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Abstract - The three-level neutral-point-clamped (3L-

NPC) converter is a promising multilevel topology in the 
application of mega-watts wind power generation system. 
However, the growing requirements by grid codes may 
impose high stress and even give reliability problem to 
this converter topology. This paper investigates the loss 
and thermal performances of a 10 MW 3L-NPC wind 
power inverter undergoing Low Voltage Ride Through 
(LVRT) operation. A series of new space vector 
modulation methods are then proposed to relocate the 
thermal loading among the power switching devices. It is 
concluded that, with the proposed modulation methods, 
the thermal distribution in the 3L-NPC wind power 
inverter undergoing LVRT becomes more equal, and the 
junction temperature of the most stressed devices can be 
also relieved. Also the control ability of DC-bus neutral 
point potential, which is one of the crucial considerations 
for the 3L-NPC converter, is even more improved by the 
proposed modulation methods.1 

 
I. INTRODUCTION 

The European Union is committed to source 20% of its 
energy from renewables by 2020 [1]. As the most promising 
candidate, the wind energy production integrated into the 
power grid is booming all over the world. Meanwhile, the 
power capacity of a single wind turbine is increasing 
continuously to reduce the price pr. produced kWh, as the 
cutting-edge achievement, 7 MW offshore wind turbines 
have already been presented on the market [2]-[5]. 
Consequently, due to much more significant impacts to the 
power grid after a failure or disconnection than ever before, 
the wind power generation system is required to be more 
reliable and able to withstand grid disturbances. The 
Transmission System Operators (TSO) have issued stricter 
Low Voltage Ride Through (LVRT) grid codes [6], 
moreover, it is becoming a need that the wind power 
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generation system should also provide reactive current (up to 
100% rated current capacity of converter) to contribute to the 
grid recovery when LVRT is present [7]. A lot of work has 
been done related to the control of the wind power converter 
to satisfy the grid codes during LVRT [8], [9]. However, the 
loss and thermal performances under this condition, 
especially when using MW full-scale power converters, are 
important and interesting topics needed to be clarified.  

It is expected that 10 MW wind turbines with PMSG and 
full-scale power converter will be the next long-term target 
to be conquered according to the technology trends [2]-[5]. 
In most cases, the multi-level converter topologies will be 
demanded to handle such a high power with medium voltage 
ratings [10]-[17]. As the most commercialized multilevel 
converter [12]-[17], three-level neutral-point-clamped (3L-
NPC) topology seems to be a promising candidate for the 10 
MW full-scale wind power converter [18]-[20], as shown in 
Fig. 1, where Tout is the outer switch, Dout is the outer 
freewheeling diode, Tin is the inner switch, Din is the inner 
freewheeling diode, Dnpc is the clamping diode.  

 

Fig. 1. Three-level neutral point clamped converter used in a wind 
turbine.            

One drawback of 3L-NPC converter is the unequal loss 
distribution among the inner switches Tin and Din, the outer 
switches Tout/Dout and the neutral point clamped (NPC) 
diodes Dnpc, as indicated in Fig. 1. The inefficient and 
unequal utilization of power devices may limit the maximum 
achievable power, switching frequency and reliability of the 
whole converter system. Some works are proposed to 
improve this drawback with two-level modulation at lower 
modulation index [21], [22] or active neutral point clamped 
(NPC) switches [15]-[17]. But they have the disadvantages 
of either poorer control ability of neutral point potential or 
extra power switching devices. In [23] a modulation 
sequence is proposed to relieve the device thermal stress 
under LVRT, but it introduces extra switching events and the 
neutral point control method will compromise the thermal 
relieving effects. The problems of 3L-NPC converter may 



 

 

raise the uncertainty and restrict the availability of this 
converter topology in the application of wind turbines.  

In this paper, the loss and thermal distribution among the 
power semiconductors of three-level neutral-point-clamped 
(3L-NPC) inverter are first investigated, the analysis is 
focusing on the application of 10 MW wind turbines which 
is undergoing the low voltage ride through (LVRT) 
condition. Afterwards a series of new space-vector-
modulation sequences which aim to reduce the stress of the 
“hottest” power devices and more equal thermal distribution 
are proposed. The neutral point (NP) potential control 
performances for the proposed modulation methods are also 
evaluated.  

II. THERMAL DISTRIBUTIONS OF 3L-NPC INVERTER UNDER 

LVRT  

A 10 MW medium-voltage 3L-NPC wind power inverter 
is basically designed for a case study. As summarized in 
Table I, all of the power devices have the commutated 
voltage of 2.8 kV in order to utilize the dominant 4.5 kV 
high-power semiconductors available on the market, and the 
rated DC bus voltage can be determined at 5.6 kV. Normal 
continuous Space Vector Modulation (SVM) method for 3L-
NPC converter is applied and the carrier frequency is 
typically designed to be 800 Hz in order to get an acceptable 
switching loss in the power devices. The output filter 
inductance is designed to limit the maximum current ripple 
to 25% of the rated current amplitude, and the filter 
capacitance is not taken into account. For simplicity of 
analysis and keep the analysis focus on the power loss and 
thermal behavior of the power semiconductors, the power 
grid is considered as three ideal AC voltage sources, the DC 
bus capacitance is assumed high, and the transformers are 
assumed ideal.  

The simulations are carried out based on PLECS 
Blockset in Simulink software [24], press-pack IGCT 5SHY 
40L4511 from ABB (commutated voltage 2.8 kV/ maximum 
3.6 kA, optimized for medium frequency switching) and 
freewheeling diodes 5SDF 10H4503 (2.8 kV/ maximum 4 
kA, recommended by the manufacturer) are chosen as the 
switching devices in this case study. 

Table I. Parameters of a 10 MW 3L-NPC wind power inverter for 
case study (rated condition). 

 

As an extreme example, the inverter is set under the 
LVRT condition, when the grid voltage dips to 0.05 p.u. 
providing 100% rated reactive current to the power grid 
according to [7]. Because of the action of a DC bus chopper, 
the DC bus voltage during LVRT is assumed to be 
maintained at 10% higher than the rated value. The 
simulation output of the 3L-NPC inverter with normal Space 
Vector Modulation (SVM) sequence in two fundamental 
cycles is shown in Fig. 2. It can be seen that the output 
features of the converter during LVRT are quite different 
from the normal operation: the zero voltage level has longer 
dwelling time compared to the positive and negative voltage 
levels because of relative lower modulation index. The phase 
current lags 90 degree to the grid phase voltage because the 
inverter achieves 100% rated reactive current injection (1.75 
kA rms) into the power grid.  
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Fig. 2. Simulation outputs of 3L-NPC inverter with normal space 

vector modulation, (Vo-output voltage pulses, Vg-grid voltage, Iload-
phase current. Vg=0.05 p.u., 100% rated reactive current). 

When the operating condition for 3L-NPC wind power 
inverter is settled, the loss model can be applied based on the 
current and voltage information in the power devices. 
Afterwards the thermal model is applied to the loss 
dissipation, and junction temperature of each power device 
in 3L-NPC inverter can thereby be acquired. The loss model 
shares the same idea as in [24],[25], which is a commonly 
accepted method for the loss evaluation of power 
semiconductor devices. The thermal models of a single 
switch and clamping diode are indicated in Fig. 3 [26], [27], 
in which the thermal impedance from junction to case Z(j-c) is 
modeled as a four-layers Foster RC network, as shown in Fig. 
4, and it has to be transferred to the equivalent Cauer 
network for simulation [24]. Each of the thermal parameters 
can be found from the manufacturer datasheets and they are 
summarized in Table II, where the thermal resistance Rth will 
decide the steady state level of junction temperature, and the 
time constant τ (decided by Rth and thermal capacitance Cth) 
will decide the dynamic performance of the junction 
temperature, their relationship is governed by [24]: 

th thR C                                     (1) 

It is noted that the Foster thermal network will be 
automatically transferred to the equivalent Cauer RC 
network in PLECS for the convenience of extending thermal 
impedance from case to ambient [24]. Due to the normally 



 

 

large thermal capacitance, the heat sink temperature is set to 
be 60 ℃ and considered constant during the converter 
operation.  However it may be changed depending on the 
operation site. 

 The steady state mean junction temperature of each 
power device can be calculated as follows according to [26]:  

/ / ( ) ( )( )jIGCT Diode H IGCT Diode th j c th c hT T P R R            (2) 

TjIGCT/Diode and PIGCT/Diode represent the junction 
temperature and the total loss in a single IGCT or diode 
respectively, TH is the heat sink temperature, Rth(j-c) is the 
thermal resistance of IGCT or Diode from junction to case, 
Rth(c-h) is the thermal resistance of IGCT or Diode from case 
to heat sink. 

The junction temperature distribution for each power 
device with relation to the grid voltage is shown in Fig. 5, in 
which the situations that the inverter needs to provide 100% 
rated reactive current are indicated. It can be seen that the 

thermal distribution of 3L-NPC inverter under LVRT is quite 
unequal and inefficient: as the “hottest” power devices, the 
NPC diodes Dnpc and inner switch Tin has 15 K to 25 K 
higher junction temperatures than the average level of all 
power devices at around 80 ℃. While the most “cold” device 
Din is barely loaded and has up to 40 K lower junction 
temperature than the “hottest” device Dnpc. The extreme 
unequal thermal distribution happens when the grid voltage 
dips close to zero. It is obvious that the thermal optimization 
target for 3L-NPC wind power inverter under LVRT is to 
reduce the junction temperature in the NPC diodes Dnpc and 
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Fig. 5 Thermal distribution vs. grid voltage during Low 
Voltage Ride Through (100% reactive power is needed). 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

0.05 0.2 0.35 0.5

Lcon

LswLo
ss

 (
kW

)

  
(a) Clamping diode Dnpc. 
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Fig. 6. Loss distribution of the 3L-NPC wind power inverter 
under LVRT (Lcon conduction loss, Lsw switching loss). 

Fig. 3. Thermal models of the used power devices. 

 

Fig. 4. Thermal model of the impedance ZT(j-c) or ZD(j-c) from junction 
to case in Fig. 3. (It has to be transferred to equivalent Cauer network 

for simulation). 

Table II: Parameters of thermal impedance for IGCT/diode. 

*Sector 1-4 means different layers of RC lump circuit in Fig. 4. 



 

 

 
Fig. 7. Sector I of the space vector diagram for 3L-NPC 

converter. 

 
Fig. 8. The “complete” vector sequence in region A. 

 
 

 

(a) Region A1 (0-30 degree)                                

 

 (b) Region A2 (30-60 degree) 

Fig. 9. Vector sequences for normal space vector modulation, 
(grey parts mean eliminated state vectors, region A, sector I). 

the inner switch Tin, while at the same time to achieve a more 
equal junction temperature distribution. 

The loss distribution of the clamping diode Dnpc and inner 
switch Tin in 3L-NPC inverter when grid voltage dips to 0.05, 
0.2, 0.35 and 0.5 p.u. is shown in Fig. 6 (a) and Fig. 6 (b). It 
can be seen that the conduction loss in the NPC diode is 
slightly more dominant while the switching loss in Tin is 
more dominant. Referring to the switching process of the 3L-
NPC converter [21], the thermal stress in Dnpc and Tin will be 
effectively relieved by reducing the dwelling time of zero 
voltage level (reduced conduction loss) and reducing the 
commutations involving zero voltage level (reduced 
switching loss).   

When implementing the space vector modulation for 3L-
NPC inverter, the reference vector under extreme LVRT is 
mainly located in the inner hexagon of space vector diagram. 
In this special area, there are one or two redundancies for 
each of the switching state. The switching state redundancy 
enables quite a lot of possibilities to arrange the “three-
nearest” state vectors - it is possible that some of the state 
vectors sequence could modify the loss distribution and 
achieve the thermal optimization target for the 3L-NPC wind 
power inverter under LVRT. 

III. GENERATION METHOD FOR SPACE VECTOR 

MODULATION SEQUENCES 

For simplicity, the sequence generation method is 
demonstrated only based on sector I (0-60 degree) in the 
space vector diagram for 3L-NPC converter, and other 
sectors will share similar analysis. The detailed information 
of sector I is shown in Fig. 7, in which each of the state 
vectors group and sub-regions (A-D) are illustrated. As 
mentioned before, the voltage reference vector Vref in this 
sector mainly locates in region A under extreme LVRT 
condition. The reference can be synthesized by the three 
nearest state vectors: one from the redundant short vectors 
group 211/100 (red), one from the other redundant short 
vectors group 221/110 (blue) and one from the redundant 
zero vectors group 000/111/222 (black). The numbering “2”, 
“1”, “0” of the state vectors represent that a certain phase is 
connected by the converter to the positive DC bus, the 
neutral point and the negative DC bus respectively [21], 
[28]-[30]. 

It is interesting that when using all of the state vectors 
including the redundant ones in region A to synthesize the 
reference vector Vref, the sequence arrangement is unique if 
the least switching process and symmetric pulses for each 
phase are realized, as shown in Fig. 8. All of the state vectors 
in region A are visited without unnecessary switching 
processes and abrupt voltage level changes: Output voltage 
level in each phase gradually change from negative to zero 
and then from zero to positive (reverse fashion is from 
positive to zero and then to negative). Other applicable 
modulation sequences can be generated by eliminating some 
redundant state vectors in the “complete” vector sequence. 
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             (a) O1 sequence arrangement                               (b) Output of O1 sequence 
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           (e) O3 sequence arrangement                            (f) Output of O3 sequence 

Fig. 10. The loss and thermal redistributed modulation schemes. (Vo-output voltage pulses, Vg-grid voltage, Iload-phase current. Vg=0.05 
p.u., 100% rated reactive current). 

However, the sequence generation method must follow 
two criteria:  

I. At least one state vector from each of the “three 
nearest” redundant vectors group has to be used in order to 
synthesize the desired reference voltage.  

II. The state vectors have to be arranged in reverse 
fashion over one carrier cycle in order to smoothly connect 
with the succeeded vector sequence without extra switching 
processes.  

An example of this vector sequence generation method is 
demonstrated in Fig. 9, in which the most commonly used 
SVM sequence (normal) for 3L-NPC converters in the region 
A1 (0-30 degree) and region A2 (30-60 degree) of sector I 
are generated. It is noted that the grey blocks in Fig. 9 
indicate the eliminated redundant state vectors, and the used 
state vectors are arranged within one switching cycle. It can 
be seen that the two sequence generation criteria are satisfied.  

IV. THERMAL REDISTRIBUTED MODULATIONS FOR 3L-NPC 

INVERTER UNDER LVRT 

4.1  Basic principles 

As mentioned before, the thermal optimized modulation 
target is to reduce the dwelling time of zero voltage level or 
decrease the commutations involving zero voltage level. 
Based on the proposed generation method for modulation 
sequence, a series special modulation sequences are of 
interest:  

In order to reduce the output time for zero voltage level 
of 3L-NPC inverter during LVRT, one effective way is to 
reduce the activating time for the zero state vector “111” 
(because vector 111 outputs zero voltage level for all of the 
three phases). Fig. 10 (a) indicates a special modulation 
sequence which allocates the “complete” vectors of Fig. 8 
within two switching cycles, it is called Optimized sequence 



 

 

                       
(a) Normal sequence                                                                           (b) O1 sequence 

             
(c) O2 sequence                                                                               (d) O3 sequence 

Fig. 11. SVM sequences in the form of carried-based modulation refences (duty ratio for the inner switch S1 and outer switch S2). 

1 (O1) for convenience. In the normal SVM sequence shown 
in Fig. 9, the dwelling time for zero vector is all occupied by 
111, while in the O1 sequence the zero vector is shared by 
000, 111 and 222, that means the output time for 111 in the 
O1 sequence is reduced and partly replaced by the equivalent 
vectors 000 and 222. The output waveforms of the O1 
sequence are shown in Fig 10 (b), it can be seen that the 
output voltage of this modulation sequence alternates 
between positive, zero, negative voltage levels within 
neighboring switching cycles, which is quite different from 
the traditional three-level output pattern of 3L-NPC 
converter as indicated in Fig. 2. But the amplitude and phase 
angle of the load current is kept unchanged.  

Another direct and basic idea is trying to avoid using the 
state vector “111” based on the “complete” sequence, as 
shown in Fig. 10 (c) which is called Optimized sequence 2 
(O2) for convenience. It can be seen that the sequence 
generation criteria are satisfied and the zero state vectors 111 
are totally replaced by the equivalent state vectors 000 and 
222. The output waveforms of the O2 sequence are shown in 
Fig. 10 (d), in which the widths of both positive and negative 
output voltage pulses are expanded compared to the O1 
sequence - that means further reduced dwelling time for zero 
voltage level. 

In order to reduce the commutations involving zero 
voltage level, the third modulation sequence is generated in 
Fig. 10 (e), which eliminates the zero state vectors 000 and 

222 and is called Optimized sequence 3 (O3) for 
convenience. It can be seen that for O3 sequence the 
commutations from zero to positive voltage levels in phase C 
and commutations from zero to negative voltage level in 
phase A are avoided in sector I (0-60 degree). The 
decreasing commutation times will benefit the switching loss 
reduction in the 3L-NPC inverter during LVRT. The output 
waveforms of the O3 sequence are shown in Fig. 10 (f), in 
which there are less output voltage pulses compared to the 
O1 and O2 sequence - that means reduced commutation 
times and less switching loss in Dnpc and Tin. 

It is noticed that because there is redundancy for each of 
the state vector, all the used vectors in the proposed 
sequences are arranged within two switching cycles rather 
than one, as indicated at the bottom of Fig. 10 (a), Fig. 10 (c), 
Fig. 10 (e) respectively. As a result, compared to the normal 
sequence, the equivalent switching frequency in the proposed 
sequences is not further increased especially for O1 and O2.  

For better understanding the proposed space vector 
modulation sequences in the form of carried-based 
modulation, they are transferred to the voltage 
references/duty ratio for the inner and outer switches of 3L-
NPC converter, as shown by DTout and DTin in Fig. 11. It can 
be seen that compared to the normal sequence in Fig. 11 (a), 
the O1 and O2 sequence generally move the level of voltage 
references, introducing larger duty ratio for the outer switch 
and smaller duty ratio for the inner switch, - this will lead to 
the longer dwelling time for the positive/negative voltage 



 

 

Table III. The used vectors and neutral point current in sector I-III for different sequences within one switching cycle 

 

output and reduce the dwelling time of the zero voltage 
output. In respect to the O3 sequence, the duty ratio is very 
similar to the normal sequence but deviation can be found 
around the time for zero crossing of voltage reference - this 
means the dwelling time for zero voltage output is not 
significantly reduced. The O3 sequence is very similar to the 
modulation sequence proposed by [31], [32].  

4.2 Neutral point potential control and Total Harmonic 
Distortion 

In order to analyze the control ability of Neutral Point 
(NP) potential by the proposed modulation sequence, the 
neutral point current iNP which is the main reason for the DC 
bus unbalance will be focused. The used state vectors and 
their corresponding iNP for each of the modulation sequence 
are summarized in Table III. It can be seen that under the 
ideal condition, all of the proposed sequences will utilize the 
short vectors having zero accumulated iNP over a switching 
cycle. The difference is only for the zero vectors which have 
no impact to the NP current. Therefore the positive and 
negative DC bus can naturally be balanced in the proposed 
three sequences without any active methods.  

In case of non-ideal situations, e.g. unbalanced load, the 
iNP will be disturbed in the 3L-NPC converter. It is well 
known that for the normal SVM sequence the average iNP can 
be controlled at zero by adjusting the time proportion of 
redundant vectors [33]-[35]. However according to Table III, 
in the normal sequence only one short vector (short 1) has 
redundancy and the other (short 2) doesn’t, therefore the NP 
current control ability is limited by just half control freedom, 
It is also proven in [33] that the NP potential control can be 
only effective under certain power factors and modulation 

indexes. As for the proposed three sequences O1, O2, O3, 
both of the used short vectors have redundancies, which 
mean full control freedom for the NP current, therefore it is 
possible to achieve zero iNP within one switching cycle under 
all power factors and applicable modulation indexes. 
Consequently the NP potential control ability of all the 
proposed modulation sequences should be better than the 
normal SVM sequence. 

Nevertheless, the proposed modulation sequences 
especially for O2 and O3 have no Total Harmonic Distortion 
(THD) improvements compared to the normal sequence. 
This can be also observed from the load current waveforms 
in Fig. 10 (d) and Fig. 10 (f), where the current distortion in 
the O2, O3 sequences are actually more than that in the 
normal sequence of Fig. 2. However it is noted that under the 
LVRT operation, which is an abnormal condition and 
normally last up to few seconds, the first control target is to 
make the grid converter survive when withstanding the grid 
voltage dips and providing large amount of reactive power 
support, therefore under the LVRT, THD is relatively less 
important performance for the wind power converter. 

4.3 Loss and thermal performances 

The loss distributions of the 3L-NPC wind power 
converter under LVRT when utilizing the normal and 
optimized vector sequences are compared in Fig. 12 (a), 
where Dcon and Tcon are the conduction loss in diode and 
IGCT respectively, Dsw and Tsw are the switching loss in 
diode and IGCT respectively. The comparison of steady state 
mean junction temperature distribution is shown in Fig. 12 
(b), where the optimized sequence enabling iNP balance 
proposed in [23] is also indicated for comparison (called 
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            (a) Loss distribution.                                                (b) Mean junction temperature comparison. 

Fig. 12. Thermal and loss comparison for the 3L-NPC wind power inverter under LVRT for different modulation sequences, Vg=0.05 p.u., 
100% reactive power. 
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(a) Normal modulation during LVRT.                                                (b) O1 modulation during LVRT. 
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(c) O2 modulation during LVRT.                                                (d) O3 modulation during LVRT. 

Fig. 13. Junction temperature dynamic response with a voltage dip time of 500 ms of different modulation sequences (from normal 
operation with wind speed 8 m/s to 0.05 p.u. LVRT, and then back to normal operation). 

A1A2 for simplicity). It can be seen that, the optimized 
sequences O1, O2 and O3 all achieve the loss and thermal 
redistribution among the power devices, the stress of Dnpc 
and Tin can be relieved under LVRT operation. The mean 
junction temperature reduction in the most stressed device 
Dnpc and Tin are estimated to be up to 12 K and 8 K 
respectively when O2 modulation is applied. And O3 
sequence shows another advantage in reducing the stress in 
Tout and Dout by 3 K and 5 K respectively. It is noted that the 

optimized sequence A1A2 in [23] has the similar thermal 
distribution as O2. 

The dynamic thermal performance of 3L-NPC wind 
power inverter which goes from normal operation to extreme 
LVRT and then back to normal operation can also be 
simulated. The junction temperature of each power device 
when applying different modulation methods during LVRT 
is shown in Fig. 13. If the O1 and O2 modulation methods 
are applied, as shown in Fig. 13 (b) and Fig. 13 (c), the 



 

 

         

(a) Normal sequence                                                                                (b) O1 sequence 

       

(c) O2 sequence                                                                                (d) O3 sequence 

Fig. 14. Experimental outputs of different modulation sequences, Vll-line to line voltage pulses (100V/div), Vo-phase voltage pulses 
(100V/div), Iload-load current (5A/div), modulation index M=0.3 p.u., phase angle θ=80º. 

maximum junction temperature in Dnpc and Tin are both 
reduced compared to the normal modulation in Fig. 13 (a). 
While the O3 modulation sequence shows more ability to 
reduce the junction temperature in Tout and Dout compared to 
O1 and O2 modulation methods.  

The optimal sequence in respect to the thermal 
redistribution under LVRT depends on many factors like the 
voltage/power level, switching frequency, heat sink design 
and the used power switching devices [36]. Generally 
speaking O2 sequence shows better thermal performance 
where the conduction loss is dominant, like the application 
with high power and low switching frequency. While O3 
sequence may show better thermal performance if the 

switching loss is dominant like the application with low 
power and high switching frequency. However the preferred 
modulation sequence under LVRT should be evaluated case 
by case. 

It is noted that, the proposed sequences are trying to 
move the loss from the most stressed devices to the less 
stressed ones. Although the total loss in the devices might 
not be significantly reduced, but the loss distribution is more 
equal, and the maximum junction temperature of the most 
devices can be reduced during LVRT. The more equal 
thermal distribution and maximum temperature limitation 
can be also observed from the dynamic thermal change in 
Fig. 13. The resulting maximum junction temperature 
reduction in the most stressed power devices may contribute 
to a life time extension of the converter according to e.g. the 
important Coffin-Masson life time model [37].    

V. EXPERIMENTAL RESULTS 

The proposed modulation sequences are validated on a 
downscale 3L-NPC converter, whose parameters are 
indicated in Table IV. It can be seen that a special RL passive 
load is used to simulate the LVRT operating condition for 
the grid-connected converter with large amount of reactive 
power (θ=80º) and low modulation index (m=0.3).  

Based on the setup the converter outputs with different 
modulation sequences are shown in Fig. 14, where the line to 
line voltage pulses (blue), phase voltage pulses (red), and 
load current (green) are indicated respectively. It can be seen 
that the different modulation sequences can achieve the 

Table IV: Parameters for the experimental setup of 3L-NPC 
converter. 

 



 

 

            
(a) Normal sequence                                                                                (b) O1 sequence 

            
(c) O2 sequence                                                                                (d) O3 sequence 

Fig. 15. Experimental neutral point current iNP and its switching-cycle-averaged value iNPave in different modulation sequences. 

similar line-to-line voltage and load current, but the phase 
voltage are significantly different when various modulation 
sequences are applied, this agrees with the simulation results 
in Fig. 10.  

Fig. 15 indicates the experimental NP current of the 3L-
NPC converter when different modulation methods are 
applied, it is noted that the active NP current control is not 
active.  For clarity, both the instantaneous neutral point 
current iNP and its switching-cycle-averaged value iNPave are 
indicated. It can be seen that the iNPave in the proposed 
modulation sequences O1-O3 are almost eliminated, while 
the normal modulation sequence has acuminated-zero iNPavg 
which oscillates at 0.2 p.u. amplitude and three times of the 
fundamental frequency.  

VI. CONCLUSIONS 

According to the investigations in this paper, the thermal 
optimization target for 3L-NPC wind power inverter under 
extreme LVRT is to reduce the junction temperature in the 
NPC diode and inner switch, which are the hottest power 
devices of the whole inverter system.  

By the proposed insight generation method for 
modulation sequence of 3L-NPC inverter, it is possible to 

develop a series of different thermal optimized modulation 
sequences. Compared to the normal modulation, the 
proposed thermal redistributed modulation sequences, which 
all enable full neutral point potential control ability, can 
effectively reduce the dwelling time or commutations 
involving zero voltage level output, achieving more equal 
thermal distribution and reliving the hottest power devices 
under extreme LVRT operation of 3L-NPC inverter. The 
proposed thermal optimized modulation methods are 
especially feasible during the LVRT operation, where the 
modulation index is relative low and more redundant 
switching states can be utilized. 

It is noted that the thermal improvements by the proposed 
modulation methods during LVRT depend a lot on the 
design of heat sink system and used power switching devices, 
which may change the thermal distribution and the loading 
level in the most stressed devices, as analyzed in [36]. 
Therefore, the preferred modulation sequences in respect to 
the thermal redistribution under LVRT need to be evaluated 
case by case.  

 
References 

[1] European Commission Climate Action, “The EU climate and 
energy package”, March 2007.  



 

 

[2] F. Blaabjerg, Z. Chen, S.B. Kjaer, “Power Electronics as 
Efficient Interface in Dispersed Power Generation Systems”, 
IEEE Trans. on Power Electronics, 2004, vol. 19, no. 4, pp. 
1184-1194. 

[3] Z. Chen, J.M. Guerrero, F. Blaabjerg, "A Review of the State 
of the Art of Power Electronics for Wind Turbines," IEEE 
Trans. on Power Electronics, vol.24, no.8, pp.1859-1875, Aug. 
2009. 

[4] Website of Vestas Wind Power, Wind turbines overview, April 
2011. (Available: http://www.vestas.com/). 

[5] F. Blaabjerg, M. Liserre, K. Ma, “Power Electronics 
Converters for Wind Turbine Systems,” IEEE Trans. on 
Industry Applications,vol 48, No. 2, pp.708-719, 2012. 

[6] M. Altin, O. Goksu, R. Teodorescu, P. Rodriguez, B. Bak-
Jensen, L. Helle, “Overview of recent grid codes for wind 
power integration,” Proc. of OPTIM’2010, pp.1152-1160, 
2010. 

[7] E.ON-Netz – Grid Code. High and extra high voltage, April 
2006. 

[8] S.M.Muyeen, R.Takahashi, T.Murata, J.Tamura, “A Variable 
Speed Wind Turbine Control Strategy to Meet Wind Farm 
Grid Code Requirements,” IEEE Trans. on Power Systems, 
2010, vol. 25, no. 1, pp. 331-340. 

[9] A.Teninge, D. Roye, S.Bacha, “Reactive power control for 
variable speed wind turbines to low voltage ride through grid 
code compliance,” Proc. of ICEM’ 2010, pp. 331-340, 2010. 

[10] M. Liserre, R. Cardenas, M. Molinas, J. Rodriguez, ”Overview 
of Multi-MW wind turbines and wind parks”, IEEE Trans. on 
Industrial Electronics, Vol. 58, No. 4, pp. 1081-1095,  April 
2011. 

[11] Hui Zhang, L.M. Tolbert, "Efficiency Impact of Silicon 
Carbide Power Electronics for Modern Wind Turbine Full 
Scale Frequency Converter," IEEE Trans. on Industrial 
Electronics, vol. 58, no. 1, pp. 21-28, Jan 2011.  

[12] S. Kouro, M. Malinowski, K. Gopakumar, J. Pou, L. G. 
Franquelo, B. Wu, J. Rodriguez, M. A. Perez, J. I. Leon, 
“Recent Advances and Industrial Applications of Multilevel 
Converters,” IEEE Trans. on Industrial Electronics, vol. 57, 
no. 8, pp. 2553 – 2580, 2010.   

[13] D. Krug, S. Bernet, S. S. Fazel, K. Jalili, M. Malinowski, 
“Comparison of 2.3-kV Medium-Voltage Multilevel 
Converters for Industrial Medium-Voltage Drives,” IEEE 
Trans. on Industrial Electronics, vol. 54, no. 6, pp. 2979-2992, 
2007. 

[14] J. Rodriguez, S. Bernet, P. K. Steimer, I. E. Lizama, “A 
Survey on Neutral-Point-Clamped Inverters,” IEEE Trans. on 
Industrial Electronics,  vol. 57,  no. 7, pp. 2219-2230, 2010.  

[15] T. Bruckner, S. Bernet, H. Guldner, “The active NPC 
converter and its loss-balancing control,” IEEE Trans. on 
Industrial Electronics, vol. 52, no. 3, pp.855-868, 2005.   

[16] O. Apeldoorn, B. Odegard, P. Steimer, S. Bernet, “A 16 MVA 
ANPC-PEBB with 6 kA IGCTs,” in Proc. of IAS’05, vol.2, pp. 
818-824, 2005. 

[17] O. S. Senturk, L. Helle, S. Munk-Nielsen, P. Rodriguez, R. 
Teodorescu, “Medium voltage three-level converters for the 

grid connection of a multi-MW wind turbine,” in Proc. of 
EPE’09, pp: 1- 8, 2009. 

[18] M. Malinowski, S. Stynski, W. Kolomyjski, M.P. 
Kazmierkowski, “Control of Three-Level PWM Converter 
Applied to Variable-Speed-Type Turbines,” IEEE Trans. on 
Industry Applications, vol.56, no.1, pp.69-77, 2009.   

[19] A. Faulstich, J.K. Stinke, F. Wittwer, “Medium voltage 
converter for permanent magnet wind power generators up to 5 
MW,” in Proc. of EPE’05, pp: 1- 9, 2005. 

[20] S. Alepuz,  S. Busquets-Monge, J. Bordonau, J. Gago, D. 
Gonzalez, J. Balcells, “Interfacing Renewable Energy Sources 
to the Utility Grid Using a Three-Level Inverter,” IEEE Trans. 
on Industrial Electronics, vol. 53, no. 5, pp. 1504-1511, 2006. 

[21] D. G. Holmes and T. A. Lipo, Pulse Width Modulation for 
Power Converters. New York: IEEE Press/Wiley-Interscience, 
2003. 

[22] T.Bruckner, D.G.Holmes, “Optimal pulse-width modulation 
for three-level inverters,” IEEE Trans. on Power Electronics, 
vol. 20, no. 1, pp. 82-89, 2005. 

[23] K. Ma, F. Blaabjerg, “Thermal Optimized Modulation 
Methods of Three-level Neutral-Point-Clamped Inverter for 10 
MW Wind Turbines under Low Voltage Ride Through,” IET 
Power Electronics, Vol. 5, No. 6, pp.920-927, 2012. 

[24] User manual of PLECS blockset version 3.1, March 2011. 
(Available: http://www.plexim.com/files/plecsmanual.pdf ).   

[25] F. Blaabjerg, U. Jaeger, S. Munk-Nielsen and J. Pedersen, 
“Power Losses in PWM-VSI Inverter Using NPT or PT IGBT 
Devices,” IEEE Trans. on Power Electronics, vol. 10, no. 3, 
pp. 358–367, May 1995. 

[26] ABB Application Note: Applying IGBTs, May 2007. 
[27] W. Lixiang, J. McGuire,R.A. Lukaszewski, “Analysis of PWM 

Frequency Control to Improve the Lifetime of PWM Inverter,” 
IEEE Trans. on Industrial Electronics, vol. 47, no. 2, pp. 922-
929, 2011. 

[28] J.Holtz, N.Oikonomou, “Neutral Point Potential Balancing 
Algorithm at Low Modulation Index for Three-Level Inverter 
Medium-Voltage Drives,” IEEE Trans. on Industry 
Applications, vol.43, no.3, pp.761-768, 2007.  

[29] Fei Wang, “Sine-triangle versus space-vector modulation for 
three-level PWM voltage-source inverters,” IEEE Trans. on 
Industry Applications, vol.38, no.2, pp.500-506, 2002.   

[30] B.P. McGrath, D.G. Holmes, T. Lipo, “Optimized space vector 
switching sequences for multilevel inverters,” IEEE Trans. on 
Power Electronics, vol. 18, no. 6, pp. 1293-1301, 2003. 

[31] S. Busquets-Monge, J. Bordonau, D. Boroyevich, S. 
Somavilla, “The nearest three virtual space vector PWM - a 
modulation for the comprehensive neutral-point balancing in 
the three-level NPC inverter,” IEEE Power Electron. Letter, 
vol. 2, no. 1, pp. 11-15, Mar. 2004. 

[32] S. Busquets-Monge, J. Bordonau, J. A. Beristain, “Comparison 
of losses and thermal performance of a three-level three-phase 
neutral-point-clamped dc-ac converter under a conventional 
NTV and the NTV2 modulation strategies,” Proc. IECON’ 
2006, pp. 4819-4824, 2006. 

[33] N. Celanovic, D. Boroyevich, “A comprehensive study of 
neutral-point voltage balancing problem in three-level neutral-



 

 

point-clamped voltage source PWM inverters,” IEEE Trans. 
on Power Electronics, 2000, vol. 15, no. 2, pp. 242-249. 

[34] S. Srikanthan, M.K. Mishra, "DC Capacitor Voltage 
Equalization in Neutral Clamped Inverters for DSTATCOM 
Application ," IEEE Trans. on Industrial Electronics, vol. 57, 
no. 8, pp. , August 2010.   

[35] J. Zaragoza, J. Pou, S. Ceballos, E. Robles, C. Jaen, M. 
Corbalan, "Voltage-Balance Compensator for a Carrier-Based 
Modulation in the Neutral-Point-Clamped Converter," IEEE 
Trans. on Industrial Electronics, vol. 56, no. 2, pp. 305-314, 
Feb 2009. 

[36] Ke Ma, Frede Blaabjerg, “The Impact of Power Switching 
Devices on the Thermal Performance of a 10 MW Wind Power 
NPC Converter,” Energies 5, no. 7: 2559-2577. 

[37] I.F. Kovačević, U. Drofenik, J.W. Kolar, “New physical model 
for lifetime estimation of power modules,” in Proc.of IPEC’10, 
pp. 2106-2114, 2010. 
 
 

 
Ke Ma (S’09-M’11) He received the 
B.Sc. and M.Sc. degrees in electrical 
engineering from the Zhejiang 
University, Hangzhou, China in 2007 
and 2010 respectively. He is currently 
working toward the Ph.D. degree in the 
Department of Energy Technology, 
Aalborg University, Denmark.  
His research interests are in the 
multilevel power electronics converters 
and their application in the wind power 
generation system. He has received the 

IEEE Industry Applications Society IPCC third prize paper award 
in 2012 and a prize paper award at ISIE Poland 2011.  

 

Frede Blaabjerg (S’86-M’88-
SM’97-F’03) He was employed at 
ABB-Scandia, Randers, from 1987-
1988. During 1988-1992 he was PhD. 
student at Aalborg University, 
Denmark, became Assistant Professor 
in 1992, Associate Professor in 1996 
and full professor in power 
electronics and drives in 1998. He has 
been part-time research leader at 
Research Center Risoe in wind 
turbines. In 2006-2010 he was dean 

of the faculty of Engineering, Science and Medicine and became 
visiting professor at Zhejiang University, China in 2009. His 
research areas are in power electronics and its applications like in 
wind turbines, PV systems and adjustable speed drives. He was the 
Editor-in-Chief of the IEEE Transactions on Power Electronics 
2006-2012. He was Distinguished lecturer for the IEEE Power 
Electronics Society 2005-2007 and for IEEE Industry Applications 
Society from 2010-2011. He has been Chairman of of EPE’2007 
and PEDG’2012 – both held in Aalborg.   
He received the 1995 Angelos Award for his contribution in 
modulation technique and the Annual Teacher prize at Aalborg 
University. In 1998 he received the Outstanding Young Power 
Electronics Engineer Award from the IEEE Power Electronics 

Society. He has received thirteen IEEE Prize paper awards and 
another prize paper award at PELINCEC Poland 2005. He received 
the IEEE PELS Distinguished Service Award in 2009 and the EPE-
PEMC 2010 Council award. Finally he has received a number of 
major research awards in Denmark. 
 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


