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Abstract: Dual two-level inverter topology is a simple 
structure capable to produce a multilevel voltage output 
equivalent to a 3-level inverter. Its modular structure 
consists of two standard two-level three-phase voltage 
source inverter (VSI) supplied by one or two dc sources. 
Known modulations cannot provide arbitrary power 
sharing between inverters in order to balance their dc 
voltages in case of two separate dc supplies. This paper 
proposes a space vector modulation (SVM) technique for 
a dual two-level inverter which can provide load control 
of the two dc sources as well as multilevel voltage out-
put. An original modulation algorithm has been intro-
duced to regulate the dc-link voltages of each VSI ac-
cording with the requirement of a control system, by 
means of a specialized SVM. The proposed algorithm has 
been verified by experimental tests. 
Key Words: Multilevel systems/ Dual inverter/PWM 

1. INTRODUCTION 
Multilevel inverters are increasingly used in high-

power medium voltage applications due to their advan-
tages compared to two-level inverters, such as lower 
common-mode voltage, lower dv/dt, lower harmonics in 
output voltage and current and reduced voltage on the 
power switches. Among numerous configurations a 
“dual” inverter consists of two inverters connected to 
open-winding load in order to obtain output voltage as a 
difference of corresponding leg potentials. Example in 
Fig. 1 shows two identical two-level three-phase invert-
ers forming dual two-level inverter, however in general 
two inverters do not have to be equal with respect to type 
(VSI/CSI), number of levels, dc voltage value and volt-
age/current ratings [1]. The hardware simplification is 
significant compared with its neutral point clamped 
three-level inverter counterpart, due to use of readily 
available standard two-level inverters [2]. 

Dual-inverter topology was first reported twenty 
years ago [3] and remained interesting to the present day, 
due to its benefits such as: 

1) Doubled output voltage – for given Vdc as supply 
output voltage amplitude reaches 4Vdc/3 compar-
ing to 2Vdc/3 of standard single three-phase in-
verter with star-connected load. 

2) Multilevel output voltage with up to nine-output 
voltage which is almost double compared to five-

level output of standard single three-phase in-
verter with star-connected load. This feature pro-
vides lower ripple and dv/dt which can be impor-
tant for high-power converters. 

3) Doubled switching frequency compared to single 
inverter, since both inverters are modulated within 
switching period. 

With reference to Fig. 1 it should be noted that is 
possible to work with single-supply with mandatory 
elimination of zero-sequence current component [3]. 
However, when the dc source can be easily split in two 
insulated parts, as for batteries and PV panels it is a sim-
pler solution, as considered in the paper. 

The quality of the output voltage is determined by the 
modulation algorithm and requires minimization of har-
monic content, dv/dt and number of switching. Although 
converter can be modulated in closed loop mode such as 
in [3], here the focus will be on open-loop pulse-width 
modulation (PWM) control techniques impressing volt-
ages to the ac side. The most commonly such methods 
are carrier based (CB) and space vector modulations 
(SVM). In [4] first CB modulation was proposed, provid-
ing the output waveform equivalent to 3-level inverter 
(e.g. neutral point clamped), with halved dc-voltage rat-
ing. Known modulations for dual inverter presume ide-
ally symmetrical sources and consequently provide a 
symmetrical power sharing between them. In this paper a 
new modulation technique is presented, which provides 
maximum available output voltage and is able both to 
perform multilevel operation and to regulate the load 
power sharing between the two dc sources within each 
switching period. 
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Fig. 1. Dual inverter with two separate sources 
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2. DUAL INVERTER TOPOLOGY 
Three-level inverters are a good tradeoff solution 

between performance and cost in multilevel converters 
for both medium and high-power applications. The main 
advantages of three-level inverters over the standard two-
level ones are: reduced voltage ratings for the switches, 
good harmonic spectrum (making possible the use of 
smaller and less expensive filters), and good dynamic re-
sponse. In particular, the waveform of the converter out-
put phase voltage has up to nine levels. However, the 
control complexity increases compared to conventional 
voltage-source inverters (VSI). The presence of two in-
sulated dc sources inherently prevents the circulation of 
common-mode currents, avoiding the use of an addi-
tional three-phase common mode reactor. 

With reference to the scheme of Fig.1, using space 
vector representation, the output voltage vector v  of the 
multilevel converter is given by the contribution of the 
voltage vectors Hv  and Lv , generated by inverter H and 
L respectively, 

LH vvv +=       (1) 

)()3/2( 34πj
H3

3π2j
H2H1HH eSeSSVv ++=  (2) 

)()3/2( 3432 πj
L3

πj
L2L1LL eSeSSVv ++−=  (3) 

where {S1H, S2H, S3H , S1L, S2L, S3L} = {0, 1} are the 
switch states of the inverter legs. The combination of the 
eight switching configurations for each three-phase in-
verter (Fig. 2) yields to 64 possible switching states. If 
the two dc voltages are the same, i.e. VH = VL = Vdc, these 
switching states correspond to only 19 different output 
voltage vectors, including zero vector, as represented in 
Fig. 3. The redundancy of switching states represents a 
degree of freedom which is useful to develop a modula-
tion strategy able to regulate the power sharing between 
the two dc sources within each switching period, as it 
will be shown later. 

The reference output voltage *v  can be synthesized 
as the sum of the voltages *

Hv  and *
Lv  generated by the 

two inverters, as expressed by (1). Being the converter 
supplied by two separated sources, in several applica-
tions it is necessary to regulate the power flow from the 
sources. This requirement can be demanded in order to 
equalize the state of charge of two banks of batteries, or 
to exploit the different characteristic of two sources, e.g., 
generators and batteries. A possible approach to achieve 
the power sharing control is to define the decomposition 
of the total reference into two collinear vectors (Fig. 4): 
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The condition expressed by (4) allows maximum dc 
voltage utilization. Being the output ac current of the two 
inverters the same, the coefficient k also defines the 
power sharing between the two inverters. In terms of av-
eraged values within the switching period, the output 
power can be expressed as 

LH ppivp +== *
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where pH and pL are the individual powers from the two 
inverters. Combining (4) with (5) leads to 
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showing that pH and pL can be controlled by the control 
system. It should be noted that the coefficient k has a 
limited variation range depending on the value of the ref-
erence output voltage *v . For k = 0.5 two voltages and 
consequently powers are equal, and it represents a limit 
when voltage reference is equal to maximum available 
voltage. Furthermore, it has to be verified that both refer-
ences are within the range of achievable output voltages 
of each inverter, depending on their dc voltages. In the 
case of a single inverter topology, if the voltage demand 
exceeds available dc voltage, the output voltage is simply 
saturated. With the dual inverter configuration, total 
voltage reference needs to be satisfied, so in case of volt-
age saturation of one inverter, the second has to provide 
for the missing part. 
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Fig. 3. Dual inverter voltage vector plot 

in the case VH = VL = Vdc. 
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Fig. 4. Power sharing capability collinear reference 
vectors (left) in contrast to general case (right) 
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3. PROPOSED MODULATION 

Once the inverter reference voltages *
Hv  and *

Lv  are 
determined by control system, they must be synthesized 
by the dual inverter and applied to the open-end wind-
ings of the transformer. Despite existence of CB algo-
rithms e.g. “phase opposition disposition” approach for 
traditional three-level inverters [5], they are based on 
symmetry and hardly extendable to provide asymmetri-
cal load of the sources. Therefore only SVM will be con-
sidered as a possible solution. 

A simple SVM solution is to fix switching configura-
tion of the one inverter and to modulate only other, as 
was proposed in [6], (fixing one inverter output is called 
"clamping"). The main advantage of the method is sim-
plicity, e.g. it can be easily extended to more complex 
asymmetrical configurations (two inverters with different 
configurations/ratings) [7]. However it is easy to con-
clude that switching frequency of the output voltage is 
not doubled, still single inverters work with only half of 
the frequency having lower losses. Another significant 
drawback of the proposed solution is double instantane-
ous commutation that occurs when single inverters swap 
their roles for voltage reference in outside inner hexagon 
(Fig. 3). Furthermore this method cannot provide voltage 
output as demanded by (4) since output of the one in-
verter is not collinear to the other. The first solution, 
based on space vector approach, providing asymmetrical 
load has been proposed in [8]. However, it leads to 
switching sequences difficult to implement on the PWM 
generation unit of a standard (digital signal processor) 
DSP. Namely PWM unit can provided maximum one 
commutation in each switching half-period, which is not 
the case for voltage vector reference in intermediate tri-
angle CDE (Fig. 2). 

The principle of the proposed method is similar to 
SVM for a standard three-phase inverter. The voltage 
"hexagon" (Fig. 2) is divided in 6 equal sectors (trian-
gles, like OAB), and further each sector is subdivided in 
four isosceles triangles (OCD, AEC, BDE and CED). 
The principle is explained for the first sector OAB and 
then analogously applied to other five cases. The 
switching sequences for the subsectors OCD, AEC and 
BDE are relatively easy to find and they provide sym-
metrical and discontinuous pattern (as shown in Fig. 5 
for triangle AEC) [2]. The remaining subsector CED re-
quires more complex solution with application of addi-

tional vectors in the switching sequence (Fig. 6). Ob-
tained switching pattern will not be symmetrical any-
more, except for some cases, in particular k = 0.5. 

The proposed switching sequence, suitable for the 
implementation on a standard DSP is shown in Fig. 7. It 
adds two new vector combinations ( cHv , bLv ) and 
( bHv , cLv ) equivalent to already present ( aHv , oLv ) and 
( oHv , aLv ), as can be seen in Fig. 6. The application time 
tc (denoted with grey) of the new vectors (Fig. 6) is in-
troduced at the expense of zero vectors, and it present a 
degree of freedom. Another parameter is tx (denoted with 
grey in Fig. 5) standing for a degree of freedom which 
determines the relative position of the switching se-
quence of the one inverter with respect to the other. 
When new vectors are expressed using the existing one 
can obtain: 

bHaHcH vvv −= , (7) 

bLaLcL vvv −= . (8) 
giving 

{ }oLoHaLaHc ttttt ,,,min≤  (9) 
From the figure the interval tc need to satisfy the condi-
tions: 

( ) bHyxsc tttTt −−−≤ 2/  (10) 

( )yoLsc ttTt −−≤ 2/  (11) 
It can be shown that: 

yxbHs tttT +−−≤ 2/0  (12) 

yoLs ttT +−≤ 2/0  (13) 
therefore proving existence of non-negative tc. The pro-
posed switching sequence is discontinuous, and does not 
contain a simultaneous commutation of two legs. 
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4. EXPERIMENTAL RESULTS AND DISCUSSION 
The proposed modulation is implemented in 

TMS320F2812 DSP, equipped with two separate three-
phase PWM units able to modulate two inverters and a 
150 MHz timer. The experimental setup is shown in Fig. 
8 with parameters in Tab. I. The experiment has been 
done for modulation index m = 0.75 and for both sym-
metrical (k = 0.5) and asymmetrical (k = 0.65) inverter’s 
power sharing, with results presented in Fig. 9. Each 
PWM waveform is shown together with its fundamental 
component obtained by the low-pass filter. Figures 9(a) 
and 9(c) show individual phase voltages for each in-
verter. It can be noticed that voltages are in phase oppo-
sition in order to achieve maximum voltage utilization, 
as specified by (1) and (4). Figures 9(b) and 9(d) show 
corresponding total output voltages containing maximum 
nine output voltage levels, followed by its fundamental 
component. Note that in two cases both output voltages 
have equal fundamental component, only individual in-

verters provide different share, as stipulated by (4). 
Another experiment proves the power ratio of the 

single inverters. The dual inverter works in a closed loop 
controlling dc voltage (as in active power filter applica-
tion). In the first case, Fig. 10(a), the voltage reference 
decreases from 38 V to 30 V, approximately. This step 
leads to a sudden increment of the dc current from the dc 
source. In particular, the figure shows the time response 
of dc voltage and dc current for both the inverters. The 
second case, Fig. 10(b), is related to the opposite step of 
the voltage reference Vdc

*, from 30 V to 38 V, yielding to 
a sudden decrement of dc side power. Fig. 10 (b) shows 
the time response of dc voltage and dc current for both 
the inverters. 

The provided experimental tests prove both proper 
multilevel waveform output and mutual ratio of the sin-
gle inverter powers (4). A modified SVM algorithm has 
been adopted, having the merit to be easily implemented 
in industrial DSP controllers without the need of addi-
tional hardware (e.g. Field Programmable Gate Array). 

Inverter H Inverter L

Transformers

DSP board 

 
Fig. 8. Dual inverter with two separate sources 

Table 1. Main parameters of the converter 
INVERTERS 

configuration (H and L) two-level VSI 
MOSFETs  (6 in parallel per switch) IRF2807 

MOSFETs ratings VDSS=75[V]; 
RDS=13[mΩ] 

dc-bus capacitance 23 [mF] 
switching frequency 20 [kHz] 

TRANSFORMER and GRID 
turn ratio 230/24 [V/V] 
converter/grid-side winding connection open ends/star 
rated power 1500 [VA] 
short circuit voltage 6.9 [%] 
ac link inductance (converter side) 0.4 [mH] 
grid voltage (line-to-line), frequency 250 [V], 50 [Hz] 

 

 
(a) Single inverter voltages with fundamental for k = 0.5

 
(c) Single inverter voltages with fundamental for k = 0.65

 
(b) Voltage output v1 for k = 0.5 

 
(d) Voltage output v1 for k = 0.65 

Fig. 9. Voltage output v1 for m = 0.75 (5 ms/div, 20 V/div) 
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A. APPENDIX 
The following inequalities need to be satisfied in or-

der to prove the existence of time intervals for all vector 
combinations shown in Fig. 7. Starting from left-side of 
switching period inequalities are: 
• ( aHv , oLv ) ↔ Cv  : 

02/ ≥xt , (A1) 
• ( aHv , bLv ) ↔ Ev : 

( ) 02/2/ ≥−− xxaH ttt  (A2) 
• ( oHv , bLv ) ↔ Dv : 

( ) ( ) 02/2/ ≥−−+ xaHbLx tttt  (A3) 
• ( oHv , aLv ) ↔ Cv : 

( ) ( ) 02/2/ ≥+−+− xbLoHxaH ttttt  (A4) 
• ( bHv , aLv )↔ Ev : 

( ) ( ) 02/2/ ≥−−+ xoLxbH tttt  (A5) 
• ( bHv , oLv )↔ Ev : 

( ) 022 ≥−− /t/tt xxoL  (A6) 

Conditions (A1)-(A6) lead to inequalities determining tx. 

0≥xt  (A7) 

bLaHx ttt −≥        (A8) 

bHoLx ttt −≥        (A9) 

aHx tt ≤  (A10) 

bLbHsx ttTt −−≤  (A11) 

oLx tt ≤  (A12) 

On the basis of (A7)-(A12), the solution for tx exists 
if the following condition is satisfied 

{ } { }oLbLbHsaHbHoLbLaH tttTttttt ,,min,,0max −−≤−−  (A13) 

Inequality (A13) can be proved by verifying, one by one, 
the nine possible combinations of (A7)-(A9) and (A10)-
(A12). As an example, for pair (A9) and (A10) the nec-
essary condition is 

aHbHoL ttt ≤− . (A14) 
By introducing 

sbLaLbHaH Ttttt ≤+++  .  (A15) 
in (A14) yields 

oHsoL tTt −≤  (A16) 

which is true outside triangle OCD. A similar procedure 
can be used for the remaining combinations. 
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(a)  (b)  

Fig. 10. Change of the reference dc voltage, Vdc
*
,(10 V/div, 35 V offset, 20 ms/div) and dc current (10 A/div) for both 

inverters, VH, IH, VL, IL (from top to bottom), voltage decrease (a) and increase (b). 
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