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Abstract: The three-level discontinuous pulse-width modulation (DPWM) which can reduce switching 
frequency while restrain the switching loss of high power converters was proposed. Space-vector discontinuous 
modulation (SVDM) suitable for digital implement was also presented. Detailed analysis were given to verify 
the control performance of the two recommended SVDM methods and traditional space vector modulation 
(SVM) in switching loss and harmonic characteristic field. Three-level neutral-point-clamped (neutral-point-
clamped, NPC) SVDM rectifiers were designed to evaluate their behavior in neutral-point potential control, 
robustness and static and dynamic response. The correctness and feasibility of the proposed control scheme are 
verified by the simulating and experimental tests. Copyright © 2014 IFSA Publishing, S. L. 
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1. Introduction 
 

Switching loss of the power devices has become a 
serious problem, along with the wide application of 
the high power multilevel converters in the high 
performance and high power industrial field, e. g. 
mine hoisting, locomotive traction and metal 
rolling [1]. In order to improve the converters output 
power, the switching frequency of semiconductors 
should be kept at low value, for IGBT or IGCT, 
usually lower than 500 Hz [2]. Traditional continuous 
pulse-width modulation (CPWM), including space 
vector modulation (SVM), sinusoidal pulse-width 
modulation (SPWM), has a series of problems when 
the switching frequency is low, such as high 
harmonic distortion, bad stability and control 
performance, all of which could not meet the 
requirement of the control system. Discontinuous 
pulse-width modulation (DPWM) has power devices 

acting only on two phase at any time, while the 
device of third phase clamping at special level, so 
DPWM could reduce about 1/3 switch motion 
compared to the traditional CPWM. Besides, when 
the switching loss is the same, DPWM has more 
effective switch mode, and would decrease the filter 
capacity to reduce the electromagnetic interference 
(EMI) as well as the increase of power quality and 
power density [3].  

Firstly, DPWM was used in three-phase two-level 
voltage-source-converter to reduce the switching loss 
and improve the efficiency. These years, deeply 
research has been carried out for the combination of 
DPWM and high power converters. In [4], the 
mathematical model of DPWM has been derived. 
In [5], it had been analyzed and proved that, 
compared to the CPWM, DPWM had a larger 
modulation range, high voltage gain and small 
harmonic distortion. Along with the development of 
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the technology for the medium and high voltage 
converters, DPWM have been widely applied in the 
multilevel converters. Both the DPWM 
implementation in three-level and five-level has been 
analyzed in [6] and [7]. In [8] and [9], DPWM was 
used in the multi-phase motor and the active filter. 
However, most of the literature only focused on the 
DPWM study based on the zero-sequence voltage 
injection [10], rarely on the system comparison and 
performance analysis. According to above issues, in 
this paper, the implementation method of DPWM 
from three-level carrier modulation to space vector 
modulation has been firstly researched, and two kinds 
of improved three-level DPWM based on the space 
vector modulation would be analyzed and verified. 
And then, it took a comparison between the improved 
DPWM and SVM on the switching loss and the 
current harmonic characteristic when the switching 
frequency was low. Then, a widely used three-level 
neutral point clamped voltage-source PWM rectifier 
has been adopted as the test platform to evaluate  
their behavior in neutral-point potential control, static 
and dynamic response by the simulation and 
experimental results.  
 
 
2. Three-level Discontinuous  

Space-vector Modulation Mechanism 
 

Traditional three-level 60° DPWM can be 
implemented by the three-level carrier pulse width 
modulation [12], which follows the two-level 
DPWM2 [11]. All of the modulation strategy of two-
level DPWM can be applied to the three-level. 
However, because of the additional neutral clamping 
point of the three-level topology, a new improved 
DPWM was proposed in [6]. Compared to the 
traditional three-level 60° DPWM, this kind of 
improved DPWM has the outputs not only be 
clamped on the minus or plus bus voltage, but the 
neutral point. Owing to the easy digital 
implementation of the space-vector modulation, the 
three-level DPWM would be achieved using the 
space vector in this paper that is called SVDM. 

The basic principle of three-level SVM is that, the 
reference voltage complex vector is synthesized by 
the three nearest space vectors in each switching 
period [13]. Short vectors can decide the direction of 
the neutral current iM, and here, we take the δ+ and 
δ- to represent the duty period of the forward and 
reverse short vector. So, the controllable freedom 
factor of the SVM can be defined as: 
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The main purpose of the DPWM is to reduce the 

switching loss, so, it should be avoided that the 
power devices act on the peak (or near the peak) of 
each phase current. In order to decrease the switching 
times as much as possible, the switching order of 

seven-segment or nine-segment should be changed to 
five-segment. During one switching period, long 
vectors are put in the middle, while short vectors are 
in the beginning or the end. In this paper, we don’t 
change the direction of the neutral current by the 
adjustment of the short vectors, but the neural current 
average is maintained to be zero during the whole 
fundamental period. 

The improved three-level DPWM achieved by the 
space vector was called as SVDMA in [6], whose 
space vector diagram is shown in Fig. 1, where, 
different color represents different clamp district of 
each phase. For example, when the reference voltage 
vector is in the area C, phase A would be clamped at 
the positive level. The difference between the 
SVDMA and DPWM2 is that, SVDMA moves the 
zero vector from origin to the vertex of the inner 
hexagon. The specific method: during the 0-60° area, 
when ρ-=1, switching order could be expressed as  
 

...|t=0(+00)→(+0-)→(+--)|t=1/2T→(+--)→(+0-
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Fig. 1. Space vector diagram for SVDMA. 
 
 

During the above switching period, two power 
devices of the lower bridge arm of phase A keep 
close all the time, and the phase voltage would be 
clamped at positive level. The number, location and 
the length of the clamp region all depend on the 
modulation index of the SVDMA. At the assumption 
of modulation index M= phase dc/ ( / 2)V V , where Vphase 

and Vdc are the phase voltage amplitude and the DC 
bus voltage respectively. When M<2/3, phase A 
would be clamped at zero. So, SVDMA is only 
suitable for the range of M>2/3. Simulations have 
been carried out by the MATLAB, and the 
waveforms are shown in Fig. 2. The average 
switching frequency of the power devices is 1 kHz, 
M=0.95, and, tT11 and tT14 represent the duration 
time of the first and four device of phase A during 
one switching period. 
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(a) duration time of tT11+ tT14    (b) pulse waveform of T11 

 
Fig. 2. Simulation waveforms of SVDMA. 

 
 

Another three-level discontinuous space vector 
modulation which has a better harmonic performance 
is called SVDMB, the extended application of 
DPWM3 [14]. Being different from the SVDMA, the 
switching loss of SVDMB doesn’t change along with 
the modulation index, and the selection and the use 
interval of ρ- are also different from the SVDMA. 
The space vector diagram for SVDMB is shown  
in Fig. 3. 
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Fig. 3. Space vector diagram for SVDMB. 
 
 

Taking the 0-60° region C shown in Fig. 3 for 
example, switching period is T and the switch 
sequence (beginning with short vector 0--) is ...|t=0(0-
-)→(+--)→(+0-)|t = 1/2T→(+0-)→(+--) →(0--)|t=T…. 
During this period, two power devices of the upper 
bridge arm of phase C keep close all the time, and the 
phase voltage would be clamped at negative level. 
The simulation waveforms are shown in Fig. 4. 
 
 

0.04 0.06  

1

 

0

t/s

制
制

调
/p

u

 0.04   0.06

0

1

 

t/s

U
/V

 
 

a) duration time of tT11+ tT14     (b) pulse waveform of T11 

 
Fig. 4. Simulation waveforms of SVDMB. 

3. Research on the Control Performance 
of Three-level SVDM 

 
3.1. A Calculation of Switching Loss 
 

For the high power converters, the current 
harmonic distortion and the switching loss of power 
devices are the important factors to evaluate the 
performance of the modulation strategy. And the 
harmonic distortion can be evaluated by the HDF and 
THD, while the switching loss is related to the 
switching times and the load current.  

Generally, one of the limiting factors for the high 
power converters is the switching loss of the power 
devices. Design of the cooling system, efficiency of 
the heat dissipation system and the fever of the power 
devices, all of these determine the maximum power 
of the loss. It’s inaccurate to evaluate the switching 
loss of the different discontinuous modulation 
strategy by the carrier frequency or the switching 
frequency, it’s better to establish a more precise 
mathematical model to carry out some analysis and to 
take a calculation on the condition that, the thermal 
stress of devices is the same [15,16]. Normally, in 
order to utilize the converter capacity fully, the 
modulation index range of the three-level rectifier is 

M∈[2 / 3,2 / 3] . So, in this paper, the SVDMA, 

SVDMB and the SVM are only analyzed and 
compared in this range.  

The switching loss the whole fundamental period 
can be obtained by the integration of that for the 
single switch period pL. Considering the symmetry 
of the phase voltage, it has  
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where ωp represents the sum of the turn-off and turn-
on loss during one switch cycle, kf stands for the 
constant related to the devices terminal voltage and 
the natural characteristic, f is the switching 
frequency, i is the phase current. And the switching 
loss of the whole fundamental period is  
 

 π

L f0

1
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π
P fk i ϕ ϕ=  , (3) 

 
For SVM, ρ- is always 0.5, and the switch state is 

continuous during the whole fundamental period  
[0, 2π]. So, taking the phase A for example, the total 
loss of SVM can be obtained according to the Fig. 5. 
 

 
L,SVM f max

2

π
P k I f= , (4) 

 
where Imax is the peak value of the phase current. 
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Fig. 5. Product term normalization diagram for f ( )k i ϕ . 
 
 

The clamp region of SVDMA changes with the 
modulation index M, and the clamp region should be 
removed from the integration, so, the total switching 
loss becomes as  
 

 
L,SVDMA f max

2 1

π 3
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M
= , (5) 

 
The clamp region of SVDMB is different with 

SVDMA’s, it is independent on the M. Similarly, the 
total switching loss of SVDMB is 
 

 
L,SVDMB f max

3- 3

π
P k I f= , (6) 

 
The relationship between the modulation index M 

and the switching loss PL for different modulation 
strategy is shown in Fig. 6, where the switching 
frequency and the phase current keep same and the 
switching loss of SVM is normalized as 1. 
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Fig. 6. PL-M diagram. 
 
 

In Fig. 6, it can be seen that, when M=1.15 and 
M=0.667, the switching loss of SVDMA is half and 
0.866 times of the SVM’s. During the range of 
M∈[0.667,1.15], the switching loss of SVDMB is 
0.63 times of the SVM’s. That is to say, with a same 

switching loss, the switching frequency of SVDMA 
can increase to the 1.732M times of the SVM’s, 
while SVDMB’s increase to 1.58 times of  
the SVM’s.  
 
 
3.2. Analysis of the Harmonic Characteristics 
 

From above analysis, it can be known that, on the 
condition of same switching loss, SVDM could select 
high switching frequency and have a better harmonic 
characteristic. However, harmonic components of the 
phase current are only related to the switching 
frequency, also the position and number of the short 
vectors in the whole fundamental period. The 
controlling factor of SVDM in single switch period 
keeps ρ-=0 or ρ-=1, alternately, which  
would increase the harmonic components of the 
phase current.  

In order to analyze the harmonic characteristics of 
SVDM in detail, models of the three-level NPC 
inverter with pure inductance load were established 
in the MATLAB/Simulink, and a comparative 
analysis has been carried out for the SVM, SVDMA 
and SVDMB. All of the signals were discrete and 
normalized and the switching frequency of each has 
been converted on the basis of same total switching 
loss. Sampling the harmonic distortion of the three 
phase current at different modulation index, and the 
current distortion obtained by the five times of curve 
fitting [17] are shown in Fig. 7, where the switching 
frequency is as low as 500 Hz. 
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Fig. 7. Current distortion at low to 500 Hz  
switching frequency. 

 
 

In Fig. 7, it can be known that, with a low 
switching frequency, the harmonic distortion of 
SVDMA increase along with the reduction of the 
modulation index, in the low index range, the 
distortion would higher than 5 %. For SVDMB, the 
distortion keeps smooth when M<0.85, and increases 
when M>0.8. The harmonic distortion of SVM is an 
approximately parabola and the minimum value 
comes at M=0.7. For the practical system, in order to 
utilize the converter capacity fully, the modulation 
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index is usually a big value. From Fig. 7, when the 
index is high, the distortion of the SVDMA and 
SVDMB is similarly, while SVM’s is bigger,  
which shows that the former two are suitable for the 
high index.  
 
 
3.3. Performance Analysis of the Three-level 

NPC-SVDM Rectifier 
 

A three-level PWM rectifier platform, which can 
realize the unity power factor and a adjustable DC-
link, was established to analyze and verify the control 
effects of the SVDM, such as the neutral point 
balance, dynamic response and the robustness [18]. 

The parameters are: inductance on ac side L=10 mH, 
resistance on ac side R=0.01 Ω, load resistance 
RLoad=130 Ω, DC-link capacitance Cdc1=2000 μF 
and Cdc2=2400 μF. 

The simulation waveforms of SVDM (switching 
frequency f=500 Hz) are shown in Fig. 8, where, at 
T=0.2 s, the load becomes twice the original. From 
Fig. 8 (a) and Fig. 8 (b), it can be seen that, for 
SVDMB, the dynamic recovery time is about three 
fundamental periods, and the ±10 % fluctuation of 
the DC-link capacitance has no obvious influence on 
the control system with a neutral point voltage 
difference less than 10 V; also, it can realize the unity 
power factor control, and meet the control 
requirements of the three-level rectifier.  
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(a) DC-link voltage of SVDMB (b) voltage and current waveforms on the ac side  
of SVDMB 
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(c) DC-link voltage of SVDMA (d) voltage and current waveforms on the ac side  
of SVDMA 

 
Fig. 8. Rectifier simulation waves under ±10 % Capacitor fluctuations and sudden load change. 

 
 

From Fig. 8(c) and Fig. 8(d), we can know that, 
on the same condition, the asymmetric of the DC-link 
capacitance has a great influence on the control 
system of the SVDMA; besides, with a sudden load 
changing, there are some problems such as DC-link 
voltage ripple, phase current distortion and the 
increase of the neutral point voltage difference. So, 
for the three-level NPC-SVDM rectifier, SVDMB 
system has outstanding performance compared with 
SVDMA, because load changing and the fluctuation 
of the DC-link capacitance both could decline the 
control performance of the SVDMA system. 

4. Experimental Results 
 

In order to verify the control performance of the 
SVDM, some related experiments have been carried 
out on the platform of the three-level NPC rectifier. 
Owing to the restriction of the experimental 
conditions, the research on the switching loss at 
different modulation haven’t been taken temporarily, 
only the harmonic distortion was compared with the 
consideration of the harmonic characteristics and the 
control of neutral point potential. Taking SVDMB as 
the modulation strategy for the three-level NPC 
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rectifier, and the experimental parameters are shown 
in Table 1. 
 
 
Table 1. Parameters of experimental system. 
 

Main controller 
TMS320F28335 DSP + 
XC3S400 FPGA 

Power devices(three-level 
IPM) 

SEMIKRON 
SK50MLI066 

IGBT drive optocoupler HCPL316J 
Load resistance/Ω 130 
AC side inductor/mH 10 
DC-link capacitor/μF 2200+2200 
Dead-time/μs 5 
Average switching 
frequency/Hz 
sampling frequency/Hz 

500 
1500 

 
 

Fig. 9(a) shows the waveforms of phase A voltage 
and the modulation waveform for line voltage, which 
transmitted from DSP to FPGA, and displayed on the 
oscilloscope TDS1002B [19, 20]. The switch pulses 
of the two power devices on the upper bridge arm of 
phase A are shown in Fig. 9(b), and from which, it 
can be seen that, in the 0-30° area, the position of 
clamp region is in the ±45° of the correspond peak 
and the switching frequency is 500 Hz. The 
experimental results are consistent with the 
theoretical analysis and the simulation. 
 
 

 
 

(a) modulation waveforms (normalization) 
 

 
 

(b) pulse waveforms of the upper arm of phase A 
 

Fig. 9. Experimentation waveform of SVDMB with M=1.0. 

The current harmonic distortion obtained from the 
power quality analyzer Fluke43B, of SVM, SVDMB 
and SVDMA are shown in Fig. 10, where the 
switching frequency and the modulation index are the 
same. When f=500 Hz and M=1, the distortion of 
SVDMA is the smallest, SVDMB second, and 
SVM’s is the large 
 
 

 
 

(a) SVM 
 

 
 

(b) SVDMB 
 

 
 

(c) SVDMA 
 

Fig. 10. Comparison of current distortion at 500 Hz 
switching frequency and the same modulation index. 

 
 

Fig. 11 shows the grid current and voltage at 
steady-state at f=500 Hz, with a smoothing 
waveforms and good degree of sinusoidal.  
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Fig. 11. Grid current and voltage Steady-state waveform. 
 
 

In order to verify the dynamic performance of 
SVDMB, the experiments of the DC-link voltage 
mutation and the sudden load changing were carried 
out, and the results are shown in Fig. 12. 
 
 

 
 

(a) Waveform of the DC-link voltage 
 

 
 

(b) waveforms of id, iq 

 
Fig. 12. DC-link voltage and grid current waveforms. 

 
 

In Fig. 12(a), when the given value of DC-link 
voltage changed suddenly, the response time of the 
voltage loop is about 200 ms, which could meet the 
dynamic requirement. And Fig. 12(b) is the dynamic 
response waveforms of the grid current when the load 
is twice of former, and the dynamic response time is 
approximate two switch periods, which verify the 
dynamic performance and the robustness of SVDMB. 
 
 

5. Conclusions 
 

The switching loss of power devices and the 
harmonic characteristics are the key performance 

indexes of the high power converters. According to 
the low switching frequency, two kinds of SVDM 
have been analyzed and compared with the traditional 
SVM. And a three-level NPC-SVDM rectifier 
platform has been established to test the control 
performance of the different modulation strategy 
focusing on the neutral point control, the dynamic 
and steady response and the robustness. 

The simulation and experimental results show 
that, the advantage of SVDM with a low current 
distortion increases along with the reduction of the 
switching frequency. On the same conditions, the 
switching loss of SVDMA and SVDMB could be 
reduced to the 0.58 % and 0.63 % of the SVM’s, 
while SVDMB acts better than SVDMA on the 
neutral point control and the robustness. 

For the three-level SVDM, some research on the 
space vector modulation, switching loss, harmonic 
characteristics and robustness analysis have been 
attempted. The advantages of SVDM are not only 
embodied in the control system of the three-level 
NPC rectifier, also can be transplanted to the motor 
system and other applications of the high power 
converters. According to the practical system,  
the dead-time compensation, narrow pulse 
elimination and design of the filters are the next 
research emphasis. 
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