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Abstract—The recent developments in power semiconductors and 
control methods have made the voltage source converter based 
high voltage direct current (VSC-HVDC) feasible [1]. Due to the 
application of voltage source converter (VSC) technology and 
pulse width modulation (PWM) the VSC-HVDC has a number of 
potential advantages as compared with CSC-HVDC(i.e., also 
referred to as classic HVDC), such as short circuit current 
reduction, independent control of active power and reactive 
power, etc. With those advantages VSC-HVDC will likely be 
widely used in future transmission and distribution systems. 
Modular multilevel PWM converter applies modular approach 
and phase-shifted concepts achieving a number of advantages 
and therefore is popularly used in HVDC power transmission. 
This paper describes the hardware design principle of submodule 
in modular multilevel converter(MMC). 

HVDC represents a challenging application for high power 
electronics device in terms of power loss, SOA robustness, and 
reliability,etc. Reliability is more commonly known as “power 
cycle” and “thermal cycle”. In order to meet these requirements, 
a new generation of 3.3kV high voltage IGBT module (named R-
Series IGBT) is presented. This IGBT module, using ‘Fine Planar 
MOS gate Light Punch Through technology IGBT (FP-LPT-
HVIGBT)’ and ‘Soft reverse Recovery HV-Diode (SR-HVDi)’ 
structures, exhibits an exceptionally low losses and high 
robustness. The chip technologies will be briefly described and 
detailed test results highlighting the smooth switching 
characteristics, extremely safe operating areas and high tolerance 
to stray inductance will be presented.  

The tests are carried out on an actual submodule of MMC 
based on the 3.3kV IGBT module and testing results are shown 
in this paper.  

Index Terms-High voltage Direct current, Modular 
Multilevel Converter, new high voltage IGBT module 

I.  INTRODUCTION  
Both High Voltage Direct Current (HVDC) power 

transmission and Flexible AC Transmission System (FACTS)   
underwent research and development for many years. It is 
widely accepted that HVDC transmission system can provide a 
cost-effective solution compared to traditional AC transmission 
in applications which require long-distance, bulk-power 
delivery and asynchronous interconnections. As the sharp 
increase in wind power market of China, more and more 
importance has been attached to the research and commercial 
application of HVDC power transmission systems [2]. 

Line-commutated current source converters (CSCs) and self-
commutated voltage source converters (VSCs) are two basic 
converter technologies in modern HVDC transmissions. 
Conventional HVDC transmission employs line-commutated 
CSCs with thyristor valves and represents mature technology 
today. Frankly speaking, thyristor can achieve lower loss than 
other power devices, thus lower the total loss of HVDC system 
based on CSC. However, thyristor only has turn-on capability 
and can not be turned off by gate control. This means that the 
commutation within the converter has to be driven by the AC 
voltages of the network which needs i.e. a minimum short 
circuit power. In general VSC technologies appear to be 
favored against the CSC to realize future HVDC installations 
for the introduction of fully controlled power devices with both 
turn-on and turn-off capability. With the advances in high-
voltage high-power IGBT modules and application in VSC, the 
voltage sourced converter (VSC) has been emerging as a viable 
option for HVDC realization. 

In this paper, a newly-developed 3.3kV IGBT module is 
proposed. This IGBT module, using ‘Fine Planar MOS gate 
Light Punch Through technology HVIGBT (FP-LPT-
HVIGBT)’ and ‘Soft reverse Recovery HV-Diode (SR-HVDi)’ 
structures, exhibits an exceptionally low losses and high safe 
operating area which match the VSC-HVDC system’s 
requirements on loss reduction and high rubustness. What’s 
more, technologies in high junction temperature and high 
reliability are also introduced [3]. 
     There are various topologies which could be used to the 
VSC-HVDC. The simplest VSC topology is the conventional 
two-level three-phase and typically many IGBTs are series 
connected in this topology in order to achieve a higher 
blocking voltage capability for the voltage source converter. 
Two distinct multilevel topologies, the diode-clamped neutral-
point-clamped (NPC) converter and the flying capacitor (FC) 
converter, are also used in practical application. A more 
suitable topology for different number of voltage levels is 
modular multilevel converter (MMC). MMC, using half-bridge 
cascaded connections (i.e., also referred to as ‘submodule’) and 
modular approach, is one of the next-generation of multilevel 
converters intended for HVDC application. 



This paper describes the hardware design principle of 
submodule in modular multilevel converter and shows the 
switching test results of the proposed 3.3kV IGBT module on 
an actual submodule. 

 

II. MODULAR MULTILEVEL CONVERTER FOR  VSC-
HVDC 

A. MMC(Modular Multilevel Converter) 
The modular multilevel converter (MMC) has been 

proposed in [4], intended for high-voltage high power 
applications. This topology presents a number of advantages 
for instance low harmonic content, low switching loss and 
excellent robustness in case of module malfunction: the links 
can continue to operate correctly when one submodule fails. In 
addition, the modular structure makes it flexible in converter 
design and easy to assemble. Siemens has put this topology 
into practical use with the trade mark of “HVDC plus”. It is 
reported in [5] that the VSC-HVDC based on “HVDC plus” 
has been applied in a 400MVA/±200KV project. 

Basic circuit configuration of a three-phase modular 
multilevel converter using half-bridges in each submodule is 
illustrated in Figure1. These submodules are stand-alone 
power converters and any number of them may be connected 
in series to realize a desired voltage rating or power level. 

 
 
 

 

 

 

 

 

 

                            (a)                                      (b) 
Fig. 1.  Modular multilevel converter topology  
(a)three phase leg  (b)topology of submodule 

 

Each submodule consists of a DC capacitor and two IGBT 
modules that form a half-bridge structure. It is important that a 
single submodule failure must not lead to a malfunction of the 
whole VSC, therefore, a bypass thyristor is also used in the 
submodule. 

B. Solutions for suppressing of surge voltage  
The voltage rating of IGBT module and number of 

cascaded-connected submodules depend on the DC link 
voltage that has to be supported. However, the IGBT module’s 
voltage rating is also defined by the SSOA (switching safe 
operating area) voltage VSSOA considering  the long-term 
stability against cosmic radiation. For improved reliability and 
to avoid false triggering due to cosmic radiation, the maximum 
allowed DC link voltage applied to the 3.3kV IGBT module is 
set to 2500V. The margin between the maximum DC link 
voltage and the maximum collector-emitter voltage VCES of 
the IGBT module is due to voltage spikes caused by turn-off 
di/dt and stray inductance of the power circuit. 

One measure should be taken to deal with the spike 
voltage problem during turn-off of an IGBT module is that the 
commutation circuit of the power section must be designed to 
be as low-inductance as possible. Since laminated bus bars are 
very important for the reduction of power circuit inductance 
with high current IGBT modules, a laminated bus bar using 
copper plates separated and insulated by dielectric materials is 
used in the submodule proposed in this paper. Active 
clamping gate driver is another solution to limit the spike 
voltage. Fig.2 (a) and (b) show the characteristic of active 
clamping during turn-off of the 3.3kV IGBT module with a 
main stray-inductance of 100nH under normal shut down (a) 
and under shor circuit shut down(b) . 

 
(a) 

 
(b) 

Fig. 2.  Testing results of active clamping in 3.3kV IGBT  module 
(a) 3.3kV,1500A IGBT turn-off behaviour with  active clamping  (b) 
3.3kV,1500A IGBT short circuit behavior with active clamping 
 (Blue color, gate voltage, 5V/div. Green color, collector-emitter 
voltage Vce, 500V/div. Red color, collect current,2000A/div) 



Laminated bus bar and driver design are important 
technologies to lower the turn-off spike voltage of IGBTs. 
Besides the external circuitry design, there are some crucial 
requirements on IGBT module itself in terms of low power loss, 
high SOA robustness, low leakage current and high reliability. 
This paper introduced a newly-developed 3.3kV,1500A IGBT 
module (also named R-Series High Voltage IGBT module) 
which could match these requirements well. 
 

III. ADVANCES IN NEW 3.3KV IGBT CHIP 
TECHNOLOGIES AND PERFORMANCES 

The new generation of Mitsubishi electric’s 3.3kV R-Series 
adopts "Fine Planar MOS gate Light Punch Through IGBT 
(FP-LPT IGBT)" and "Soft reverse Recovery Diode with high 
robustness (SR-Diode)" structures, which reduce the power 
losses and increase the rated current while maintaining the 
mechanical compatibility with the already existing H-Series. 
The new generation chip technology provides benefits such as  
￭ IGBT chip: Lower losses, controllability of di/dt and dv/dt 

for low EMI levels 
￭ Diode chip: reduced reverse recovery current (Irr) 
￭ Higher SOA robustness, positive temperature coefficient 

(PTC) for easy parallel connection. At rated current and 125°C 
the new IGBT operates with a 30% lower VCE(sat) than a 
conventional IGBT 
￭  The maximum operation temperature is extended from 

125°C to 150°C while the minimum storage temperature is 
further extended from -40°C to -55°C 
￭ The new wire bond technology also improves the power 

cycling capability of the module compared to conventional 
3.3kV IGBT Modules 

A. IGBT chip technology 
The cross-section structure of 3.3kV R-series IGBT is 

shown in Fig.3 compared with conventional 3.3kV H-Series 
IGBT. An advanced planar-gate design with a fine pattern 
MOS-structure is adopted in this R-Series IGBT module. 
Optimized carrier concentration with additional N layer, 
thinner N- draft layer and LPT (Light Punch Through) 
structure are three key technologies, by which low on-state 
losses are achieved.  

 
Fig. 3.  3.3kV IGBT basic structure comparison of new R-Series and 
conventional H-Series 

A Figure of Merit (FOM) is commonly used as a 
performance index to assess the efficacy of the transition of 
new chip technologies in comparison to prior ones. Here, the 
FOM is defined as the chip current density (JC), divided by the 
product of the saturation voltage (VCE(sat), V) and the turn-off 
energy loss per pulse per unit current (Eoff, mJ/pulse/A) in 
inductive switching. The advanced new 3.3kVIGBT improves 
the trade-off characteristic between VCE(sat) and Eoff by 25% 
without deteriorating the robustness. So, the FOM of 3.3kV R-
Series IGBT is improved markedly. 

Fig.4 shows the Jc vs.Vce characteristics of 3.3kV IGBT 
module of new R-Series and conventional H-Series 
respectively. It can be seen that the new R-Series 3.3kV IGBT 
module has obtained output characteristics with strong PTC, 
which has big advantage in IGBT module’s parallel operation. 
Compared to conventional H-Series, its cross point has reduced 
remarkably. Low leakage current is also achieved by LPT 
technology. 

 
Fig. 4.  Jc vs.Vce characteristics of 3.3kV R-Series and conventional 
3.3kV H-Series IGBTs 
 

B. Diode chip technology 
Fig.5 shows the structure of 3.3kV R-Series IGBT 

module’s free wheeling diode, in which three technologies are 
applied. Light anode by low concentration P layer, thinner N-
draft and LPT structure. By these technologies, the new diode 
can achieve reduction of reverse recovery current, sequentially, 
the IGBT turn-on switching energy Eon is reduced 
significantly. Fig.6 shows reverse recovery waveform of 3.3kV 
R-series IGBT module compared with conventional H Series 
IGBT. The tests are under the same conditions: Tj=125°C, 
Vcc=1800V, Ic=1200A,VGE=+/-15V, Rg(on)=1.6 Ω , 
Ls=150nH. Test results of Fig.6 indicate that reverse recovery 
current of the new diode Irr is reduced by more than 20% 
compared to conventional H-Series, consequently reducing the 
IGBT turn-on switching energy Eon by 10% 



 
Fig. 5.  structure of 3.3kV R-Series diode 
 
 

 
(a) conventional 3.3kV H-Series IGBT  

Irr = 1760A ,Erec = 0.88J/P ,di/dt = 4213A/µs ,Prr= 2.22MW
dv/dt = 15.49kV/µs 
 

(b)  new 3.3kV R-Series IGBT 
Irr = 1360A ,Erec = 1.88J/P ,di/dt = 4051A/µs,Prr = 1.25MW 
dv/dt = 4.55kV/µs 

Irr 

Vec 

Prr 

Irr 

Vec 

Prr 

 
Fig. 6.  Reverse recovery waveforms of 3.3kV IGBTs (top: 
conventional H-Series diode chip, bottom: new diode chip.Blue 
colour, reverse recovery current Irr, 500A/div. Red colour, reverse 
recovery voltage Vec, 500V/div. Orange colour, peak reverse 
recovery power Prr)  
 

C. RBSOA performance 
RBSOA (Reverse Bias Safe Operation Area) defines the 

maximum allowable simultaneous occurrence of collector 
current and collector to emitter voltage during turn-off. The 
turn-off switching SOA test result of the new 3.3kV, 1500A 
IGBT chip is demonstrated in Fig.7, displaying the collector-

emitter voltage Vce (red), the collector current Ic (blue) and the 
gate emitter voltage VGE (yellow). It can be seen that under 
the junction temperature Tj=150°C condition, turn-off current 
of four times rated current (4x1500A=6000A) and DC-link 
voltage of 2500V, both the current and voltage are smooth 
without oscillation and failure. 

 

Ic=6000A

Vce 

VGE

 
Fig.7. waveform of new 3.3kV,1500A IGBT under turn-off 
condition(Tj=150°C, Vdc=2500V) 
Red color-Vce:1000V/div        blue color-Ic:1000A/div 
Yellow color-VGE:5V/div         t:1us/div 
 

D.  SCSOA  performance 
The short circuit testing is performed with a high-voltage 

half-bridge set-up to ensure the lowest possible residual 
inductance of the short circuit path between the IGBT under 
test and the DC link. The pulse width (tw) often be used to 
define the IGBT’s short-circuit withstand capability. Generally 
speaking, the time tw should be equal to or less than 10us.To 
evaluate the new 3.3kV, 1500A IGBT’s performance in the 
most critical condition with respect to turn-off current and 
voltage, we prolong the short-circuit pulse width to 20us. The 
test result is shown in Fig.8.Even though the short-circuit pulse 
width was prolonged to 20us and peak short circuit current 
reached 8600A, the new IGBT can turn off safely, showing 
high SCSOA robustness design. 

 

E. RRSOA performance 
During commutation of load current from FWD (Free 

Wheeling Diode) to IGBT (FWD turns off), it has to be 
verified that reverse recovery current Irr and reverse voltage 
Vec stay within the RRSOA (Reverse Recovery Safe 
Operation Area) during the whole turn-off process. The 
waveform of new generation 3.3kV IGBT module during FWD 
reverse recovery is shown in Fig.9. To achieve the severest 
condition, we tested the new 3.3kV, 1500A IGBT under 
Tj=150°C,DC-link voltage Vdc=2500V,Irr=4500A. In addition, 
a stray inductance of 100nH and a low gate resistance of only 
1.3 ohm were used. From the test waveform, it can be seen that 
the peak reverse recovery power Prr reached a large value of 



 
 
Fig. 10.  Internal chip layout and bonding of 3.3kV,1500A 
R-Series IGBT 
 
 
 

 
Fig. 11.  package of 3.3kV,1500A  R-Series IGBT 

9.8MW, about eight times rated value. Even in this condition, 
the behavior of the reverse recovery is very soft and the IGBT 
module had no damage. Therefore, thanks to the advanced new 
diode technology, Eon is improved by the reduction of Irr 
while the soft reverse recovery behavior maintains the 
robustness capability of conventional diode designs. 
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Fig.8. waveform of new 3.3kV,1500A IGBT under short-circuit 
condition(Tj=150°C, Vdc=2500V, VGE=15V,Ls=100nH) 
Red color-Vce:500V/div          blue color-Ic:3000A/div 
Yellow color-VGE:5V/div         t:4us/div 
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Fig.9. waveform of new 3.3kV,1500A IGBT under reverse recovery 
condition (Tj=150°C, Vdc=2500V,Ls=100nH) 
Red color-Vec:500V/div      blue color- Ic:1500A/div    t:1us/div 
 

F. High reliability design 
The reliability of IGBT module in HVDC application is 

severely stressed by thermal cycling and power cycling. Due to 
the mismatch in the thermal expansion coefficient (CTE) of the 
silicon and Aluminum, chip-bond wire connection zone is 
exposed to strong stress during the field application where the 

power devices are habitually heated up and cooled down. This 
stress leads finally to bond wire lift-off and to the completely 
failure of the device. This failure is called’ power cycling 
fatigue’. Thermal cycling fatigue is caused by the stress strain 
in the solder layer between insulation substrate and base plate 
occurred from the difference of coefficient in linear expansion. 
New 3.3kV IGBT module improves the power cycling 
capability remarkably compared to conventional 3.3kV IGBT 
Modules by increasing bond wires and bond points (bond 
points: 200% up), as shown in Fig.10. Moreover, the maximum 
operation junction temperature is extended from 125°C to 
150°C, which can also improve the power cycle reliability. 
Thermal cycle is improved by the package design. Fig.11 
shows the package of the 3.3kV,1500A IGBT module. In this 
module, the material of the substrate is AlN, which has a better 
match with baseplate material AlSiC, thus improves the 
thermal cycling.  
 

IV. EXPERIMENTAL RESULTS ON SUBMODULE OF 
MMC 

A submodule of MMC based on the new 3.3kV,1500A 
IGBT module is developed, in which the laminated bus bar and 
IGBT driver with active clamping function are built in. Based 
on the submodule platform, some switching tests are carried 
out to verify the IGBT’s performance. 

Fig.12 shows the turn off waveform of the 3.3kV IGBT 
module under DC link voltage of 1800V and current of 3000A. 



Both the current and voltage are smooth and the IGBT module 
could be shut down safely with turn-off loss of  4.65J and spike 
voltage of 2540V. 

 

 
Fig. 12.  turn off waveform of 3.3kV,1500A R-Series IGBT on a 
submodule 

 
 

Fig.13 shows the reverse recovery waveform of the 3.3kV 
IGBT module under DC link voltage of 1800V and current of 
1500A. Test result shows a soft reverse recovery switching, in 
which voltage and current are smooth and power loss is only 
1.275J. 

 
Fig. 13.  reverse recovery waveform of 3.3kV,1500A R-Series IGBT 
on a submodule 

 
 

V. CONCLUSION 
The latest technologies of Mitsubishi Electric new 

generation of 3.3kV HVIGBT module with FP LPT-HVIGBT 
and SR-HVDi are presented. The advanced new HVIGBT 
improves the trade-off characteristic between VCE(sat) and 
Eoff while  keeping the strong SOA robustness. In addition, the 
reverse recovery current Irr is reduced by the advanced new 
diode, and soft reverse recovery behavior maintaining the 
robustness capability of conventional diode design. Test results 
ob an actual submodule verified the performance of the IGBT 
module in MMC of HVDC application. 
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