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Abstract 

 

This paper provides a loss analysis and comparison of high power semiconductor devices in 5MW Permanent Magnet 
Synchronous Generator (PMSG) Medium Voltage (MV) Wind Turbine Systems (WTSs). High power semiconductor devices of the 
press-pack type IGCT, module type IGBT, press-pack type IGBT, and press-pack type IEGT of both 4.5kV and 6.5kV are 
considered in this paper. Benchmarking is performed based on the back-to-back type 3-level Neutral Point Clamped Voltage Source 
Converters (3L-NPC VSCs) supplied from a grid voltage of 4160V. The feasible number of semiconductor devices in parallel is 
designed through a loss analysis considering both the conduction and switching losses under the operating conditions of 5MW 
PMSG wind turbines, particularly for application in offshore wind farms. This paper investigates the loss analysis and thermal 
performance of 5MW 3L-NPC wind power inverters under the operating conditions of various power factors. The loss analysis and 
thermal analysis are confirmed through PLECS Blockset simulations with Matlab Simulink. The comparison results show that the 
press-pack type IGCT has the highest efficiency including the snubber loss factor. 
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Converters, Wind Turbine Systems 
 

I. INTRODUCTION 

 In the multi-MW wind turbine market, the maximum 
power rating of commercial wind turbines has been increased 
to more than 5MW with the aim of generating more power 
from wind power sites [1]. The power electronic converters in 
medium-voltage level applications are generally realized as 
multi-level (ML) VSCs instead of 2L-VSCs in order to 
improve the performance factors in terms of switch power 
losses, harmonic distortion, and common mode voltage/current 
[2], [3]. In the family of multi-level (ML) inverters, the 
three-level topology, called the Neutral Point Clamped (NPC) 
inverter, is one of the few topologies that have received a 
reasonable consensus in the high power community. These 
NPC inverters have also been implemented successfully in 
industrial applications for high power drives and wind turbines 
[2]-[4].  

In multi-MW wind turbine systems, there are many different 
types of power converter topologies and high-power switching 
devices in use. In particular, the recent development of high 
power semiconductor technology has resulted in a wide variety 
of practical power devices. The benchmarking of these 
topologies and their optimal power switches is important for 
industry to select the most feasible solution in the product 
development of wind turbines. In general, a comparison of 
various power switches involves a great deal of engineering 
work considering many different aspects of device 
characteristics. Therefore, it is necessary to pick critical 
performance factors on which the comparison for devices is 
made so that the selection of the most feasible power device 
can be made with meaningful engineering work and insight. 

This paper investigates the utilization of the four most 
feasible high power switching devices for 5MW PMSG WTSs; 
the press-pack type IGCT, module type IGBT, press-pack type 
IGBT, and press-pack type IEGT. The power converter 
topology of 3L-NPC VSCs is selected as the main platform for 
the device comparison. Power loss dissipated in the 
semiconductor devices is one of the most important
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Fig. 1. Back-to-back type 3L-NPC VSCs for 5MW PMSG MV wind turbines. 
 

performance factors in high power drives considering the total 
system efficiency and the requirements in terms of the cooling 
system. In addition, a power loss analysis gives an engineer 
insight into cost-effective system designs [5], [6]. This paper 
compares four different high power switching devices with 
respect to power loss dissipation. Furthermore, this paper 
investigates a transient thermal description of the IGCT 
platform in 3L-NPC VSCs. 6.5kV and 4.5kV class devices are 
considered in the loss calculation of the 3L-NPC VSCs. The 
loss distribution among several switching devices in the 
converter including the snubber circuit is also explained in this 
paper. 

This paper is structured in four main sections. Section II 
describes the power semiconductor devices under comparison 
for a 5MW PMSG WTS. Section III discusses the 
electro-thermal modeling of the power semiconductor devices. 
Section IV presents simulation results of 3L-NPC VSCs in a 
5MW PMSG MV WTS. Finally, a comparison of the losses 
in 3L-NPC VSCs is shown in Section V. 

 

II. POWER SEMICONDUCTOR DEVICES UNDER 
COMPARISON 

A simplified schematic of the back-to-back type 3L-NPC 
VSCs for 5MW PMSG MV wind turbines with the generator 
connected to a grid is presented in Fig. 1 [2]-[7]. The 
semiconductor devices commonly used in high power 
converters are IGBTs (in a module or press-pack package), 
press-pack type IEGTs and IGCTs for 3L-NPC converters. The 
recent technological development of 4.5 kV and 6.5 kV IGCTs, 
IGBTs, and IEGTs has been enabling a substantial 
improvement of MV converters in many aspects [8], [9]. These 
four major types of semiconductor devices are considered in 
this paper. The major operating characteristics of the target 
semiconductor devices are summarized in Table I and are used 
in the loss analysis throughout this paper. The important 
characteristics for the loss calculation are the threshold voltage 
(VTO), slope resistance (RT) as a function of the collector/anode 

current, turn-on energy (Eon), turn-off energy (Eoff), diode 
reverse recovery energy (Err), maximum operating junction 
temperature (Tvj_max), and thermal resistance (Rth). 

A. Press-Pack Type IGCT for MV Converters 

MV IGCT press-pack devices are mainly used in high power 
industrial applications owing to their advantageous features 
such as press-pack housing cases, a higher thermal/power 
cycling capability, and explosion-free failure mode [5]. 
Recently, a 10kV IGCT device has been introduced and its 
switching capability has been confirmed [10]. In this paper, a 
6.5kV/3800A press-pack type IGCT (ABB 5SHY42L6500) is 
considered for the loss analysis [11]. As for the anti-parallel 
and neutral point clamped diode, a 6.0kV/1100A press-pack 
type FRD (ABB 5SDF10H6004) is employed [12]. 

B. Module Type IGBT for MV Converters 

Module type IGBTs are widely accepted in the market for 
the power range below 3-4 MW approximately. MV IGBTs 
having a blocking voltage of 6.5kV have been developed by 
several manufacturers and employed in many industrial 
applications. The continuous switching current capability of 
6.5kV IGBT modules has reached around 750A. In this paper, 
a 6.5kV/750A module type IGBT (ABB 5SNA0750G650300) 
is considered for the loss analysis [13]. 

C. Press-Pack Type IGBT for MV Converters 

The recently developed press-pack type IGBT devices 
combine the advantages of IGBTs with those of press-pack 
cases. Thus, press-pack IGBTs have become a competitor for 
IGCTs in medium and high power industrial applications such 
as the MV drives for wind turbines [14]. In this paper, a 
4.5kV/2400A press-pack type IGBT (Westcode, IXYS 
T2400GB45E) is considered for the loss analysis [15]. 

D. Press-Pack Type IEGT for MV Converters 

As a high-voltage and large-capacity power semiconductor 
device to replace conventional GTO thyristors, the Injection 
Enhanced Gate Transistor (IEGT) has been developed in recent  
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Fig. 2. Target power semiconductor devices for MV wind turbines [11], [13], [15], [18]. 

TABLE I 
CIRCUIT PARAMETERS AND OPERATING CONDITIONS [11], [12], [13], [15], [18] 

Device IGCT Module type IGBT Press-pack IGBT Press-pack IEGT Press-pack Diode 

Manufacturer ABB ABB Westcode, IXYS Toshiba ABB 

Code 5SHY 42L6500 5SNA 0750G650300 T2400GB45E ST2100GXH22A 5SDF 10H6004 

Blocking Voltage 6.5 kV 6.5 kV 4.5 kV 4.5 kV 6.0 kV 

ITGQM 3800A - - - - 

IC,nom / ICM - 750A / 1500A 2400A / 4800A 2100A / 5500A - 

IF(AV)M - - - - 1100A 

Part GCT-part IGBT-part Diode-part IGBT-part - Diode-part 

VTO (Max.) 1.88 V 2.0 V 2.5 V 1.49 V 3.0 V 1.5 V 

RT (Max.) 0.56 mΩ 2.5 mΩ 1.3 mΩ 1.05 mΩ 1.0 mΩ 0.6 mΩ 

Eon (Max.) 3.1 J 6.4 J - 15 J 18.4 J - 

Eoff / Err (Max.) 44 J 5.3 J 2.7 J 14 J 17 J 5 J 

Meas. condition 4kV / 3800A 3.6kV / 750A 2.8kV / 2400A 3.0kV / 2100A 2.9kV / 1000A 

Tvj_max. 125℃ 125℃ 125℃ 125℃ 125℃ 

Rth(j-c) 8.5 K/kW 11 K/kW 21 K/kW 5.2 K/kW 5.25 K/kW 12 K/kW 

Rth(c-h) 3 K/kW 9 K/kW 18 K/kW 3 K/kW 3 K/kW 3 K/kW 

Rth(h-a) 6 K/kW 10 K/kW 10 K/kW 6 K/kW 6 K/kW 6 K/kW 

 
years and applied in a practical use. This development was led 
by Toshiba and GE Companies. High-voltage, large-capacity, 
and full-controlled power device of the IEGT type are intended 
to combine the advantages of IGBT devices and GTO devices. 
The press-pack type 4.5kV IEGTs have been placed on the 
market, mainly for the use in medium voltage converters [16], 
[17]. In this paper, a 4.5kV/2100A press-pack IEGT (Toshiba 
ST2100GXH22A) is considered for the loss analysis [18]. 
 

III. ELECTRO-THERMAL MODELING OF THE POWER 
SEMICONDUCTOR DEVICES 

A. Power Loss Modeling of Semiconductors Devices 

The losses of power semiconductor device are approximated 
by analytical expressions in terms of voltage and current.  

Fig. 3 shows a simplified loss estimation model for power 
semiconductor devices. 
1) Conduction Losses: The total semiconductor device loss  

 
(a) Switching waveforms of voltage and current. 

 

 
(b) Simplified power losses estimation on switching status. 

 

Fig. 3. Simplified device switching waveforms and its power 
losses. 

 

Pt consists of the conduction loss Pcond and the switching loss 
Pswitching [19] [20]; 
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The conduction loss of each power semiconductor depends 
on the instantaneous on-state voltage vsw(t) and the 
instantaneous switching current i(t) passing through it. The 
forward on-state voltage of the power semiconductor device, 
vsw(t) can be modeled by using a first-order linear 
approximation comprised of a threshold voltage von and a 
series resistance Ron as follows; 
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The total conduction loss in the power semiconductors can 
be expressed as; 
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where T is the fundamental period of the converter [21]. 

2) Switching Losses: The switching loss of the power 
semiconductor device is determined by the total commutation 
time in which the device is turned on/off, and by the voltage 
v(t) and current i(t) across the device. The energy dissipated 
during commutations is made up of Eon, Eoff, and Err, for the 
turn-on, turn-off, and diode reverse recovery, respectively. 
This information is provided by the device manufacturer on 
their datasheet. The average switching power loss Pswitching 
over a complete fundamental period T may be determined by 
summing all of the commutations of a device during a 
respective interval of time. The switching loss for the turn-on, 
turn-off, and diode revers recovery can be expressed as; 
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Equation (4), (5), and (6) represent linear approximations of 
the actual switching loss for the turn-on, turn-off, and diode 
reverse recovery based on the specific values (Eon(spec), Eoff(spec), 
and Err(spec)) provided by the manufacturer. Although the 
switching loss can vary depending on the gate impedance, 
parasitic circuit elements, and snubber characteristics, this 
linear approximation gives fairly good accuracy particularly in 
the vicinity of the manufacturer’s test point (Vtest and Itest) and 
snubber condition [5]. 

In some cases, the turn off loss of an IGBT device, unlike 
IGCT devices, is not linear. Therefore, the switching loss of an  

linkDCV 2

1

 
Fig. 4. OVP clamp and di/dt snubber circuit of IGCT in the 
upper-half part of 3L-NPC VSC. 

 
IGBT can be modeled as a 2nd-order polynomial curve having a 
parabolic shape like the following. 

2
210 ikikkifEswitching  )(        (7) 

where k0, k1, and k2 are polynomial coefficients. However, 
even in the case of (7), the approximations of Pon and Poff, by 
(4)-(6), have a quite high engineering accuracy. 

B. Loss Modeling of a Snubber Circuit for the IGCT 
Platform 

Converters employing IGCTs need a di/dt limiting 
inductance to meet the required di/dt characteristics during 
switching on transients. This di/dt limiting inductor (Li) usually 
necessitates an additional over voltage protection snubber or 
clamping circuitry, as shown in Fig. 1. This snubber circuitry 
dissipates additional power loss and gives a rise to an important 
loss factor which should be taken into consideration for a 
comprehensive loss comparison. 

Fig. 4 presents an equivalent circuit of the di/dt limiting 
inductor, over voltage protection, and the particular IGCT 
being subject to switching transients in Fig. 1. At the instant of 
switching off, the stored magnetic energy in the di/dt limiting 
inductor due to the on-state current of the IGCT is given by; 
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This stored energy is mainly dissipated in the snubber 
resistor (RCl) or fed back to charge the dc link capacitor 
(CDC-link) [22]. In this paper, the total stored energy in the di/dt 
limiting inductor is considered to be snubber circuit power loss 
since the loss analysis is performed to compare the full 
functionality of different power semiconductor switching 
devices on an equal basis. Therefore, the clamp (snubber) 
circuit loss Pcl can be expressed as; 
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C. Thermal Modeling of the Semiconductor Devices 

The thermal performance of the power semiconductor 
devices is closely related to the reliability and cost of the whole  
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Fig. 5. Electro-thermal model structure for junction temperature of power semiconductor [25]. 

 
power converter system [23]. The power loss modeling can be 
implemented based on the current and voltage values in the 
power devices. Afterwards, the thermal modeling is applied to 
the estimation of the loss dissipation. The electro-thermal 
model deals with the analysis of both the electrical and thermal 
performances, which interact with each other by the power 
dissipation of the electronics devices [24]. The main purpose of 
the electro-thermal model is to estimate the junction and case 
temperature for the 3L-NPC VSCs. The electro-thermal model 
is implemented for a press-pack type IGCT (5SHY42L6500) 
and Diode (5SDF10H6004) from ABB. 

Fig. 5 shows the electro-thermal models involved in the 
model of the power device, power loss, and thermal model [25]. 
According to Fig. 5, the junction temperature is determined by 
the power losses of the power semiconductors. The steady state 
average junction temperature of each power semiconductor 
device can be expressed as follows according to [26]. Tj and Pt 
represent the junction temperature and the total semiconductor 
device loss, respectively [24]. The junction temperature is 
obtained as; 

  ][]/[][][ CTWCRWPCT athtj
       (10) 

The total thermal resistance Rth consists of Rth(j-c), Rth(c-h), and 
Rth(h-a); 
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Rth(j-c) is the thermal resistance from the junction-to-case, 
Rth(c-h) is the thermal resistance from the case-to-heatsink, Rth(h-a) 
is the thermal resistance from the heatsink-to-ambient. 

In order to obtain the transient behavior of the junction 
temperature, the transient thermal impedance should be taken 
into consideration in the thermal modeling of the 
semiconductor devices. The transient thermal impedance is  

 
 

Fig. 6. Thermal model of power semiconductor devices with 
four-layer Foster RC network. 

 
defined to be the transient response of the junction temperature 
against the unit step power loss. Therefore, the transient 
thermal impedance indirectly provides the information on the 
thermal resistance and capacitance of the Foster RC network 
model. 

The curve for the transient thermal impedance Zth(j-c) can be 
fit into the series of the exponential term as (12). 
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The thermal impedance from the junction to the case Zth(j-c) is 
modeled as a four-layer Foster RC network as depicted in Fig. 
6. The case to the heatsink thermal impedance is modeled as a 
simple thermal resistor. Furthermore, the ambient temperature 

is set to 30℃. It is worth mentioning that a number of the four 

parameters are more than sufficient for a good estimation of the  
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TABLE II 
PARAMETERS OF THE THERMAL IMPEDANCE FOR A IGCT 

PLATFORM 

Thermal 
Impedance 

R
th(j-c)

 
R

th(c-h)Part I Part II Part III Part IV 

R
iIGCT

(K/kW) 5.562 1.527 0.868 0.545 3 

τ
iIGCT

(s) 0.5119 0.0896 0.0091 0.0024 - 

R
iDiode

(K/kW) 7.440 2.000 1.840 0.710 3 

τ
iDiode

(ms) 0. 4700 0.0910 0.0100 0.0047 - 

R
iNPD

(K/kW) 7.440 2.000 1.840 0.710 3 

τ
iNPD

(ms) 0. 4700 0.0910 0.0100 0.0047 - 
 

 

Fig. 7. 3L-NPC VSCs for loss analysis in 5MW PMSG MV 
WTS. 
 
Foster Network. The parameters for a press-pack type 6.5kV 
IGCT platform are summarized in Table II [11], [12], [27]. 

 

IV. SIMULATION RESULTS OF THE 3L-NPC VSCS 

IN A 5MW PMSG MV WTS 

A. Medium-Voltage 3L-NPC VSCs Topology 

Fig. 7 shows the 3L-NPC VSCs topology for the loss 
analysis of selected high power semiconductors in a 5MW 
PMSG MV WTS. Each leg of the VSC consists of two 
neutral-point clamped diodes, four switches, and four 
anti-parallel diodes. The DC-bus voltage is split into 
three-levels by two series connected capacitors. The middle 
point of the two capacitors N can be defined as a neutral point. 
The output voltage vAN has three states (Vdc/2, 0, and –Vdc/2) in 
each leg, which are produced by specific conduction paths 
depending on the output current direction and the output 
voltage polarity. Due to the relatively low switching frequency, 
a 2nd-order LC-filter system has been employed at the grid 
side of the converter to meet the harmonic constraints of the 
grid code, for example IEEE-519 [28]. In addition, a di/dt 
snubber is essential for all of the IGCT converters to achieve 
the required di/dt characteristics during switching on and to 
mitigate the reverse recovery stress on the fast diodes. 

B. Power Loss Distribution in a 5MW PMSG WTS 

The simulation is performed based on the parameters of a  

TABLE III 
SIMULATION PARAMETERS OF 5MW MV 3L-NPC VSCS 

Parameter Symbol Value Per unit

Output Power Prated-out 5 MW 1.0 

Frequency fgrid 60 Hz 1.0 

Grid side inductance Lgrid 1.56 mH 0.17 

Grid side input voltage VLL 4.16 kV 1.0 

Grid side input current IAC_input 708 A 1.0 

Switching frequency fGSC_PWM 1020 Hz - 

DC-link voltage VDC-link 7 kV - 

DC-link capacitance CDC-link 2.6 mF - 

AC filter inductance Lf 1.5 mH 0.16 

AC filter capacitance Cf 0.35 mF 0.45 

 

 
Fig. 8. Waveforms of ac input current at the converter pole under 
inverter operating mode (Positive current flowing into converter 
from grid). 

 
5MW MV 3L-NPC VSC as specified in Table III. Since the 
Grid Side Converter (GSC) is a 3L-NPC type converter 
connected to an ac line of 4160V, the nominal dc-link voltage 
is chosen to be 7kV. The switching frequency, i.e. the PWM 
carrier frequency, adopted for the GSC is set to 1020Hz. This 
switching frequency is selected to be 17 times the fundamental 
frequency. The selection of the switching frequency is done on 
the basis of compromising the switching loss and the harmonic 
content of the ac input current. 

In Fig. 8, the ac input currents at the converter pole under the 
three different power factor conditions (0.9 leading condition, 
1.0, and 0.9 lagging condition) are given with respect to the 
grid phase voltage. It is noted that the amplitude of the ac input 
current for the case of the 0.9 leading condition under inverter 
operating mode is at its largest among three conditions. This is 
due to the fact that the grid side LC-filter adds an additional 
leading power factor so that the input current at the converter 
pole requires an increased leading angle to generate the 0.9 
leading power factor at the ac input, i.e. upstream of the grid 
side LC-filter. 

Figs. 9 and 10 show waveforms of the switching current and 
voltage for the 6.5kV IGCTs in each phase-leg during one ac  
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Fig. 9. Waveforms of switching voltage and current in the upper side of each phase-leg under inverter operating mode (pf=0.9 leading 
condition). 
 

 
 

Fig. 10. Waveforms of switching voltage and current in the lower side of each phase-leg under inverter operating mode (pf=0.9 leading 
condition). 
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Fig. 11. Electrothermal model of each device for junction 
temperature in 3L-NPC VSC. 
 

 
 

Fig. 12. Transient junction temperature of one phase-leg IGCT 
platform (pf=0.9 leading condition). 

 

line period under the power factor of the 0.9 leading condition. 
The converter operates under the inverter operating mode, i.e. 

power flows from the converter into the grid. In order to obtain 
the maximum semiconductor losses for the worst possible case, 
the simulation has been performed under the condition of a 
maximum ac input current; a line under-voltage of 90% and a 
power factor of the 0.9 leading condition. The switching 
voltage and current are sampled at the switching instant from 
the simulation waveform for each of the semiconductor devices. 
These sampled voltage and current values are then used to 
calculate the switching losses based on the specified loss values 
(Eon(spec), Eoff(spec), and Err(spec)) given in the datasheet of the 
power semiconductors. The calculation of the switching loss is 
done in a linear manner as described in (4) - (6), assuming the 
typical gating impedances and snubber conditions suggested by 
the manufacturer. 

C. Transient Junction Temperature 

The 3L-NPC VSC thermal model is built in PLECS to 
obtain the junction temperature profiles of the IGCT platform 
for each power device. Fig. 11 shows the main electrical and 
thermal circuit of the 3L-NPC VSC. Figs. 12-14 show the 
transient junction temperature of the one phase-leg IGCT  

 
Fig. 13. Transient junction temperature of one phase-leg IGCT 
platform (pf=1.0 condition). 
 

 
Fig. 14. Transient junction temperature of one phase-leg IGCT 
platform (pf=0.9 lagging condition). 

 

platform under the three different power factor conditions (0.9 
leading condition, 1.0, and 0.9 lagging condition) in a 5MW 
PMSG MV wind turbine. 

In Fig 12, under the condition of a maximum ac input 
current, Q1 and Q4 are the most stressed device with a junction 

temperature of 120℃ and a temperature fluctuation of 13℃ 

amplitude. It can be seen that the mean temperature (111℃) of 

Q1 and Q4 is higher than the mean temperature (48℃) of Q2 

and Q3. In addition, the mean temperature (32℃) of D1 and D4 

is higher than the mean temperature (30℃) of D2 and D3 in the 

3L-NPC VSCs. The mean temperatures (79℃) of NPD5 and 

NPD6 are similar to each other. 
 

V. COMPARISON OF LOSSES 

The total power losses (Pt) of the semiconductor devices in a 
5MW PMSG MV wind turbine are summarized in Fig. 15-17 
using (1)-(6) under the 0.9 leading power factor condition of 
the inverter operating mode. The average conduction loss of 
each device is calculated by integrating the power loss of 
each device for one cycle of line frequency as shown in Fig. 8. 
The average conduction loss factor is calculated as in (2) and 
(3). The switching on and off loss factors are calculated based 
on the device voltage and current values sampled from the 
simulation waveform, as shown in Fig. 9 and Fig. 10. The 
total power loss (Pt) is then obtained by adding the  
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Fig. 15. Total power loss (Pt) distribution in four devices (Q1 - 
Q4) of four different types of power semiconductors (Total 
power loss value for three-phase). 
 

 
Fig. 16. Total power loss (Pt) distribution in six devices (D1 - D4, 
NPD5 - NPD6) of two different types of diodes; 5SDF10H6004, 
5SNA0750G650300 (Total power loss value for three-phase). 
 

 
Fig. 17. Total power loss (Pt) distribution regarding conduction, 
switching, and snubber losses in four devices (Q1 - Q4) of four 
different types of power semiconductors (Total power loss value 
for three-phase). 

conduction loss (Pcond) and switching loss (Pon and Poff). 
The total power losses of the four target semiconductor 

devices are compared including the snubber losses for the case 
of the IGCT. The power loss numbers in Fig. 15-17 represent 
the values for the complete 3-phase in a GSC of 5MW 3L-NPC 
VSCs as depicted in Fig. 7. In general, the turn-on losses of the 
anti-parallel diode and neutral-point clamp diode are very small, 
so they are ignored in this paper. For the case of a module type 
IGBT of 6.5kV/750A, it is necessary to employ two devices in 
parallel (np=2) to meet the converter operating specifications 
for an ac input current of 708A as shown in Table III. This 
parallel operation can be implemented either by paralleling 
devices or by paralleling two converter systems. In this paper, 
it is assumed that the current is shared equally between the two 
parallel devices of IGBT modules. 

Figs. 15 and 16 show the total power loss (Pt) distribution in 
each device of the four different power semiconductors and the 
two different diodes using the power loss model (1)-(6) for the 
GSC of 3L-NPC VSCs. In Fig. 15-16, the switching devices 
show symmetrical power losses in one leg of the converter, i.e. 
the outer devices and the inner devices have almost same losses. 
The junction temperature of each switching device has been 
computed based on the thermal resistances given in Table I. 
The ambient temperature, i.e. the temperature of in-let cooling 
water, has been assumed to be 30 degrees. It is interesting to 
note that the inner anti-parallel diodes (D2 and D3) do not have 
switching off losses. This is due to the modulation 
characteristic of 3L-NPC VSCs, that is Q2 and Q3 being left 
turn on at the commutation instant of D2 and D3. In Fig. 16, a 
press-pack diode of 5SDF10H6004 is commonly employed as 
antiparallel and neutral-point clamp diode in the cases of 
press-pack type IGCTs, press-pack type IGBTs, and press-pack 
type IEGTs, for the sake of a fair comparison. In the case of 
module type IGBTs, the anti-parallel diode part integrated into 
the package of a 5SNA0750G650300 is also utilized as a 
neutral-point clamp diode. As for neutral-point clamp diodes of 
NPD5 and NPD6, two anti-parallel diodes of 
5SNA0750G650300 are paralleled (np=2). 

Fig. 17 provides the total loss (Pt) distribution regarding the 
conduction (Pcond), switching (Pon, Poff), and snubber losses (Pcl) 
in the four devices (Q1, Q2, Q3, and Q4) of four different types 
of power semiconductors using the power loss model (1) - (6). 
It is noted from the graph that the IGCT is subject to the largest 
switch turn-off loss among the four kinds of power devices. On 
the other hand, the IGCT has the smallest switch turn-on loss in 
the group. The total power loss dissipated in the snubber 
circuitry for the IGCT converter, as shown in Fig. 4, is shown 
to be around 4.92kW based on (8) and (9) for a three-phase 
GSC. Even with this additional power loss factor due to 
snubber circuitry, the switch turn-on loss of the IGCT is 
relatively smaller than those of the other power devices as 
shown in Fig. 17. 

The total losses (Pt) of the 3L-NPC VSCs for 5MW PMSG  
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Fig. 18. Total loss distribution regarding conduction, switching, and snubber circuit losses of four different types of power 
semiconductors (Total power loss value for three-phase at 1020Hz switching frequency). 

 

Fig. 19. Total loss distribution regarding conduction, switching, and snubber circuit losses of four different types of power 
semiconductors (Total power loss value for three-phase at 1380Hz switching frequency). 

 

Fig. 20. Total loss distribution in semiconductor devices of three phase-leg under inverter operating mode employing 6.5kV IGCT 
(pf=0.9 leading condition). 
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MV wind turbines are described in Fig. 18 for each device in a 
one phase-leg IGCT platform (pf=0.9 leading condition) using 
the power loss model (1)-(6). It shows that the press-pack type 
IGCT has the lowest loss value, 56kW (1.13%), among all four  
kinds of power semiconductor platforms including the snubber 
losses. On the other hand, the press-pack type IEGT has the 
highest loss value at 77kW (1.54%). The module type IGBT 
exhibits a loss value of 58kW (1.18%) which is close to that of 
the press-pack type IGCT. The press-pack type IGBT has a 
loss value of 61kW (1.22%). The power loss of the module 
type IGBT corresponds to the case of two devices in parallel 
(np=2). In this paralleling of devices or converters, the equal 
sharing of current becomes an important design task. However, 
it may further complicate the control algorithm or mechanical 
concept when compared to single device approaches such as 
the IGCT, press-pack IGBT, and press-pack IEGT. 

In order to investigate the influence of switching frequency 
on the loss characteristic, a loss analysis for a switching 
frequency of 1380Hz has been performed. It is noted from Fig. 
19 that the loss has been increased by approximately 0.4% for 
the cases of the press-pack IGBT, module IGBT, and IGCT. It 
is interesting to note that the press-pack IEGT has the largest 
increase of loss by approximately 1.0%. 

Fig. 20 describes the total loss distribution at worst possible 
case under the inverter operating mode for the target power 
semiconductor switch of the IGCT type. Under the inverter 
operating mode, Q1, Q4, NPD5, and NPD6 are subject to most 
of the power loss. As noted in Fig. 8, the amplitude of the ac 
input current at the converter pole changes as the power factor 
is varied from 0.9 leading to 0.9 lagging under the rated output 
power generation. A higher amplitude of the ac input current at 
the converter pole naturally results in higher power losses in 
the power semiconductor switches. In addition, a different 
power factor angle also changes the loss distribution pattern 
among the power semiconductor devices in each phase leg due 
to the commutation property in 3L-NPC VSCs. 

 

VI. CONCLUSION 

In this paper, the loss analysis of a 6.5kV/3800A press-pack 
type IGCT, 4.5kV/2400A press-pack type IGBT, 4.5kV/2100A 
press-pack type IEGT, and 6.5kV/750A module type IGBT for 
5MW PMSG MV wind turbines employing a back-to-back 
type 3L-NPC VSC is presented. The transient thermal junction 
temperature of the IGCT platform is described in GSC for 
5MW PMSG MV wind turbines. The switching loss is 
obtained under the assumption of typical gate impedance and 
snubber conditions provided by the semiconductor 
manufacturers. The switching frequency is set to 1020Hz, 
under a grid side input voltage of 4.16kV. The press-pack type 
IGCT has been found to have the lowest device losses, i.e. the 
highest efficiency, among the four candidates with the 
additional snubber loss of the IGCT being taken into 

consideration. The module type IGBT requires that two devices 
be put in parallel in order to meet the given operating 
specifications of an ac input current of 708A. This paralleled 
devices structure may complicate the mechanical and cooling 
systems which are very critical functional elements in 
multi-MW WTSs. Considering the difficulty of measuring the 
losses of high power converters in the MW range in the lab, the 
method of loss analysis proposed in this paper has practical 
usefulness since it can accurately estimate the losses of the 
high power semiconductor devices in 5MW PMSG MV wind 
turbines based on the semiconductor device datasheets. An 
experimental verification of these comparison results is in 
progress and the results will be reported in future publications.  
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