results in lower mean time
between failures (MTBF); thereby, low reliability in this
respect. Thus, its application is expected to be strictly
hindered. On the other hand, the other two 3L-HB-VSCs are
considered to be feasible as their power densities and MTBF-
wise reliabilities are reported to be competitive with the 3L-
NPC-VSCs in [16].

Requiring identical transformer connection and with the
same power density (for the converter structure with the
given DC capacitor type in this study), 3L-HB/C-VSC is
advantageous over 3L-FB/S-VSC such that the former
requires fewer capacitors (30% less) than the latter (i.e.
higher MTBEF, higher reliability, lower cost). Also, the
former, with the single DC bus, does not have DC bus power
balance problem; therefore, its PWM algorithm and control



are less complex than the latter’s.

For 3L-HB/C-VSC and 3L-FB/S-VSC, the 3-phase/6-wire
AC-side connection requires a 3-phase/5-limb transformer
instead of a standard 3-phase/3-limb transformer and a
switching ripple filter being placed in the grid-side of the
transformer instead of the converter-side. Therefore, the
electrical, magnetic, and thermal designs of the transformer
and the switching ripple filter components (filter inductors,
capacitors, resistors) should be investigated despite that the
volumes and weights of the two transformer options have
been found close regarding only fundamental frequency
quantities in this study. Component-wise, possible design
issues are as follows. First of all, the transformer should be
redesigned considering the core losses associated with the
converter current and voltage harmonics (at the multiples of
the switching frequency). Next, the filter inductor and
capacitor should be resized considering the transformer turns-
ratio. It should be noted that their construction technologies
may be different due to the voltage elevation (e.g. more
isolation may be needed); hence, their volumes are expected
to be different from the standard filter components’ volumes.

To summarize, 3L-HB/S-VSC is found infeasible due to
its large DC bus capacitor requirement despite its
conventional transformer and switching ripple filter. Having
competitive performance, power densities, and reliabilities
with the commonly-utilized 3L-NPC-VSCs, 3L-HB/C-VSC
and 3L-FB/S-VSC are found to be feasible for employment
as grid-side wind turbine converters; however, their
transformers and switching ripple filters should be designed
according to their non-standard AC side connections, which
may also draw other practical concerns unaddressed in this
study.

VI. CONCLUSIONS

In this study, the press-pack IGBT 3L-HB-VSCs applied
as the grid-side converters of large wind turbines have been
investigated in terms of power density and transformer
volume in order to assess the feasibility of the 3L-HB-VSCs.
Therefore, first, the 3L-HB-VSCs were identified with their
DC- and AC-side connections and their electro-thermal
characteristics were elaborated in order to serve the
theoretical basis for their electro-thermal models required for
conducting the power density investigations. As a result of
these investigations, the converter power capability, volume,
and power density have been acquired for each 3L-HB-VSC.
Besides, the transformer type required for each 3L-HB-VSC
has been studied in terms of volume and weight. Finally, the
feasibilities of the 3L-HB-VSCs to be employed as wind
turbine grid-side converters have been discussed regarding
converter power density, transformer type/design, switching
ripple filter design. As a result of the discussions, the 3L-
HB/C-VSC and the 3L-FB/S-VSC were found feasible
provided that the design issues related with the transformer
and the switching ripple filter are resolved.
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Abstract — Reliability is a critical criterion for multi-MW
wind turbines, which are being employed with increasing
numbers in wind power plants, since they operate under harsh
conditions and have high maintenance cost due to their remote
locations. In this study, the wind turbine grid-side converter
reliability is investigated regarding IGBT lifetime based on
junction temperature cycling for the grid-side press-pack IGBT
3L-NPC-VSC, which is a state-of-the art high reliability
solution. In order to acquire IGBT junction temperatures for
given wind power profiles and to use them in IGBT lifetime
prediction, the converter electro-thermal model including
electrical, power loss, and dynamical thermal models is
developed with the main focus on the thermal modeling
regarding converter topology, switch technology, and physical
structure. Moreover, these models are simplified for their
practical impl in P ion platforms. Finally, the
converter lifetimes for wind power profiles are predicted using
the IGBT lifetime model ilable. Hence, the developed electro-
thermal model’s suitability for the lifetime predictions is shown.

Index Terms — Electro-thermal model, lifetime, neutral-point-
clamped, press-pack IGBT, reliability, thermal model, three-
level, voltage source converter, wind turbine

1. INTRODUCTION

Multi-MW wind turbines are becoming more preferred for
bulk wind energy harvesting in wind power plants [1].
Meanwhile, the electricity grid codes for wind power plants
have become strict; therefore, full-scale power electronic
converters, which ensure compliance with grid codes by
processing all wind turbine power, have become more
attractive [2]-[5]. These full-scale converters are required to
be high power density due to turbine nacelle space limitation
and be highly reliable due to high maintenance cost of
remotely located wind turbines operating under harsh
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conditions. Therefore, medium voltage (MV) converters are
more preferable due to their smaller footprint, less cabling
cost, and less component count compared to parallel low
voltage converters [5]. For regenerative MV applications,
three-level voltage source converters (3L-VSCs) are mostly
preferred due to improved switch power loss, harmonic
distortion, dv/dt, etc. compared to two-level VSC (2L-VSC).
Being proven to be high power density and highly reliable
solutions, they have found the highest practical and
commercial value in the MV-VSC market [2]. They are
classified as 3L-NPC-VSC (Fig. 1) with diode clamping, 3L
active NPC VSC (3L-ANPC-VSC) with active switch
clamping, and 3L neutral-point-piloted VSC (3L-NPP-VSC)
with anti-series clamping switches [6]-[8].

Switching

Step-
Ripple P w
Transformer Grid
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i e
Fig. 1. Three-phase 3L-NPC-VSC dtoa MV grid

Among the state-of-the-art switches suitable with 3L-
NPC-VSC, press-pack insulated-gate bipolar transistors
(IGBTs) are advantageous over IGBT modules and
competitive with integrated gate-commutated thyristors
(IGCTs) in terms of power density and reliability since press-
pack IGBTs possess the attributes of double-sided cooling,
wire-bondless contacts, snubberless operation, small/simple



gate drivers, high switching frequency at rated voltage and
current [9]. Consequently, 3L-NPC-VSC with press-pack
IGBTs can be qualitatively considered to be high power
density and reliability solution for wind turbines.
Nevertheless, this solution should be quantitatively assessed
with respect to power density and reliability.

Being one of the most important criteria for wind turbine
converters, converter reliability (or lifetime) should be
predicted in converter design considering severely fluctuating
electrical operating conditions of wind turbines. For
converter reliability predictions, the two main approaches
being based on empirical-based models and physics-of-
failure models can be applied [10]. The first approach uses
statistical failure rates of each individual system component
in failure in time of 10°-hour (FIT) regardless of any failure
causes and predicts the system’s failure rate with respect to
the component count and connection type [11]. The second
approach uses component physics-based failure models to
predict converter lifetime regarding a specific failure
mechanism, which is mostly defined on switches and
capacitors, and stressing factor, which is mostly related with
temperature variation in time [12], [13].

In MV range switches, the most severe failure mechanism
is related with temperature cycling on semiconductor chips
due to their dynamical loading, provided that their safe
operating area (SOA) limits are well respected and their
cosmic radiation related device failure rate is kept at 100FIT
by applying rated continuous DC bus voltage [14]. For IGBT
modules, thermo-mechanical stresses on wire bonds due to
junction temperature cycling and on substrate-base plate
joints due to case temperature cycling are main stressing
factors for device failures [15]. In contrast, press-pack
switches such as gate turn-off thyristors (GTOs), IGCTs, and
press-pack IGBTs do not suffer from these failure
mechanisms because vertically and evenly applied high
pressure maintains tight contacts between the device layers
without wire bonds and minimizes thermo-mechanical
stresses between the layers. In GTOs and IGCTs, the plastic
deformation of cathode metallization in relation with junction
temperature cycling is identified as the failure mechanism
[16] whereas the deformation on molybdenum chip contacts
due to junction temperature cycling is suspected as a failure
mechanism for press-pack IGBTs [17].

In order to predict switch lifetime, a junction temperature
cycling data set corresponding to a specific converter mission
profile (or loading profile) is applied to the switch lifetime
model given as a function of junction temperature cycling
[12]. For acquiring this cycling data, temperature cycling
counting algorithms such as rain-flow methods are applied to
the junction temperature data [12], [18]. This temperature
data can be acquired via measurements or estimations. The
measurement methods are via thermocouples, infrared
cameras, and IGBT on-sate voltage Vg, measurement [19].
Among them, only the last method is promising to be applied

without intruding device packaging (package intrusions may
be impractical for a real, fully scaled converter, especially
when using press-pack switches) whereas it requires that
voltage-to-temperature conversion ratio are accurately tuned.
Alternatively, the junction temperatures can be estimated via
the converter electro-thermal models comprised of electrical
models, power loss models, and thermal models. Already in
literature, converter electro-thermal modeling has been
reported for the purposes of observing converter electro-
thermal behavior [20] and condition monitoring for reliability
[21] as well as predicting reliability [12], [13], [22].

In this study, the converter electro-thermal model
including electrical, power loss, and dynamical thermal
models is developed with the main focus on the thermal
modeling regarding converter topology, operating principles,
switch technology, and physical structure (Fig. 2) for a press-
pack IGBT 3L-NPC-VSC interfacing a 6MVA wind turbine
with a MV grid (Fig.1). Using the 3L-NPC-VSC electro-
thermal model, the switch junction temperatures are acquired
for given wind power profiles and then, utilized in lifetime
predictions.

P
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Fig. 2. Single-leg structure of 3L-(A)NPC-VSC: (left) realized and (right)
simplified representations

In this paper, first, the electrical and power loss modeling
of 3L-NPC-VSC with press-pack IGBT-diode pairs is
performed for a 6MVA wind turbine grid connection.
Secondly, the dynamical thermal models of each IGBT-diode
pair, each cooling plate, and the overall converter are
developed in such a way that their practical implementations
are favored. Via the simplifications on the overall converter
thermal model, the easy-to-implement junction temperature
expressions are derived for lifetime prediction studies. For a
sample wind power profile, the successful utilization of the
developed electro-thermal model is demonstrated such that
the junction temperatures are acquired practically on
computing software. Hence, the converter lifetime, which is
the most thermally stressed switch’s lifetime, is predicted by
means of the IGBT lifetime model applied to the junction
temperature cycling data.

II.  ELECTRICAL AND POWER LOSS MODELING

The 3L-NPC-VSC'’s electrical model based on the single-
line diagram and phasor analysis is built for calculating



converter output voltage and current at steady-state. The
power loss model based on the converter operation principles
and structure is used for calculating each device’s switching
and conduction losses corresponding to the sampled
converter voltage and current at each PWM period Tpyy,. The
averaged total power loss over an electrical cycle 7, is fed to
the dynamical thermal model. It should be noted that the
electrical and power loss models developed for steady-state
operation are suitable for the lifetime studies in this paper
since the wind power profile is updated at each 7, and the
grid-side converter under investigation is able to reach
steady-state within 7, under dynamical conditions.

A.  Electrical Modeling

The electrical model is based on the simplified single-line
diagram of the wind turbine grid connection in Fig. 3. For
any real and reactive power flow (P, Q) via the point of
common coupling (PCC), the converter phase voltage V.,
and current /,,,, are calculated through the phasor analysis. It
should be noted that any resistive components, any power
losses, and transformer magnetizing branch are neglected in
this analysis for the sake of simplicity; however, they can be
included to this model conveniently if needed. Using the
phasors V., and I, the converter phase-a instantaneous
reference voltage V', and current i, are obtained. For power
loss calculations, the converter output voltage and current
values are sampled at each PWM period Tpyy, (v*“,,[n] and
i[n] for n=0, 1, ..., N=T.,/Tpyr1) as demonstrated in Fig. 4.
The electrical modeling details are given in [23].

B.  Power Loss Modeling

The power loss model is developed based on the
converter’s switching energy loss and conduction duration
characteristics given in Table I and II (elaborated in [23]) and
the switching energy and conduction power loss functions.
To form the switching energy loss Ej,, functions, switching
IGBT/diode current I/Ir and commutation path stray
inductance L,, and junction temperature 7; are taken into
account whereas switching voltage Veg/Viy (*Vpc) and IGBT
gate resistance R are constant as given in (1) for £, [18]. In
this study, the utilized E,,, E,; and E,.. functions are
represented as the quadratic functions of the switching
current I, (=I¢c or Ir) as given in (2) with the parameters in
Table III for L,; and L,y [23]. It should be noted these
functions are derived based on the experimental switching
voltage and current results collected from double-pulse tests
conducted at Ic/Ir =0-2.4kA and T~20°C as explained in
[23]. Also, the conduction power loss P,,, can be represented
as in (3) for IGBTs with the parameters V7 7=1.81V and
rr7=1.33mQ (V79p=2.43V and r7p=0.93mQ for diodes) [25].

E, =f,UcT;,L,) 1)
E,=a,+al, +al, @
Py = 1(‘(VTD.T +rT.T]c) (3)
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Fig. 4. Output voltage and current for 3L-NPC-VSC at P=1.25MW, PF=1

TABLEI
SWITCHING ENERGY LOSSES WITH L, FOR 3L-NPC-VSC
V>0 V<0
>0 <0 >0 <0
TAI-DAI E,. E, Eree - -
TA2-DA2 - - Eon Eo -
TA3-DA3 - E,.E, - -
TA4-DA4 - - E EoE,
DAS E. - B -
DA6 - - - Ejec
L, Lo Loy Lon Loy
TABLEII
SWITCH CONDUCTION DURATIONS FOR 3L-NPC-VSC
V>0 V<0
i,>0 i,<0 i>0 i,<0
TAL day Tpwyr 0 0
DAl 0 i Tewn 0 0
TA2 Trwy 0 diTrwy 0
DA2 0 duiTrwar 0 0
TA3 0 dasTrwar 0 Tpwy
DA3 0 0 dadTpwn 0
TA4 0 0 0 diTpwy
DA4 0 0 daaTpwn 0
DAS | dusTrwy 0 diTrwu 0
DA6 0 dusTrwn 0 diTrwy
TABLEIIT
SWITCHING ENERGY LOSS FUNCTION PARAMETERS
Eoy Eoy Erec
Loy | Loy | Lop | Loy | Loy | Low
a (1) 0.36 035 | 0.51 0.76 0.49 | 0.20
a (J/A) 1.9m | 1.6m | 2.6m | 1.8m | 0.9m | 0.5m
a, (JJA”) | 912n | 422n | 50n | 538n 0 0

Each IGBT’s and diode’s switching and conduction power
losses for each Tpyy, are obtained using E,, and P,
functions along with Table I-III, where d,;.4 are the duty
cycles of the phase-a IGBTSs. Next, they are averaged over an
electrical cycle 7, as given in (4) for IGBTs. In order to
obtain 7; of each IGBT and diode, the average power losses
P;rand P are fed to the thermal model.

1 V=Lt
Br=7 Z (E,[n1+E, [0+ T, [n]-P,,;[n])  (4)



III.  THERMAL MODELING

The converter thermal model consists of the IGBT-diode
pairs, cooling plates, and cooling system thermal models. For
practical implementations, the thermal model is simplified
and its analytical solutions for junction temperatures are
deduced in this section.

A.  IGBT-Diode Pair

A press-pack IGBT-diode pair is composed of IGBT and
diode capsules as shown in Fig. 5 (left) [9]. In 4500V-1800A
press-pack IGBT-diode pairs (T1800GB45A) [25], there are
30 IGBT and 12 diode capsules. Assuming electrically and
thermally identical IGBT capsules and identical diode
capsules, they can be aggregated into an IGBT capsule and a
diode capsule as shown in Fig. 5 (right). The aggregated
IGBT is thermally modeled as a Cauer Network such that
each layer is represented by a thermal resistance R, and a
thermal capacitance Cj, (Fig. 6, top). Being dependent on
device construction, the numbers of collector-side and
emitter-side layers are 9 and 13, which results in quite
complex model for both analytical solutions and numerical
calculations; therefore, the thermal model is reduced to a
Foster Network with three layers at the collector and emitter
side (Fig. 6, bottom), which is easier to solve. For the
reduction, each side is handled separately by disregarding the
other side completely in order to decouple the emitter and
collector side models [23]. The reduced Foster-type IGBT
and diode thermal model parameters are given in Table IV
and V. In Fig. 7, the thermal impedance Z,, curves, as defined
in (5), for the IGBT collector and emitter sides show very
close matching between the complex Cauer-type and the
reduced Foster-type models. Also, the Z,, curves for double-
sided cooling prove that the decoupling of emitter and
collector sides in the Foster Network does not cause any
significant loss of information from the Cauer-type model.

Z,(0)=(T,0)-T,,)/ B, S

Collector — Cathode Side

T ] [ - 7

T T T T
[1GBT Die | [ Diode Die

I 1 I 1

L ] [ ]

1 i -
Emitter — Anode Side

Fig. 5. Representation of (left) T090052E IGBT in exploded view [9] and
(right) an aggregated IGBT and diode in a press-pack

B.  Cooling Plate

Aluminum nitride (AIN) ceramic-based cooling plates
(XW180GC34A-B) as shown in Fig. 8 are employed for
sinking power losses of press-pack IGBT-diode pairs [26].
As shown in Fig. 2, they are either single-side contacted to a
press-pack (in side cooler position) or double-side contacted
by two press-packs (in middle cooler position). Compared to

aluminum cooling plates, AIN ceramic cooling plates do not
require deionized cooling water but necessitates busbars for
maintaining electrical contacts since AIN ceramic material is
thermally conductor but electrically insulator.

R,

th.c9 Ih el lh el lh el3
Lae = _ == = AL 0

Cires| Cinel m,/ZT Cii /2 '|'C,,, Cm.z

l 7
Lo Collector Side Emitter Side
sl —ml

R Ruc Ria T, Rua  Rio Ry

i

Coa Ca p

Collector Szde

Chra Cha Coes

Emitter Side

Fig. 6. IGBT thermal model as (top) a Cauer Network and (bottom) a 3-layer
Foster Network
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Fig. 7. IGBT thermal impedance Z;, curves
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Busbar

[IGBT-Diode
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Fig. 8. AIN ceramic cooling plate (left) physical [32] and (right) simplified
representations

Within the cooling plates, there are three types of heat
flow to be modeled, which are from the press-pack case to
water through the cooling plate, within the cooling plate
water, and between the cooling plate top and bottom surfaces
through the plate sidewall. It should be noted that heat flow
from cooling plate side surfaces to ambient air is neglected.
Corresponding to the double-side-contacted cooling plate
shown in Fig. 8, the thermal model composed of single R,-
C,;, pairs for each heat flow is demonstrated in Fig. 9 (left).
Also, in Fig. 9 (right), the single-side-contacted cooling plate
model is shown, where the sidewall heat flow is included in
the heat flow through the plate. Dependent on the water flow



rate v, the cooling plate’s thermal resistances are given in (6)
and (7) [26]. In Table VI, the cooling plate thermal model
parameters are listed as deduced from [26] in [23].

Ry =Ry t Ko /v ©
R,, =K, /v o
Tlu,l
(4
Ceir R
‘ 1
Cp.i SR
T,

Fig. 9. Thermal models of (left) double-side- and (right) single-side-
contacted cooling plates

TABLE IV
IGBT THERMAL MODEL PARAMETERS

Collector-side thermal resistance, Ri,cs 3.72K/kW
Collector-side thermal resi Rier 2.18 K/kW
Collector-side thermal Ries 7.97 K/IkW.
Emitter-side thermal Rijper 3.72 K/kW
Emitter-side thermal Riyer 6.75 KIkW.
Emitter-side thermal Ripes 9.97 K/kW
Collector-side thermal capacitance, Cye/ 1.03 /K
Collector-side thermal i Ciner | 31.02J/K
Collector-side thermal Cihes 46.65 J/K
Emitter-side thermal Ciper 1.05 J/K
Emitter-side thermal Cihez 8.80 JJK
Emitter-side thermal cap Cines 79.41 J/K
TABLE V
DIODE THERMAL MODEL PARAMETERS
Cathode-side thermal resistance, Ry, 5.69K/kW
Cathode-side thermal resi: Rz 3.95 K/kW
Cathode-side thermal resistance, R 13.56 K/IkW
Anode-side thermal Riar 6.36 K/IkW
Anode-side thermal Ry 13.79 K/kW.
Anode-side thermal Riaz 22.43 K/IkW.
Cathode-side thermal Cpr__| 0.38J/K
Cathode-side thermal Coe | 11.72TK
Cathode-side thermal Cunis 17.96 J/K
Anode-side thermal Cial 0.40 J/K
Anode-side thermal Cihar 3.81J/K
Anode-side thermal Cipaz 29.98 J/K.
TABLE VI

COOLING PLATE THERMAL MODEL PARAMETERS

Plate-to-water thermal at v=0, Ry.con 6.2 K/IkW
P.-to-w. thermal res. const. for side plates, K, ../ 42 K-//kW-min
P.-to-w. thermal res. const. for middle plates, K,,> | 60 K-/kW min
P.-to-w. thermal cap. for side plates, Cycor 2776.8 J/K
P.-to-w. thermal cap. for middle plates, Cyycar 23735 /K

Plate water thermal resi: constant, K, ,, 14.4 K-I//kW-min
Plate water thermal i Ci 1086.8 J/K
Plate sidewall thermal Ripow 72.3 K/kW
Plate sidewall thermal capacitance, . 107.6 J/K

Water flow rate through cooler plates, v 5-10 //min

In addition to the IGBT-diode pairs and the cooling plates,
the cooling system is represented by a thermal impedance
Znes and an ideal temperature source keeping the cooling
water temperature constant at 7,,. However, the converter
power loss is small portion of the total loss handled by the
wind turbine cooling system; therefore, negligibly small Ry, .,
and big Cy. (compared to the thermal parameters of the
IGBT-diode pairs and plates) can be omitted in the modeling.

Consisting of the developed dynamical thermal models of
the press-pack IGBT-diode pairs, the cooling plates, and the
cooling system, the dynamical thermal model of the single-
phase leg of 3L-NPC-VSC is built as in Fig. 10.

TA3
DA3(IDAS

P Zl/l col!

1.012

TA4
DA4||DAG|

T,

Z,

th,sw

Fig. 10. Dynamical thermal model of the converter phase-a leg

C.  Thermal Model Simplification

The developed converter dynamical thermal model is
simplified in order to derive analytical solutions for the
junction and case temperatures. As shown in Fig. 10, the
thermal model has couplings at the switch junctions, on the
press-pack cases, in the cooling manifold, and through the
middle cooling plates, which make the thermal model
analysis difficult. In order to ease the analysis, the thermal
model is simplified by decoupling efforts as follows.

First, the power losses at the IGBT and diode junctions are
divided into two power loss terms as shown in Fig. 11 and
12. Secondly, the junction temperatures are calculated for
each side separately by using the power division multipliers
krcks kro,cks k71 000 aNd k7o e, (varying around 0.4-0.6) based on
the thermal resistance ratios (as explained in [23]). However,
due to the inevitable error in the power division, the junction
temperature calculated at each side differs. In order to reach a
single junction temperature, the two junction temperatures
are averaged as given in (8). The validity of this
simplification is shown via an example with an IGBT cooled
from two sides by two cooling plates where P;=4kW,
To=Tmy=55°C, and v=8//min. The results obtained via
simulating the coupled and decoupled models on a circuit
simulator in Fig. 3.13 show that the averaged 7 of the
decoupled thermal model is closely match with the 7} of the
coupled model. Also, the case temperatures are mostly in
accordance apart from negligible 1°C steady-state error.

T,JM = (T,,m,u +T,.w.eu ) 2 (8)
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Fig. 11. Simplified dynamical thermal model of the collector-cathode side of
the TA1-DA1 pair
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Fig. 12. Simplified dynamical thermal model of the common sides of the
TAI1-DA1 and TA2-DA2 pairs with the simplified sidewall heat flow
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Fig. 13. Junction and case temperatures for IGBT thermal models with
coupled and decoupled sides

It should be noted, in Fig. 12, that in order to further
simplify the thermal model where the middle cooling plate is
utilized by two IGBT-diode pairs, the sidewall impedance of
the cooling plate is converted to a power source with the
amplitude given as (9) considering the thermal resistance
ratio of the cooler plate and the sidewall [23]. The validity of
the plate sidewall heat flow simplification is shown via an
example with two IGBTs TAl & TA2 where P;ry=4kW,
P 7=0kW, T,~T,,=55°C, and v=8//min. The results
obtained via the circuit simulator show that the simplification
for the sidewall heat flow gives closely matching 7; and 7.,
compared to the circumstance where the plate sidewall
thermal model is used (Fig. 14). It should be noted that the

errors on 7; and T, when the sidewall model is omitted are
significant.
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Fig. 14. Junction and case temperatures for the IGBT thermal models with
the modeled, simplified, and omitted sidewall heat flow

D.  Analytical Solution

Following the model simplifications, the junction
temperatures are represented by (8), (10), (11) for TAl,
where the thermal time constant 7, is R;C,. The case and
cooling manifold temperatures are given in (12)-(15). It
should be noted that these equations are easy to implement
and fast to solve on a computation platform such as
MATLAB. For the other IGBTs and diodes, the junction
temperature representations can be similarly derived.
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IV. LIFETIME PREDICTION

The converter lifetime prediction based on IGBT junction
temperature cycling is explained as follows. First, IGBT
junction temperatures for a generic wind turbine power and
reactive power profiles (P(f), O(#); ¢ in [0, T,,]) are calculated
time-dependently via the converter electro-thermal models
with the parameters in Table I-VIL. In order to extract
temperature cycling information from these temperatures, the
rain-flow algorithm in [18] is utilized such that the junction
temperature excursions A7; (or peak-to-peak temperature
cycling amplitude), the average junction temperatures for
these excursions 7j,,, and the junction temperature cycling
counts N, are acquired. This cycling information of each
IGBT is applied to the IGBT lifetime model, which may be
Coffin-Manson, exponential, or LESIT type [13], [16], [27],
defining lifetime consumption for each temperature cycling.

TABLE VII
WIND TURBINE GRID-SIDE CONVERTER PARAMETERS
Grid line-to-line voltage, Vs.; 10k Vo (50HZ)

Rated apparent power, S 6MVA
Transformer turns-ratio, N (Non/Nysid) 0.3 (1:3.33)
DC bus voltage, Vper, Voer 2500V
Transformer leakage indi Ly 450pH (10%)
Grid inductance, Ls 2500uH (5%)
PWM frequency, frms 1050Hz

Filter inductor, Ly

Filter capacitor, Cr

Water flow rate through cooling plates, v
Ambient and water temp o Tams & T

4501H (10%)
225F (10%)
10//min

55°C

In this study, the temperature cycling-based lifetime data
available for T1800GB45A from the supplier (Westcode)
accounts only for A7} but not 7;,,; therefore, the data is able
to be fitted to only the Coffin-Manson and exponential type
models. Due to low fitting accuracy for the Coffin-Manson
model, only the exponential model in (16) with the constants
a=6.65-10° and 5=0.1 is employed in the lifetime predictions.
Using this model, the IGBT lifetime is predicted by summing
consumed lifetime ratios for the operating duration of 7, as
in (17) where K is the total number of cycling. It should be
noted that the prediction assumptions are that the converter
operates periodically under the same profile and 100%
lifetime consumption results in switch failure, thereby,
converter failure. Moreover, among the lifetimes predicted
for all the converter switches, the shortest switch lifetime,
which is the lifetime of the most thermally stressed switch, is
assumed to be the converter lifetime.

N, =ae"™" (16)

-1
1y =7, [ Noxs AT,
life op & N/.k (ATM)

a7

In Fig. 15, a generic wind profile with the average wind
speed v,=10m/s and the corresponding wind power profile
for 3L-NPC-VSC with the peak power (Pjeq) of 5.6MW are

shown for 7,,=600s (where quite harsh power fluctuations
are present). Besides, the reactive power profile is assumed to
be zero (i.e. O(7)=0); however, it is possible to include any
reactive power profile conveniently. Corresponding to the
wind power profile, the junction temperatures of the most
thermally stressed switches (TA1 and TA2 for phase-a)
acquired by the converter electro-thermal model are plotted
in Fig. 16. Since TAl’s junction temperature excursion
AT;rar is higher than ATz, the converter lifetime is
predicted based on the TA1’s lifetime. It should be noted that
the junction temperature cycling with the electrical frequency
(50Hz) (i.e. power cycling) is not included in this lifetime
study since the IGBT lifetime model does not have resolution
for AT;<10°C, where most of the power cycling occurs.
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Fig. 15. Wind and power profiles of a 5.6MW wind turbine at v,,=10m/s

120

110 Am
100 ’

S . |
=80 7’;1“J’~w i
Py \ Vo
70 /- \ W
5y VL\ mJ/ \ ,V/j !
60 i
50 H
0 100 200 300 400 500 600

tls]

Fig. 16. Junction temperatures of TA1 and TA2 for the wind profile with
0,=10m/s

Using the rain-flow algorithm given in [18], the TAl
junction temperature cycling data is extracted as
demonstrated in Fig. 17 from the raw 7}z, data. Assuming
that this wind power profile is processed continuously and
repetitively for the whole converter lifetime, the TA1 lifetime
(and the 3L-NPC-VSC lifetime) is predicted as 19.74-year.
Moreover, the lifetime predictions can be performed for
various wind profiles with v,,=8, 10, ..., 18m/s in order to
predict the converter lifetime that is the combination of the
lifetimes predicted for each wind profile. For example, when
the weight of each wind profile is taken to be the same in the



combination, the predicted lifetime is 72.94-year; however,
more realistic combinations of these profiles can be formed if
there is any relevant field data available. Although these
predicted lifetimes give an idea about the reliability of the
3L-NPC-VSC with press-pack IGBTs for wind turbine grid
connections, the accuracy and reasonability of these lifetime
numbers themselves should be questioned in terms of
correctness and comprehensiveness of the switch lifetime
model and practicality of wind power profiles.

Fig. 17. TA1’s junction temperature cycling data

V. CONCLUSION

With the main focus on the dynamical thermal modeling,
the electro-thermal model of a press-pack IGBT 3L-NPC-
VSC has been built regarding converter topology, switch
technology, and converter structure for the grid-side
application of a 6MVA wind turbine. Having been simplified
while preserving the accuracy, the electro-thermal model has
been implemented in MATLAB suitably with the converter
lifetime prediction studies such that switch junction
temperature variations over long wind power profiles have
been acquired practically (i.e. time-efficiently). Using the
IGBT lifetime model based on the manufacturer data along
with the junction temperature cycling, the converter lifetime,
which is the lifetime of the most thermally-stressed IGBT,
has been predicted 20-year for a harsh wind power profile.
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Converter Structure-Based Power Loss and Static
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Three-Level ANPC VSC Applied
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Abstract—Wind turbine converters demand high power den-
sity due to nacelle space limitation and high reliability due to
high cost. Depending on the converter structure, the
converter thermal performance determines the converter power
density and reliability. To estimate the converter thermal per-
formance, the converter structure-based power loss and thermal
models are developed in this study for the medium-voltage (MV)
three-level active neutral-point-clamped voltage source converter
(BL-ANPC-VSC) utilizing 4500 V-1800 A press-pack insulated-
gate bipolar transistor-diode pairs and interfacing a 6 MW wind
turbine to a MV grid. The switching power loss models are built
using the experimental switching power loss data acquired via the
double-pulse tests conducted on a full-scale 3L-ANPC-VSC proto-
type. The converter static thermal model is developed based on the
double-sided water-cooled press-pack switches. Via a single-phase
test setup with two full-scale 3L-ANPC-VSC legs, the developed
power loss and thermal models are validated experimentally.
Employing the validated models, the 3L-ANPC-VSC’s thermal
performance is demonstrated on simulation for a 6 MW wind
turbine grid interface. Hence, these converter structure-based
models developed and validated in this study are proven to be
suitable for the converter power density and reliability studies
based on converter thermal performance.

Index Terms—Active NPC (ANPC), cooling plate, double-pulse
test, electro-thermal model, neutral-point-clamped (NPC), power
density, power loss, press-pack insulated-gate bipolar transi
(IGBT), reliability, thermal model, wind turbine.
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I. INTRODUCTION

OOSTED from 4.3% (688 MW) in 2006 to 6.0%

(1877 MW) in 2008 [1], the share of multi-MW
(> 2.5 MW) wind turbines in the wind energy market has
been increasing significantly. As the grid codes regulating the
wind turbine connections are getting stricter, the interface be-
tween wind turbine and electricity grid for penetrating MWs of
wind power becomes a challenge. Consequently, the full-scale
power electronic converters, which process all the wind turbine
output power while ensuring compliance with the grid codes,
become more feasible. Although the full-scale converters can
be designed as parallel low voltage converter units [2], a single
medium-voltage (MV) converter unit [3] is more preferable due
to its smaller footprint, less cabling cost, and less component
count as the turbine output power increases beyond 5 MW.

The MV power electronic converters are generally realized
as multilevel voltage source converters (ML-VSCs) instead of
2L-VSCs to improve the figures of switch power losses, har-
monic distortion, dv/dt, and common mode voltage/current
[4]. In the literature, there are three main ML-VSC topolo-
gies, which are neutral-point-clamped (NPC), flying capacitor,
neutral-point-piloted, and cascaded H-bridge [4]-[6]. For MV
AC drive applications, these topologies have been studied in the
literature extensively [4], [5] and compared in detail [7]. Also,
there are several studies on these topologies for wind turbine
applications [3], [8]-[10].

Among the ML-VSCs, 3L-VSCs have found the highest
interest because of their lower cost, higher power density, and
higher reliability as a result of less component count than
higher level VSCs. Among the 3L-VSCs, 3L-NPC-VSC has
domination in the AC drive market [5]. As a relief for 3L-NPC-
VSC’s inherent problem of unequal power loss distribution,
its clamping branches are reinforced with active clamping
switches, and 3L Active NPC (ANPC) is formed (Fig. 1) [11].

Compared to the AC drive applications, the wind turbine ap-
plications demand higher power density due to turbine nacelle
space limitation and higher reliability due to high maintenance
cost of remotely located wind turbines. Therefore, the semi-
conductor switch technology and converter topology selections
are more critical. Among the state-of-the-art MV switches,
press-pack insulated-gate bipolar transistors (IGBTs) appear

0093-9994/$26.00 © 2011 IEEE
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Fig. 1. Three-phase 3L-ANPC-VSC connected to a MV grid.

Fig. 2. Single-leg structure of 3L-ANPC-VSC.

to be advantageous over IGBT modules and competitive with
integrated gate-commutated thyristors regarding power density
and reliability because press-pack IGBTSs possess the attributes
of double-sided cooling, wire-bondless contacts, snubberless
operation, small/simple gate drivers, high switching frequency
at rated voltage and current [12]. In association with the switch
technology and the converter topology, the switch thermal
performance limits the converter power density and reliability
such that the maximum switch junction temperature reaching
the critical junction temperature of 125 °C limits the converter
power capability, and thereby, the power density while the
switch junction temperature variations due to the converter load
profile determine the switch lifetime [13], [14] and thereby, the
converter reliability in this respect.

With limited practical use, direct junction temperature mea-
surement on a practical converter is usually not applicable for
switch thermal performance observation. Therefore, the con-
verter’s electro-thermal models consisting of electrical, power
loss, and thermal models are utilized for this purpose [14]. In
this paper, the converter structure-based power loss and static
thermal models are developed for a 6 MW press-pack IGBT
3L-ANPC-VSC, of which single-leg structure is shown in
Fig. 2.

L, p%j[

Fig. 3. Conduction paths of (left) Mode-I and (right) Mode-II (v}, > 0 and
iq > 0).

In this paper, first, the press-pack IGBT 3L-ANPC-VSC is
introduced along with the proposed modulation method such
that its commutation path-dependent switching and conduc-
tion loss characteristics are represented. Second, the converter
power loss modeling approach is elaborated such that the
commutation path-dependent switching energy loss functions
are derived using the switching energy loss data obtained via
the double-pulse tests carried on a full-scale 3L-ANPC-VSC
leg. Next, the static thermal model consisting of thermally
resistive elements is developed regarding the converter structure
with the press-pack switches featuring double-sided cooling.
These converter structure-based models are validated via a
2 MW single-phase test setup including two 3L-ANPC-VSC
legs. Finally, these validated models are applied to the three-
phase 3L-ANPC-VSC interfacing a 6 MW wind turbine with a
MYV grid on simulation, and the converter thermal performance
is observed via power loss and junction temperature results to
prove that these models are suitable for the power density and
reliability studies based on converter thermal performance.

II. 3L-ANPC-VSC

The 3L-ANPC-VSC shown in Fig. 1 is able to produce
the output voltage at the three levels of Vpci, 0, —Vpoa.
Each voltage level can be produced by a specific conduction
path depending on the output current direction. For instance,
Fig. 3 shows the conduction paths required for generating Vpc
and 0. In this paper, the utilization of one of the two zero
voltage generating paths together with a nonzero voltage gen-
erating path during a pulse-width modulation (PWM) period
is termed as Mode. In Fig. 3, the utilized zero and nonzero
voltage paths for Mode-I and II are specified. It should be
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TABLE 1 TABLE III
SWITCHING ENERGY LOSSES ON THE IGBT-DIODE PAIRS CONDUCTION DURATIONS OF THE IGBT-DIODE PAIRS FOR Mode-1I
Mode-I Mode-I1 Va0 Van<0
+ = S
Va0 | va0 V=0 Va0 0 <0 0 <0
la la la Ia Iy Ia Ia Ia TA1 daiTrwm 0 0 0
>0 <0 >0 <0 >0 <0 >0 <0 DAl 0 daiTrwm 0 0
TAL-DAT | Eon Erec - - - - - _ TA2 | daiTpwm 0 da2Tpwm 0
Eoff _ . DA2 0 darTpwm 0 dp2Tpwm
TA2-DA2 - - - - if'”- Ene | Epec [g'"- TA3 0 dasTrwm 0 dusTpwm
& E & DA3 | dasTrwm 0 dpaTpwy 0
TA3-DA3 | - - - | B | Epec TA4 0 0 0 daalpwy
E of DA4 0 0 da4Tpwm 0
TA4-DA4 - - Erec E’"’ - - - - TAS 0 0 dp2Tpwm
Eon, 4 DAS 0 0 da2Tpwm 0
TASDAS | Ene | f2 | - - - - - - TAG6 | dasTpwm 0 0 0
- DAG 0 drsTrwm 0 0
TA6-DA6 - - " | Epec - - - -
Eoff
TABLE I dg
CONDUCTION DURATIONS OF THE IGBT-DIODE PAIRS FOR Mode-I d
- - :| ;: A3
Van=0 v ar<0
0 0 | 0 | 0 ﬂ So—>dy
TAL | dyTppy 0 0 0 rd,,
DAI dyiTpwm 0 0
TA2 Tpwnm. 0 0 0
DA2 0 Town 0 0 )
TA3 0 0 0 Townt Fig. 4. PD-PWM for the phase-a of 3L-NPC-VSC.
DA3 0 0 Townt 0
TA4 0 0 0 dy Trwm TABLE IV
DA4 0 0 Aol pis 0 PWM SIGNAL MAPPING
TAS 0 dysTpwy 0 0 Mode-0 Mode-1 Mode-I1
Dot ditpy 80 0 AUy | Van 0 | Var0 | Va0 | ven 0
DAG 0 7 ML T dALANPC dar dar dar dpz dar
AP dp2,ANPC dp2 dp2 das dar dao
dA3.ANPC daz das daz daz das
noted that Mode-I implies a Type-I commutation and Mode-II ZM*‘NPF “:;‘4 ;‘:‘44 ZA“ ZM ZM
implies a Type-III commutation defined in [11]. Associated with ALAMC A A A A
P P (] da6.ANPC 0 dar da2 daz dar

Mode-I and 11, the switching energy losses move from a switch
to another as shown in Table I, where the switching losses
Fg,, are classified as IGBT turn-on E,,, IGBT turn-off E.g,
and diode reverse recovery Fi.. losses, with respect to Mode,
reference voltage v}, and current i, for phase-a. Also, it should
be noted in Fig. 3 and Table I that switching losses occur only
on the switches experiencing commutations (i.e., the switches
receiving turn-on and off commands), while the other switches
on commutation paths (i.e., the switches staying turned-on)
do not experience any switching loss since they do not block
any DC bus voltage during a PWM period regardless of their
conduction (See TA1 waveforms in Fig. 19). Similar to Table I
showing the switching loss characteristic of 3L-ANPC-VSC,
Tables II and III show the switch conduction duration charac-
teristic dependent on Mode, the converter voltage, and current
polarities, where Tpyy g is the PWM period, and d 41 — d a4 are
the PWM signals of TA1-TA4 generated by the PWM method
in Fig. 4.

To generate PWM signals for 3L-ANPC-VSC, this study
adopts the modulation of 3L-NPC-VSC as the base modulation
and proposes the utilization of the base modulation signals via
an appropriate mapping since both converters have the same
output voltage vector space. Once generated for 3L-NPC-VSC,
for instance, via phase disposition type (PD-PWM) shown in

Fig. 4, the modulation signals of 3L-NPC-VSC are mapped
over the ones of 3L-ANPC-VSC shown in Table IV such that
the predefined conduction paths by Mode-I and II are used. It
should be noted that Mode-0 in Table IV implies 3L-NPC-VSC
operation when the clamping IGBTs are either kept turned-
off or nonexistent. In this paper, the carrier-based space vector
PWM (with the PD-PWM carriers) is employed as the base
PWM.

Utilization of Mode-I and II during an electrical cycle T,
determines the distribution of the total switch power losses
over the 3L-ANPC-VSC. Obviously, homogeneous power
loss distribution is aimed for the best electrical and thermal
utilization of the switches. Therefore, a proper Mode sequence
in T, should be defined as a PWM pattern accordingly. In this
paper, the Mode sequence is set as the consecutive and equal
utilization of Mode-I and II to homogenize the switching power
loss Py, distribution approximately. For the absolute power
loss homogenization attempts, an extra effort considering the
conduction power losses P, and operating conditions should
be undergone as in [11]. Furthermore, within 7, Mode tran-
sitions are permitted only at the beginning of the PWM period
Tpwn where the same switches conduct in both Mode-I and I1I.
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III. POWER LOSS MODELING

In this section, the switching loss data extraction from a
practical 3L-ANPC-VSC and then utilization of the switching
energy and conduction power loss functions along with electri-
cal simulations are explained.

The switching energy losses depend on IGBT/diode current
I¢ /I and voltage Ve s /Vic 4 as well as stray inductance L, of
the IGBT/diode commutation path, IGBT gate resistance R¢,
and junction temperature 7; [15] as given in (1)—~(3). Moreover,
the conduction power losses depend on I¢/Ir and T as
given in (4) and (5). Once obtained accurately, these loss func-
tions can be employed along with a specific VSC’s electrical
model

Eon = fon(Ic, Ve, T}, Lo, Ra) (1)
Eott = fors(Ic, Ver, Tj, Lo Ra) (@)
Erec = frec(Ir, Vka, Tj, Loy Ra) 3)
Peonw =1Ic - Vepsalle, Tj) )
Peon.p =1 - Vi (I, Tj). ®)

To be employed in converter power loss models, the Pe,
functions derived from manufacturer datasheets are quite di-
rectly usable due to its independency from L,, R, and
Ver/Via: however, the datasheet switching energy loss data
cannot be used directly because L, R¢, and Veg/Vica used
in manufacturer tests may significantly deviate from the ones
of practical VSCs. Furthermore, the VSCs such as 3L-NPC-
VSC and 3L-ANPC-VSC employ different commutation paths
with different L, values in operation. Therefore, double-pulse
tests, through which switching energy loss data are collected,
should be performed when the switches are mounted on either
the VSCs or the test benches with the same L, as the VSCs to
extract accurate switching loss data.

A. Switching Loss Data Extraction

The double-pulse test is the standard test for switch charac-
terization. From the switch voltage and current measurements,
the instantaneous power loss is calculated, and the algebraic
integration during switching instants gives the corresponding
switching energy loss [15]. In this paper, this test is applied to
the 3L-ANPC-VSC leg consisting of 4500 V-1800 A press-pack
IGBT-diode pairs (Fig. 2). Thereby, the switching loss figures
at I /Ip = 200-2000 A are collected for the commutation
paths with different L, at Vpc = 2500 V and at T); ~ 20 °C (at
thermal equilibrium). Also, these losses are fitted to the linear or
quadratic functions of I-/I as in (6) and (7). Furthermore, to
obtain the temperature-dependent switching loss functions, the
double-pulse tests should be performed for 7); between 20 °C
and 125 °C, and the switching loss functions should be modified
including 7 dependence in accordance with the collected
test data

Eswlin = a0 + a1lsy

(6)
(O]

2
By quad = ao + a1l + a2l
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Fig. 5. Commutation paths of (left) Mode-I and (right) Mode-II for v}, > 0
on the simplified structure of 3L-ANPC-VSC.

Fig. 6. Commutation paths of (left) Mode-I and (right) Mode-II for v}, > 0
on the simplified circuit diagram of 3L-ANPC-VSC.

* Vg 0.5kV /div -

i0:0.5k4/div

< pp 2MW /div -t ps/dive

Fig. 7. IGBT switching voltage vcg, current ic, and power loss pp wave-
forms during (left) turn-on and (right) turn-off for Mode-I at Vo = 2500 V.

On the simplified VSC structure (Fig. 5) and the simplified
circuit diagram (Fig. 6), the commutation paths for Mode-I
and /I for v}, >0 are represented with darker colors. As
given in (8) and (9), Mode-II (with longer path) results in
higher L, than Mode-1. For Mode-I and II, the switch voltage,
current, and power loss waveforms are experimentally obtained
at Io/Ip ~ 2000 A and Vop/Vika =~ 2500 V (Figs. 7-10).
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Fig. 8. Diode switching voltage vk A, current iz, and power loss pp wave-
forms during (left) turn-on and (right) turn-off for Mode-I at Vipc = 2500 V.

T T T T T T

D
+ Vg1 0.5kV /div - -

- pp i 2MW /div t: 1 pus/div

Fig. 9. IGBT switching voltage vcg, current icr, and power loss pp wave-
forms during (left) turn-on and (right) turn-off for Mode-II at V¢ = 2500 V.

. SKV /div
i1 0.5kA/div

T ot
© pp2MW/div et lug/dive

Fig. 10. Diode switching voltage vy 4, current ip, and power loss
pp waveforms during (left) turn-on and (right) turn-off for Mode-II at
Vbce = 2500 V.

Via the IGBT turn-on waveforms in Figs. 7 and 9, L, v and
Ly can be estimated as ~200 nH and ~500 nH by using
(10) describing the initial Vo fall across L, resulting almost
constant dl¢/dt [16]. This inductance difference affects the
IGBT power loss py and the diode power loss pp during IGBT
turn-on significantly while py during IGBT turn-off remains
almost the same. Also, it is observed in Figs. 7 and 9 that the
IGBT voltage overshoot during turn-off, which is critical for
IGBT safe operation and strictly limited by 2000 V (80% Vpc)
due to Veg, max = 4500 V, is 750 V (30% Vpc) for Ly and
1000 V (40% Vi) for Lo nin

Lont =2Lo1 4 Loz + Loy (8)
Loy =4Lo1 + Loz +2L63 + Loa )
Lo = (Voo — Vo) (dle/dt) ™" 10

Collected from the double-pulse tests, the F,, and E.g data
sets are represented by the quadratic functions, while the F,..
data set is represented by the linear function as shown in Fig. 11
for L, yr and Fig. 12 for Lo mr. The parameters of these
functions of the switching current are given in Table V. As
observed in the figures, the total switching energy loss iy is
25% higher for L, w1.

L I L L L i L
600 800 1000 1200 1400 1600 1800

Iy [4]
Fig. 11. Switching energy loss data sets and functions for Mode-I at
Vbe = 2500 V.
8
o By

0 200 400 600 800

1000
L, [4]

1200 1400 1600 1800

Fig. 12. Switching energy loss data sets and functions for Mode-II at
Vbe = 2500 V.

TABLE V
SWITCHING ENERGY LOSS FUNCTION PARAMETERS
Eon Loy Erec
Mode-1 | Mode-II | Mode-I | Mode-1I | Mode-I | Mode-II
ap| 036 0.35 0.51 0.76 0.49 0.20
ay 1.9m 1.6m 2.6m 1.8m 0.9m 0.5m
a | 912n 422n 50n 538n - -

B. Utilization of Eg, and P, Functions

The converter switch power losses are calculated along with
the converter electrical model simulated in a circuit simulator,
which is Ansoft-Simplorer in this study. The electrical simu-
lation outputs of veg/vka and ic/ip are processed to detect
each switch’s switching instants and conduction periods. Then,
Ic/IFp at these switching instants and conduction durations
are fed to the switching energy loss functions derived via the
double-pulse tests and in the simplified conduction power loss
functions of IGBTs and diodes as given in (11) and (12) with
the parameters Vror = 1.81 V, rpp = 1.33 mQ, Vpop =
243 V,and rp p = 0.93 mQ [17]

1)
(12)

Peonr =Ic(Vror +rrrlc)

Peon,p =Ir(Vro,p +r1,0lF).

The switching energy loss calculation on simulation is shown
by Fig. 13 for TAl’s E,, as follows. The switching voltage
Vog,ta1 is captured at the instant when dra; changes its
state to “1.” At the next simulation instant (74, later), the
switching current I a1 is captured, and Eqy, a1 is calculated
using (7) and Table V. For E,g a1 and Eiecpai. the same
approach is used. Similarly, the TA1’s P, is calculated for the
simulation instants with nonzero ic ta1 and dra; using (11).
Once each IGBT/diode’s power loss for each simulation instant
is obtained, they are averaged over an electrical cycle via (13)
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TABLE VI
2500 Vil VeE M1 STATIC THERMAL MODEL PARAMETERS
2000 IGBT coll side thermal Rihe 13.9 KW
L] \ e i1 IGBT emitter-side thermal Rihe 20.4 K/kW
[“;] 1500 - Diode anode-side thermal Riha 42.6 K/IkW
1 \ dyp1 (x100D) Diode cathode-side thermal resistance, Rok 23.2 K/kW
1000 B Plate-to-water thermal resistance at v=0, Rin.co0 6.2 K/kW
Tyim /X/ a1 (300) . RESISIANCo : :
500 \ Pl.-to-wat. th. res. constant tf)r su.ie plates, Kin.col 42 l\)-//kW'm!n
PL-to-wat. th. res. constant for middle plates, Kin.co2 | 60 K-/kKW-min
0 1 Plate water thermal resistance constant, Ky 14.4 K-//KW-min
0 Sus 10us 15us 20us 25us Plate sidewall thermal Rihsw 72.3 K/KkW
Cooling system thermal Rih,cs 0.5 K/kW
Fig. 13. TAI voltage vr a1, current it 41, duty cycle d a1, turn-on energy Water flow rate through cooler plates, v 5-10 /min

loss Eop, 741 waveforms during turn-on.

1 Zeom]

TA3 ||TA5
[DA3(|DAS
TA4(|T46
[DA4(|DA6

Tamp

2Ry

Fig. 14.  Static thermal model for the phase-a leg.

and (14). The average power losses P, and P, p are fed
to the converter static thermal model. Without averaging, the
loss figures can be directly applied to the converter dynamical
thermal model if available

Te/Tsim
1

Pir=z D (Eonlnl+Eon[nl+Peonr[n] Tum) ~ (13)
€ n=0
1 Te/Tsim

Pip=7 (Exec[n]+ Peon, n[n]-Tein) - (14)
€ n=0

IV. STATIC THERMAL MODELING

Based on the physical placement of the press-pack IGBT-
diode pairs and aluminum nitride ceramic cooling plates shown
in Figs. 2 and 5, the converter static thermal model is built
(Fig. 14) such that the IGBTs and diodes sharing the same
case and the cooling plates providing double-sided cooling by
means of water flow are represented. In Table VI, the IGBT
and diode thermal resistance values are given [17]. It should
be noted that heat flow by air convection is neglected in this
model. As a function of the cooling plate water flow rate v, the
plate-to-water and plate water thermal resistances are given by
(15) and (16) with the parameters in Table VI [18]. Moreover,
the thermal model given in the figure can be algebraically
represented for an IGBT-diode pair by (17)—(19) where the
junction temperatures, the case temperatures, the power losses,
the common cooling water temperature, and the cooling system
water temperature are denoted as T}, Tca, I, Teom» and Tey,,
respectively. For the sake of simplicity in this representation,
the power flows among the IGBT-diode pairs via the middle

cooling plate side walls (by assuming Ry}, s — 00) and via
the middle cooling water (by doubling Ry, ., for each cooling
side) are neglected. Solving these equations, the junction and
case temperatures can be calculated by (20) and (21). It should
be noted that the C' and E' matrices are given for the upper
positioned switches (TA1-DA1, TA3-DA3, and TA5-DAS). For
the lower positioned switches, Ry co,ck and Riy co,ea should
be interchanged in these matrices. For the sake of brevity, the
complete thermal model representation (including the neglected
power flow terms) with 12 x 12 A, B, and C matrices is not
included in this study; however, this complete thermal model
will be used for thermal model validation in the next section

Rin.co = Rincoo + Kinco/v (15)
Rll\,'u: = Kth.w/v (16)
.y . _ | Tir
T;=AP;+ BTca; Tj= T
Pr Tea,ck
Pr=| )T, Te= g (17
' [PLD] o Te [T an
Teo=CTj+ DT.om (18)
Teom =ETca + Flew 19)
=(I-BI-DE)'0)"
- (AP, + B(I - DE) 'DFT.,)  (20)
Teo=(I - DE)™(CT; + DFT.) 21
where
[ RencRene
Pk
- 0 Rin,kRiha
L Rink+Rena
r Rin,e Rin,c
B= 7RR+R . 7RR+R ]
L Renk+tRena  RenktRena
[ BihkBthcock  ReneRehcock
= Rin,cp1 Ren,cp1 j|
RihaRthcoea  Rth.eRehcoea
L Rencp2 Rin,cp2
[ Bih,cRenk
D= pyah, }
L Ren,cp2

E— { 6Rth.cs Rih.co,ea

6Rihcs Rin.co.ck
Rin,gr

Ren g
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Fig. 15.  Test setup photograph.

o Rinco,ck Rin.co,ea
Rth.l‘)]“

Rih cock = Rihcot + Rinw

Rihcoea = Rih,coz + 2Rtn,w

Rin,cpr = Rene Ren ke + Rin gk Rinco,ck + Rinco,ck Rin,e

Rin.cp2 = Rine Rinya + RinaRincoca + RihcoeaRine
RineF = Rin,co,ck Rin,co.ca + 6Rih,cs Rin,co,ck

+ 6Rincs Rinco,ea-

V. SINGLE-PHASE 3L-ANPC-VSC TEST SETUP

The test setup shown in Fig. 15 with the parameters given in
Table VII is used for validating the converter power loss and
static thermal models. The power circuit is composed of two
3L-ANPC-VSC legs, an inductor, and a DC power supply as
shown in Fig. 16 [19]. Between the legs, single-phase power
flow is formed by controlling the leg-b as a voltage source
and the leg-a as a current source, while the DC power supply
compensates for the circuit’s power losses [20]. In addition to
voltage and current measurements, PT100 temperature probes
are utilized for switch case temperature measurements. Hence,
not only the converter electrical performance but also the con-
verter thermal performance at any electrical operating point can
be observed and compared with the performance obtained via
the converter models.

The converter electrical performance at steady state is ex-
perimentally shown for the three PWM patterns where only
Mode-I (Pattern-1), only Mode-II (Pattern-II), and consecutive,
equal Mode-I and II (Pattern-III) are utilized. Although only
Pattern-III, which results in almost equal power loss distribu-
tion, is preferable for implementation in a practical three-phase
3L-ANPC-VSC, the other patterns, which cause power loss
localizations like 3L-NPC-VSC, demonstrate the utilization of
Mode-1 and Mode-II clearly. However, the experiments are
conducted at full DC bus voltage (2500 V) for Pattern-I and
at half the DC bus voltage (1250 V) for Pattern-II and III due

2511

TABLE VII

TEST SETUP PARAMETERS
Phase-to-neutral output voltage 1.7k Vims (S0Hz)
Power, P 2MW
DC bus voltage. Vpcr. Vb2 2500V
Ind L 450uH (10%)
Capacitance, C 1.1mF
PWM frequency. fpwm 1050Hz
Sampling time, 75 (double-update) 476.2us
Dead time 10ps
IGBT-diode pair (Westcode) T1800GB45A
Gate resi RGon & RGoff 25Q0&3.8Q
Cooling plate (AIN ceramic) XWI80GN25A
Water flow rate through cooling plates, v 5//min
Ambient temperature, Tamb 15-20°C
Main cooling water temperature, 7y 10-13°C

to the DC bus voltage limitation for Mode-II in the prototype
converter, which is explained in detail as follows.

In 3L-ANPC-VSC, there is a risk of applying double DC bus
voltage (2Vpc) to a single switch rated less than 2Vpc due
to an erroneous PWM algorithm or improper terminations of
PWM signals after an IGBT fault, an overcurrent condition, or a
PWM-disable command. Therefore, proper precautions against
this risk should be taken in both PWM programming and
fault handling/protection circuit design. Although the PWM
algorithm for the prototype 3L-ANPC-VSC in the test setup
is programmed to be overvoltage risk-free, with the PWM
termination algorithm availably used in the test setup’s fault
handling/protection circuits, Mode-II utilizing PWM patterns
result in the aforementioned overvoltage problem if the PWM
signals stop at a zero state for a reason. This phenomenon is
explained via the output and switch voltage/current waveforms
inFig. 17 (where vp, = vcE, Br = VKA, Bz a0d ipy = iC, Bz —
ipBe; ©=1,2,...,6) as follows. Before the fault instant,
TB1, TB3, and TB6 are off and TB2, TB4, and TB5 are on.
Just after the fault instant (5—10 s later), TB1 and TB4 receive
turn-off signals. However, TB3 continues blocking the lower
DC bus voltage instead of TB4 since there is no current rather
than switch leakage current, which can drive TB4 to block
the voltage within several 100 ms. After the other switches
receive turn-off signals 50 ps later (this delay is intentionally
implemented for avoiding a similar overvoltage problem when
the PWM signals are stopped at active state), TB2 and TB5
become off, and the negative output current diverts to the upper
path via DB1 from TBS. Consequently, TB3 seeing both the
positive and negative DC bus rails experiences 2Vpc until the
output current diminishes. To avoid this problem, more intelli-
gent fault handling circuits, which are able to keep the inner
(TB2, TB3) and clamping switches (TBS5, TB6) conducting
until the outer switches (TB1, TB4) start blocking Vpc, are
required.

Due to the overvoltage risk with Mode-I1, the experiments for
Pattern-II and III are conducted at Vpc = 1250 V. The output
and IGBT/diode pair voltages and currents are experimentally
obtained for the three patterns. For Pattern-I in Fig. 18, | MW
at Vpc = 2500 V and vy, = 1700 Vi is delivered from the
leg-b to the leg-a, while 0.5 MW at Vpc = 1250 V and vy, =
850 Vs is transferred in the same direction for Pattern-1I and
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Fig. 18. Output and switch voltage/current waveforms for Pattern-I (only
‘Mode-I utilization) Vpc = 2500 V, P = 1 MW, and vp,, = 1700 Vyps.

Pattern-III in Figs. 19 and 20. On these figures, which are in
accordance with the theory given in Section II, it is seen from
the TB1 waveforms that TB1 involves in every commutation
of Pattern-I; however, it does not involve in any commutation
of Pattern-II. Moreover, in Pattern-III, TB1 and TB2 involve
consecutively in commutations for a half 7.

Since the full DC bus voltage of 2500 V, at which the
switching energy loss functions are derived, is applicable in
only Pattern-I (utilizing only Mode-I), the converter power loss

t:2ms/div 1 e o et e A

R0

Vs | i U0 : ‘

] ] e

BSL.! \_l I Lj\_d“j“yt—'}__# ;52ms/z§;)v
[/ v " ol »

e s e ] 1 1 I
o, ﬂ‘ )

Fig. 20. Output and switch voltage/current waveforms for Pattern-III at
Vbe = 1250V, P = 0.5 MW, and vy,;, = 850 Vims.

and thermal models are checked for validity for Pattern-I as
follows. The total converter power losses including the inductor
loss and the DC bus capacitor and bleeding resistor losses are
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TABLE VIII 3.0k
LEG-b SWITCHES™ CASE TEMPERATURES FOR PATTERN-I 2.0k} ~ 10
H’\ i U Ven
Estimation (C) M 0) o B T (N omETE. .
IMW | IMVAr | -IMW | IMW | IMVAr | -IMW Al i.\]'n fa H ‘Wf
TeackBl | 36.6 28.7 244 | 356 28.4 223 1.0k g | o
Teweass | 323 | 254 | 213 | 298 | 245 | 203 20k “ s v = i
Teackps | 20.5 19.9 20.8 19.0 19.3 20.6 ) 5.0m tisl 15.0m 20.0m
Teacas | 22.1 205 205 19.0 18.9 20.1
Teackps | 195 27.7 333 17.1 235 33.0 Fig. 21. voltage v;,,, converter phase voltage van, converter
Teaeans | 18.9 24.0 33.1 16.9 23.2 31.5 current iq, line voltage vsq, and line current 75, waveforms at PF = 1.
TABLE IX Ak 1:PF=1__H:PF=09ind. Il :PF=09cap.
WIND TURBINE GRID CONNECTION PARAMETERS L] l';g{m
i y
Grid line-to-line voltage 10k Vrms (50Hz) =
Transformer turns-ratio, N (Njuy/Ngrid) 0.3 (1:3.33) -
Turbine rated power. Pou oMW M RN 11 IR BT
Power factor at PCC 0.9 ind. — 0.9 cap. w74 TA3 A5 DAL DA3 DA5
DC bus volt_&e Vpe 2500V

C 1. 1mF

Transformer leakage inductance D,

(seen at converter side), L1 450uH (10%)
2500pH (5%)

Fig. 22. Switching and conduction power losses (Psy and Peoyn) of the
phase-a IGBTs and diodes.
1:PF=1

11 :PF=09ind. Il :PF =0.9 cap.

Grid ind Ls
Filter inductor (at the grid side), Lr 450puH (10%)
225uF (10%)

Filter capacitor (at the grid side), Cr

IGBT-diode pair (Westcode) T1800GB45A
PWM frequency. fpwm 1050Hz
Sampling time, 75 (double-update) 476.2us
Deadtime, 7yeqd 10ps

Simulation time-step, Zyim Sps

Cooling plate (AIN ceramic) XWI80GN25A
Water flow rate through cooling plates, v 10//min
Ambient temperature, Tump 55°C

Main cooling water temperature, 7, 55°C

measured approximately to be 16.9 kW. Estimating the inductor
and DC bus losses as 0.6 kW and 1.6 kW approximately, the
remaining converter power loss (14.7 kW) matches closely
with the power loss calculated via the converter electro-thermal
model (14.5 kW).

The measured and estimated case temperatures of the leg-b
switch pairs for Pattern-I are listed in Table VIII for 1 MW,
1 MVAr, and —1 MW transfers from the leg-b to the leg-a.
These temperatures match in large extent. Slight mismatches
can be addressed to air convection on cooling plate side surfaces
and busbar surfaces, nonmodeled junction temperature depen-
dency of switch power losses, and 2 °C-3 °C of ambient and
cooling water temperature variances during operation.

VI. SIMULATION RESULTS OF THE 3L-ANPC-VSC
APPLIED TO THE 6 MW WIND TURBINE

The 6 MW wind turbine grid connection with 3L-ANPC-
VSC (Fig. 1) is simulated via Ansoft-Simplorer using the
parameters given in Table IX and the parameters in the previous
sections. The voltage and current output waveforms are given
in Fig. 21 for P = 6 MW and PF = 1 at the point of common
coupling with the grid. Hence, the steady-state electrical per-
formance of the 3L-ANPC-VSC employing the proposed PWM
method is demonstrated for the wind turbine grid connection.

For 3L-ANPC-VSC with Pattern-III (the consecutive and
equal utilization of Mode-I and II), which is preferable for

105
95

75
55
T oo ommlr oo ool
[°C] TA3 T

Fig. 23.

Junction temperatures T); of the phase-a IGBTs and diodes.

rough power loss distribution homogenization, the power loss
distribution obtained via the power loss model is shown in
Fig. 22 at the three critical PFs with P = 6 MW for wind tur-
bine grid connection, which are 1, 0.9 inductive (overexcited),
and 0.9 capacitive (underexcited). This figure shows that the
power losses on the most thermally stressed IGBTs (TA1 and
TA3) tend to increase for PF less than 1 such that the increase
by 7%-15% for PF = (.9 is observed compared to the case
with PF = 1. Also, it is observed that the inner IGBT and diode
(TA3-DA3) experience higher conduction loss than the outers
(TA1-DA1) since the inners conduct for a whole PWM period
in Mode-I. It should be noted that the 3L-ANPC-VSC’s power
loss distribution can be more homogenized via a finer tuned
mode sequence if needed. The total power loss varies around
45 kW, which means the converter efficiency 7 is around 0.99.
Since the simulation results are obtained using the switching
loss models for T} ~ 20 °C and the switching power losses tend
to increase at higher junction temperatures (by 20% maximally)
[15], the power losses are expected to be slightly higher in
practice.

Corresponding to the switch power losses given in Fig. 22,
the junction temperatures are obtained via the converter thermal
model as shown in Fig. 23. It is observed that the difference
between junction temperatures of TA1 and TA3 increases as
PF decreases since the difference between the power losses
of the inner switches and the outers increases as well. Also,
the lower PF cases (with higher output rms current) cause
higher junction temperatures; however, none of the junction
temperatures in Fig. 23 exceed the critical temperature of
125 °C such that the converter can be loaded more than the
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given three PF sample cases. Hence, the converter power den-
sity can be increased. Moreover, the small mismatch of ~5 °C
for PF = 0.9 between the outer and inner IGBTs, which are
more heavily used than the clamping IGBTs, can be diminished
by a finer mode sequence if needed.

These simulation results show that the developed power loss
and thermal models based on the converter structure are capable
of being applied to a wind turbine grid-side converter to acquire
semiconductor junction temperature information, which is crit-
ically needed for power density and reliability investigations
[13], [14].

VII. CONCLUSION

In this paper, the converter structure-based power loss and
thermal models, which are needed for determination of con-
verter power density and reliability, have been developed for
the MV 3L-ANPC-VSC utilizing 4500 V-1800 A press-pack
IGBT-diode pairs and interfacing a 6 MW wind turbine to a MV
grid. Being the most structure-dependent part of the power loss
model, the switching energy loss model was built by means of
the double-pulse test results obtained via a full-scale 3L-ANPC-
VSC leg. Moreover, the validity of the models was proven
experimentally via the single-phase 2 MW test setup with the
two 3L-ANPC-VSC legs. Using these validated models, the
3L-ANPC-VSC’s thermal performance was demonstrated for
a 6 MW wind turbine grid interface. Hence, the suitability of
the developed models has been shown for the converter power
density and reliability investigations.
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