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Abstract-In recent years many different modulation techniques 

have been introduced in order to support the growing number of 
multilevel converter topologies. These techniques have own 

disadvantages and some limitations. This paper presents a new 

optimized variable offset modulation technique for differential 

multilevel converters. The proposed modulation technique with 

achievement to full DC utilization reduces switching losses. For a 

comprehensive analysis the optimized offset has been compared 

with three conventional modulation techniques. Modeling and 

analysis are first introduced for a buck converter, and then are 

expanded to a general differential three phase multilevel converter. 

Furthermore, simulation verification are taken place on a 16 level 

cascaded multilevel converter in order to confirm the introduced 

technique as well as theoretical analysis. Simulations results verify 

the introduced modulation techniques. 

Keywords-differential multilevel converter; fix offset; optimized 

offset; asymmetric multilevel converter 

I. INTRODUCTION 

Multilevel converters with high number of voltage levels can 
generate high quality voltage waveforms, with good enough 
THD. So they can be considered as suitable voltage generators in 
power application like smart grid with various power supplies 
[1]. Another advantage of such converters is their ability to 
synthesize waveforms with higher voltage levels, introducing a 
solution to increase the converter operating voltage above the 
voltage limits of classical semiconductors [2]. The multilevel 
converter are recently applied at many industrial applications 
such as ac power supplies, wind power, FACTS, distribution 
generation, drive systems and HVDC [1]. A multilevel converter 
not only achieves high power ratings, but also enables the use of 
renewable energy sources such as photovoltaic, wind, and fuel 
cells that are connected to grid for high power applications [3-4]. 

Many new modulation techniques have been developed to 
support the growing number of multilevel converter topologies 
[1]. These modulation techniques have own disadvantages and 
some limitations. A modulation technique affects switching 
losses, the THD as well as optimal usage of the DC-link [5]. The 
main objective of this article is to find an efficient modulation 
technique for multilevel converters. Modeling and analysis of 
multilevel converters in form of three independent DC-DC 
multilevel buck-converter and using basic equations of buck 
converter lead to an optimized modulation technique. 
Performance of the proposed optimized offset modulation 
technique is compared with those of the common techniques in 
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[5-9] such as fix offset, third harmonic injection PWM 
(THIPWM) and the SVPWM. The common aspect of these 
methods is the ability of running with carrier base switching 
techniques. Shifted level PWM (LS-PWM) [10] switching 
technique is used to run four modulation techniques on a 
differential three phase 16-level converter for comprehensive 
comparison. Analysis the obtained results indicate that applying 
the optimized offset modulation on multilevel converter leads 
lower switching losses, better THD as well as optimal usage of 
the DC-link. 

II. MODULATING THREE-PHASE MULTILEVEL CONVERTER 

Consider the DC-DC buck converter shown in Fig. l(a). In 
order to use a number of lower-voltage sources, DC input section 
similar to Fig. l(b) can be replaced with m 2-level choppers 
which have similar duty cycle. In this case, all dc voltage sources 
are equal and in accordance with (1) the total voltage of them are 
equal to VDC• Also, if the voltage sources of the choppers are not 
equal (asymmetric), it is possible to find more voltage level by 
choosing the correct voltage source ratio like asymmetric Binary 
or Trinary ratio [11]. With a duty cycle like (2) the buck 
converter shown in Fig. l(a) is able to produce a sinusoidal 
voltage with a DC offset by using the usual 2-level PWM 
method. 

v; = � = Vdc i=2, ... , m 

Voc = i:� =mxVdc 
i=1 

DJt) =D2(t) = ... = Dm(t) =D(t) {T';,N / Voc = D(t) = A sine at) + A 

O:::;D(t):::;l => A:::;0.5 

(a) (b) 

t, 
Iv r 

j-' 

(1) 

(2) 

Figure I. (a) a conventional DC-DC buck converter, (b) expanded model of the 
conventional buck. 

 

 

 



The expanded converter shown in Fig. l(b) by using a 
multilevel PWM methods such as LS-PWM techniques [10] or 
Fundamental switching frequency [12] will be able to produce 
sinusoidal voltage with positive levels (along with a DC offset). 
In this case the input voltage to the low-pass filter LC in 2-level 
buck converter is converted to a multilevel one that would reduce 
the size of the output filter, switching frequency and losses. So 
the converter shown in Fig. l(b) can be considered as a 
multilevel buck-converter that able to generate sinusoidal 
multilevel voltage waveform with a DC offset. 

By combining of three buck converter as shown in Fig. 2(a) 
with differential topology can be found a three phase inverter. 
The load-voltage is cased from difference of two phase voltages 
that due to the DC offset is equal to all phases, no average 
voltage can be applied to load. Such a discussion would also 
include for the described multilevel buck-converter with 
difference that the DC sources used for each phase exception of 
the lowest chopper should be isolated. Such three phase 
differential multilevel converter is shown in Fig. 2 (b). 

III. ApPL YlNG DIFFERENT MODULATION TECHNIQUES ON 

THREE-PHASE MULTILEVEL CONVERTERS 

Several modulation techniques like sinusoidal carrier based 
methods and SVM are usual for multilevel converters. Carrier 
based methods because of their simplicity in implementation are 
more usual [1] but they have a big disadvantage with modulation 
index limitation [5]. This section introduces a Fix offset and two 
variable offset modulation technique for three phase differential 
multilevel converters. Also the optimized offset modulation 
technique will be proposed. 

A. Fixed offset car r ier base sinusoidal modulation technique 

Consider the three-phase differential buck-converter shown in 
Fig. 2 (a). A simple solution for the inverter modulation is the 
production of three independent carrier base sinusoidal PWM 
with 120° phase shift at any phase. In order to usage of fix offset 
modulation technique, it can be added a fixed amount equal to 
sinusoidal waveform amplitude according (3) for production of 
three sine waveform at three-phase buck-converter output [5]. 

jv;,N IVoc = Da(t) = Asin(ot)+ A 
v;,N IV oc = Db(t) = Asin(ot + 27r 13)+ A 
VcN IVoc = De(t) = Asin(ot-27r 13)+ A 
0::; D(t)::; 1 => A::;O.S 

m m 

D(t) =LfI;Xcl; IVoc , Voc = LfI; 
i=1 i=! 

(3) 

(4) 

Equation (3) can also be considered for the multilevel 
converter shown in Fig. 2 (b) with difference that all chopper 
duty cycle are different from each other and total duty cycle 
(D(t)) is obtained from (4). In (4) V, and d;are dc voltage source 
and duty cycle of the ith chopper respectively. 

Due to the duty cycle limitation between 0 and 1 the DC 
offset value A is limited to a maximum value of 0.5. In this case, 
the maximum line voltage that is normalized based VDC will be 
limited toO.Sx.fj '" 0.86 . It is clear that 14% reduction in full DC 
utilization is a major disadvantage for this modulation technique. 
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Figure 2. Differential connection of buck converters in three phases, (a) 2-level 
configuration, (b) multilevel configuration 
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Figure 3. Three-phase duty cycles in Fix offset modulation by (3) at A=O.5 

The dc utilization means the ratio of the output fundamental 
voltage to the dc link voltage (VDc) [12].Three phase normalized 
voltage reference waveform according to (3) for maximum 
modulation index (A = 0.5) is shown in Fig. 3. As can be seen the 
waveforms have an equal fixed offset. These reference 
waveforms can be used for the discussed three phase differential 
multilevel converter with multi carrier base switching technique. 

B. Applying third harmonic injection (THIPWM) 

This method is used in order to increase the DC utilization in 
high modulation index. Instead of a sinusoidal reference a 
waveform with a fundamental and a third component is used [6]. 
Based on this modulation technique the required reference 
waveforms for the discussed differential converters are produced 
with (5). This waveforms for maximum modulation index 
(A=0.5) are shown in Fig. 4. Since the line voltage caused by 
difference between two phases voltage a DC offset as well as the 
third harmonic component will not be appeared on load voltages. 
With increasing of 15% in each phase's first component, full DC 
utilization will be obtained. 

jv;,N IV oc = Da(t) = l.lSAsin(ot) + 0.2SAsin(3ot) + A 
v;,N I Voc = Db(t) = l.lSAsin(ot + 27r 13)+0.2SAsin(3ot)+ A 
v;,N I Voc = De(t) = l.lSAsin(ot -27r I 3) + 0.2SAsin(3ot) + A 
0::; D(/)::; 1 => A::; O.S 

(S) 
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Figure 4. Duty cycles in the THIPWM according to (5) at A = 0.5 
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Figure 5. The SVPWM technique, (a) reference wavefonns and gate pulses 
generating according to (6), (b) three-phase duty cycles for a full DC utilization. 

C. Applying Space Vector PWM 

Fig. 5(a) shows voltage reference waveforms generating for 
three phase differential converters with SVPWM method based 
on (6) [9]. Three phase normalized voltage reference waveforms 
for maximum modulation index are shown in Fig. 5(b). By using 
these waveforms as duty cycles in discussed multilevel converter 
full DC utilization will be obtained. 

f,(t) = 0.14xmax(V�, V;, V� ) +0.86 

f2(t) =-0.86x(max(Va ,Vb , Vc ) +min(Va' Vb' Vc »+0.5 

f3(t) =-0.14xmax(V�, V;, V� ) +0.14 (6) 
Va =sin(wt) , Vb=sin(wt+2;z"!3) , Vc=sin(wt-2JrI3) 

V� = sin(2wt-5lZ" I 6) , V;=sin(2wt-lZ"16) , V�=sin(2wt+lZ"12) 

D. Applying offiet optimization 

Consider THIPWM method that with third harmonic injection 
can solve fix offset technique weakness and reach to full DC-link 
utilization. So for with switching losses reduction an efficient 
modulation technique will be available. The problem key is to 
find an optimized modulation with variable offset like THIPWM 
and SVPWM. So in (5) the common component 
( 0.25A sin(3wt) + A) that shows a sinusoidal offset is replaced 

with an unknown time dependent X(t) like (7). Equation (8) 
shows X(t) will not be appeared at line voltages and A will be 
limited to 0.5. Summation of three first relationship at (7) results 
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(9) that shows X(t) is proportional to the sum of the three-phase 
duty ratios. With minimizing X(t), the total switches ON time 
will be minimized. In this case, with 15% increasing in DC-link 
utilization, switching losses will be minimized. 

I
VaN I voc = Da(t) = 1.15Asin(aJI) + X(t) 
VbN 1Voc =Db(t) =1.15Asin(ox+2;z13) +X(t) 
vcN 1Voc = Dc(t) =1.15Asin(ox-2lZ"13) +X(t) 

(7) 

(8) 

Equation (9) shows X (t) is proportional to the sum of three
phase voltages. Therefore, the objective function of the 
minimization problem can be set out as minimizing the sum of 
three phase voltages with respect to the DC negative pole N 
(VaN(t)+ VbN(t)+ VcN(t)) with subjected to (10) for sinusoidal 
voltages production. Solving the optimization problem should be 
done for a number of points of the power frequency cycle /p. If 
the total switching frequency that is sum of all levels switching 
frequency at the output voltage is considered Is the required 
number of points in this case will be equal to Is I /p. The power 
frequency is 50Hz and the maximum considered switching 
frequency at LS-PWM is 3500Hz so the required point is 70. 
Optimization result by solving (7) with A=0.5 for full DC 
utilization is shown in Fig. 6. The outcome result is very 
interesting because switching operation is not required in One
third of the power cycle for each phase of differential multilevel 
converter. 

XOO=�+�+�=�OO+�OO+�OO 
3xVDC 3 

l(VaN(t) -VbN(t» I Voc = 1.15Av'}.sin(OX -lZ" 16) 

(VbN(t) -VcN(t» I Voc = 1.15Av'}.sin(wt + lZ" I 2) 

VaN (I), VbN (t) , V:ON (I) ;:: 0 
O::;A ::;0.5 

IV. 16-LEVEL THREE-PHASE MULTILEVEL CONVERTER 

(9) 

(10) 

The discussed modulation techniques will be applied on a 
typical multilevel converter based on the converter shown in Fig. 
2(b). This converter has been considered with four 2-level 
chopper with V1=Vdc, V2=2Vdc, V3=4Vdc, V4=8Vdc for the dc 
voltage sources in each phases. In this case, in accordance with 
switching states in table I, this converter will be able to produce 
16 positive level at the output of each phase from 0 to 15 Vdc with 
stair of Vdc=5V. For example if the switches states of four stage at 
phase A are Sa,=I, Sa2=0, Sa3=1, Sa4=0 respectively, the output 
voltage VAN is Vdc + 4 Vdc =5 Vdc =25V or with switches states 
Sa,=I, Sa2=1, Sa3=0, SarI, VAN is Vdc + 2Vdc + 8Vdc =11 Vdc =55V. 
It is worth mentioning because of the connection of the negative 
output of the fourth module in all three phases to point N, the dc 
voltage source of this module in all three phases can be common 
but other modules require their own DC sources. So the total 
number of needed sources in this converter configuration will be 
ten. Other specification of 16-level differential converter are 
given in table II. 
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Figure 6. Calculated three-phase duty cycles by (9) at A=O.5 for optimized 
offset modulation technique. 

A. Switching technique 

Generally, the methods for determining the switching states 
with respect to a given reference waveforms can be divided to 
two fundamental frequency switching and high switching 
frequency techniques [14]. High frequency switching techniques 
are based on the comparison of a given reference waveform with 
high-frequency carriers with phase-shifted or level-shifted or a 
combination of level and phase shifted [14]. The gate signals 
production with LS-PWM technique for applying to the 16-level 
converter is shown in Fig. 7. By comparing the given reference 
waveform (Urej) with 15 shifted-level carriers and summation of 
the comparators outputs a multilevel waveform between 0 to 15 
will be produce that with applying to the switching states 
table(table I), the ON switches in each level will be obtained. 

TABLE I. SWITCHING STATES FOR ONE PHASE OF THE 16-LEVEL CONVERTER 

Switches states �N/Vdc Sal Sa2 Sa3 Sa4 
0 0 0 0 0 
1 0 0 0 1 
0 1 0 0 2 
I I 0 0 3 

0 I I I 14 
1 1 1 1 15 

TABLE 11. SPECIFICA TlON OF THREE PHASE 16-LEVEL CONVERTER 

No Title Specifications Quantity 
1 Switches IGBT 24 
2 Switching technique LS-PWM ---

Half Bridge I V,=Vdc=5V 3 
Power Half Bridge 2 V,=2Vdc=IOV 3 

3 supplies 
voltage Half Bridge 3 V3=4Vdc=20V 3 

Half Bridge 4 V4=8Vdc=40V I 
4 Load r=150 3 
5 LC Filter Capacitor L-20/lF 3 
6 LC Filter Inductance C-2mH 3 
7 LS-PWM Carrier freq j,=3500Hz ---
8 Fundamental frequency j,=50Hz ---

V. SIMULATION RESULTS 

Simulation results using the Fix offset modulation with LS
PWM switching technique are shown in Fig. 8. This figure shows 
the three output voltages-to-N (VAN> VSN> VCN), three output LC
filter-to-N (VaN> VbN, VcN), three phase-to-neutral voltages and a 
line voltage (Va, Vb, Vo Vab). Fig. 8(a) presents multilevel voltage 
waveforms with 16 levels at the dc output side of converter 
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before LC-filter. Simulation results using the THIPWM 
modulation are shown in Fig. 9. As can be seen no dc stress nor 
third harmonic component appear at load voltages. With applying 
THIPWM full DC utilization can be achieved. 

t----I+ 

t----I+ 

1-----1+ 

LS-PWM technique 

Figure 7. Gate signals generating with applying LS-PWM technique. 
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Figure 8. Simulation results by appling Fix offset modulation technique, 

(a) converter output voltages to N point, (b) load voltages to N point, (c) load 
voltages to neutral point (n), (d) output voltages of half bridges at phase A. 
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Figure 9. Simulation result by appling THIPWM modulation, (a) converter 
output voltages to N point, (b) load voltages to N point, ( c) load voltages to 
neutral point (n). 
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Figure 10. Simulation result by appling SVPWM modulation, (a) converter 
output voltages to N, (b) load voltages to N, (c) load voltages to neutral (n). 
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Figure II. Simulation result by appling optimized offset modulation technique, 

(a) converter output voltages to N point, (b) load voltages to N point, (c) load 
voltages to neutral point (n). 

In addition simulation results using the SVPWM modulation 
technique are shown in Fig. 10. Full DC utilization by using 
SVPWM modulation for 16-level three phase differential is 
available. Also as can be seen from simulation results in Fig. 11 
with applying the optimized offset modulation full dc utilization 
has been achieved. 

VI. COMPARISON OF DISCUSED MODULA nON TECHNIQUES 

In order to better comparison, duty cycles of four discussed 
modulation technique are shown in Fig. 12. As it can be seen 
duty cycle of SVPWM and THIPWM are very similar to each 
other while the optimized offset has an asymmetry duty cycle 
waveform with one third off at total duty cycle time. So the 
switching losses of optimized offset modulation is 33% lower 
than other three methods. In addition the offset waveforms of 
four reviewed modulation techniques are shown in Fig. 13. As it 
can be seen except of Fix offset other modulation techniques has 
time variable offset. Also SVPWM and THIPWM has similar 
offset with average value equal to Fix offset but the optimized 
offset has a different offset waveform with lower average value. 

The RMS value and THD of converter output line voltage 
(VAS) with applying four modulation technique at different 
modulation index are given in table III. With increasing 
modulation index (Ma) because of the number of output voltage 
levels increase, more sinusoidal waveform with lower THD will 
be achieved. For example at Ma=0.33 the converter output 
voltages are multilevel waveforms with only six levels while for 
Ma=0.86 there are fourteen levels with more better THD. As it 

 

 

 



can been from table III the optimized offset modulation technique 
has the highest RMS value with the lowest THD at different 
modulation indexes. 
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Figure 12. Duty cycles of four discussed modulation techniques. 
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Figure 13. Simulated normalized offsets by appling four modulation techniques. 

TABLE TIT. LINE VOLTAGES THD AND RMS VALUE By APPLING FOUR 
DISCUSSED MODULATION TECHNIQUES 

Modulation Parameters Modulation Index 
technique 0.33 0.5 0.75 0.86 1 

Fix offset 
THD(%) 13.2 9.1 6 5 4.4 
Vrms (V) 15.3 23.7 34.5 39.5 46 

SVPWM 
THD(%) 11.4 7.8 5 4.5 3.7 
Vrms (V) 17.6 26.6 39.9 45.6 53 

THIPWM 
THD(%) 11.6 7.9 5 4.4 3.6 
Vrms (V) 17.1 26.3 39. 8 45 52.3 

Optimized THD(%) 11.4 7.7 4.9 4.3 3.4 
Offset Vrms (V) 17. 8 26.7 40 45. 8 53.2 

VII. CONCLUSION 

This paper analyzes the three-phase differential multilevel 
converters based on three separate multilevel buck-converters. 
It is shown that DC offset has a special importance in modulation 
techniques. Assuming this parameter variable instead of a fixed 
one and optimizing it with some constraints, it can be found a 
new efficient modulation technique. The proposed optimized 
variable modulation technique is applicable for three-phase 
differential converters including multilevel ones. For a 
comprehensive comparison between similar modulation 
techniques, optimized offset with Fix offset, THIPWM and 
SVPWM have been applied on a three-phase 16-level converter. 
The results show the proposed modulation is an optimized and 
efficient technique. The optimized offset modulation technique 
has major advantages like; full DC utilization, lower switching 
losses, higher efficiency and simplicity in implementation. 
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