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Double Inverter as a Multilevel Converter:
Circuit Topology, Modulation Strategies and
Applications
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Abstract— A way to achieve a multilevel converter using two
standard three-phase two-level inverters is presented in this
paper. In order to obtain the typical multilevel voltage
waveforms it is necessary to synchronize the commutations of the
two inverters by a proper modulation strategy. Two modulation
strategies are presented: the first one allows only generating the
characteristic multilevel line-to-line voltages; the second one
allows controlling the power flows from the two inverters too.
The proposed converter topology can be applied in the
automotive and naval fields.

Index Terms— Converters, Multilevel systems. Road vehicle
propulsion.

I. INTRODUCTION

ULTILEVEL converters have been introduced in high-

power applications such as utility and large motor drive
systems. The desired output voltage waveform is synthesized
from the multiple voltage levels with lower distortion, lower
switching frequency, higher efficiency, and lower voltage
device ratings. There are three major multilevel topologies:
cascaded, diode clamped, and capacitor clamped [1]. Usually,
all these topologies require more complex power circuitry and
more complex modulation strategies with respect to traditional
three-phase inverters.

Multilevel inverters were initially proposed for high voltage
applications to lower the voltage rating of the power switches
in order to design feasible converters. Nowadays, many
multilevel applications can be found in low voltage systems,

in the place of standard three-phase inverters, with the aim of
reducing waveform distortions and costs. As in example, in
battery powered electric vehicles the standard solution for the
traction system is given by a two-level inverter feeding a three
phase motor. The inverter is supplied by a bank of standard
lead acid batteries, often at very low voltage (<100V). With
this solution the practical feasibility of a high power ac drive
(>20 kW) is limited mainly by the high cost of the
semiconductor power switches of the inverter due to the
resulting high current rating.

The high cost together with the circuit complexity due to
the parallel connection of the power switches can prevent the
realization of standard three-phase drives for the traction
system of heavy electric vehicles, such as buses, industrial
truck, etc...

A viable solution introduced to overcome this problem is
given by the use of a six-phase machine supplied by a six-
phase inverter [2]-[5]. This solution allows sizing the power
switches at half the rated current of an equivalent three-phase
scheme, but requires the realization of a six-phase machine.

Another solution for high power electrical drives is the use
of a multilevel inverter, which can be realized with
semiconductor devices having lower voltage rating. The
typical structure of such a system was introduced in [6] and,
nowadays, it is widely used to drive three-phase electrical
machine with high supply voltages. Several topologies of
multilevel converters have been also presented for low voltage
applications [7]. Among these, the cascaded converter can be
conveniently used with a battery supply system, because it is
relatively easy to split the supply in several electrically
separated sources.
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Fig.1: Multilevel converter for six-wire applications composed of two traditional two-level inverters.
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Fig.2: Switch configurations, sectors, and corresponding voltage vectors for inverters A and L.
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Fig. 3: (a) Output voltage vectors generated by the dual, two-level inverter. (b) Highlight of the triangles in the three different regions @, @, and ®.

In this paper a multilevel converter composed of a dual
two-level inverter feeding open-end, three-phase ac motor [8]-
[10] is considered. The scheme of the multilevel converter is
shown in Fig.1. This scheme is based on the use of two
insulated supplies, each one feeding a standard, three-phase
two-level inverter. A three-phase, six-wires load is connected
across the six output terminals of the inverters. The two
separate dc sources can be easily obtained on board of an
electric vehicle by splitting the batteries in two separate banks.

This solution should be preferred to other multilevel
configurations because of some advantages: no generation of
common mode (zero sequence) currents on the motor
winding, best dc bus voltage utilization, use of two standard
three-phase, two-level inverters.

New switching techniques, based on a proper application of
the space vector modulation (SVM), are presented in the
paper. The main feature of these techniques is the capability to
regulate the load power sharing between the two dc sources.
This means that it is possible to balance exactly the power
flow from the two sources, or to unbalance the power flow in
order to restore the same state of charge of two battery banks.

Furthermore, the dual inverter topology is a high reliability
solution. In case of fault in one inverter, it must be short-
circuited at the output terminals, and the drive can be operated
using the other one as a standard three-phase two-level
inverter. This possibility allows the operation of the motor at
the rated current (that means rated torque) up to the half of the
rated voltage (that means half of the rated speed).

Fig.4: Voltage vectors used for generating the output voltage in the three regions.
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II. MULTILEVEL MODULATION STRATEGY

With reference to the scheme of Fig. 1, using space vector
representation, the output voltage vector v is given by the
contribution of the voltage vectors v, and v;, generated by

inverter H and inverter L, respectively,

V=vy+v, (1)
The voltages v, and v, can be expressed on the basis of

the dc-link voltages and the switch states of the inverter legs.

Assuming E,; = E; = E leads to
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where {Siu, Sou, Sau, SiL, Sa, Ss} = {0, 1} are the switch
states of the inverters legs. A space vector representation of
vy and v; is givenin Fig. 2.

The combination of the eight switch configurations for each
inverter yields 64 possible switches states for the whole
multilevel converter, corresponding to 18 different output
voltage vectors and a null vector, as represented in Fig. 3(a).
By using the SVM technique, these voltage vectors can be
combined to obtain any output voltage vector lying inside the
outer hexagon, having a side of 4/3 E. In particular, with

reference to sinusoidal steady state, the maximum magnitude
of the output voltage vector is 2E/ \/E (i.e., the radius of the

inscribed circle).

The outer hexagon is composed by 24 identical triangles.
For symmetry reasons, only three different regions can be
identified. As shown in Fig. 3(b), there are 6 inner triangles
(region @ - dashed), 6 intermediate triangles (region @ -
white), and 12 outer triangles (region @ - dotted).

In a multilevel inverter the output voltage vector is
synthesized by modulating three adjacent vectors corre-
sponding to the vertices of the triangle where the output
voltage vector lies. It means that, in each region and within
each switching period, v is synthesized by using the vectors
V,,Vp,Vo, as represented in Fig. 4 for the three types of

triangles.
Considering the standard SVM technique, v is obtained as
V=RV, +AVE +Y Ve, 3)
where the duty cycle g, 4,y can be determined as

Fig.6: Vector composition of the output voltage with balanced power between the inverters (k= 0.5).
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Fig.7: Voltage vectors ‘7H and ‘7L generated by using the same two adjacent active vectors Va , ‘_}[5 .
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A simple modulation strategy consists of modulating one
inverter in the six-step mode, i.e., v, =V, and the other

inverter in the SVM mode for generating the residual output
voltage v; =v — V. As an example, Fig. 5 shows the vector
composition considering v laying in the outer triangle (region
Q).

This simple modulation technique leads to a power
unbalance between the two inverters. In fact, the inverter
voltages (v, v;) have different magnitude and different

phase angle with respect to the output current i (the same for
both), as shown in Fig. 5.

The problem of balancing the power between the two dc
sources could be solved in a simple way, by exchanging the
role of the inverter operating in the six-step mode with the one
operating in the SVM mode. The commutation can be
actuated during a switching period, a triangle change, or a
fundamental period. This solution is satisfactory for exactly
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Fig. 8: Possible values of the power ratio & for modulation indexes m = 1
(blu) and m = 0.7 (red).

balancing the powers, but does not allow any different
regulation of the power sharing.

III. REGULATION OF THE POWER SHARING

A novel modulation technique, able to regulate the power
sharing between the two dc sources, is presented in this
section. The balanced operation can be considered a particular
case.

Introducing the power ratio %, the output power p (average
value over a switching period) can be shared between the dc
sources (H and L) according to

U ©)
3

pr =

Assuming the inverter voltage vectors v, v; in phase
with the output voltage vector v, (5) leads to
vy =kv
. 6
{n ~(1-K)7 ©

Fig. 6 shows the particular case with k£ = 0.5 corresponding

Fig. 9: Limits of the power ratio & as function of the modulation index
m.
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to v, =v, =1/2v, i.e., balanced power for the dc sources. In
order to synthesize an output vector v, the two inverters must
generate the corresponding fraction of v by applying only
their active vectors v,V and null vector. Being vy and v,
in phase, they lay in the same sector and can be synthesized
using the same adjacent active vectors v, Vg, as shown in
Fig. 7.

The duty cycles W, .Yy, represent the application time
of active vectors v,,vg and null vector, respectively, for

inverter H. The duty cycles, p;,A;,y;, represent the

application time of active vectors v,,vg and null vector,

respectively, for inverter L. In this way, the voltage generated
by the two inverters are
Vi =My Ve Ay Vg o
Vi =HL Ve ALV
By using standard SVM equations, the duty-cycles of
inverters H and L are given by

g =—""=—
Vo " JVg
Ay :_—V_H Jfa
Vot JVp

V- j(vp — V.
vH=1—(uH+>»H)=1—M

vcx'jvﬁ
and
v,
Wp =—"=—
Vo " IV
Ap=—tLa . ®)
Vot JVg
W, - i = Vy)
v =1-(u, +7‘L):1—_—ﬁ,_a
Vo VB

IV. DETERMINATION OF THE OPERATING LIMITS
The constrains of the duty-cycles expressed by (8) are

gy 20 ty 20
Ay 20 and Ap 20 . )
Uy +y <1 pp+4; <1

These constrains introduce a limit in the range of variation
of the power ratio k. In particular, the range of variation of k
can be evaluated as a function of the desired output vector v .
Introducing in (9) the expressions (8) of duty cycles, and
representing v, and v, in terms of k by (6), leads to

& v
420
Vo IV
_Reve s
Vo Vg
kv - j(vg =vq) <
Vot JVp
and
1-k)v - jv,
AT
Vo * JVg
1-k)v - jv,
L7 (10)
Vo -V
1-k)v - j(vg =V,
( )V_ J(V.E Vo) 1
Vo Y
The solution of (10) can be found in each one of the six
sectors where v, and v, can be located.

If the output voltage vector is written as v =Ve/®, the
modulation index m can be defined as
14 . .
m=——- 0<m<1 for sinusoidal output voltages.

2k

NG

Then, with reference to sector I (0< 9 < g ), the solution of

(11)

(10) is given by

pe b oL

2m cos(n/6 — 9)
S LI
2m cos(n/6 - 9)
U (12)

1 a<k< l—i— a
2 2
1 - mcos(n/6 - 9)

2m cos(n/6 - 8) .

Eq. 12 gives the possible values of k as a function of the
modulation index m and the output voltage phase angle 3. It
can be noted that for any modulation index, the most stringent
condition for k is given in the middle of the sector, i.e. for 3 =
m/6. Fig. 8 represents the boundaries of k as a function of the
phase angle 9 for m = 1 and m=2/3.

Similar considerations can be made for the other sectors (I
+ VI).

In most applications is required to share the output power
between the dc sources in equal parts. This means that £ must
be fixed to 0.5 during the whole fundamental period,
0<9<2r.

If the maximum output voltage is required (m = 1), there is
no possibility to regulate the power sharing between the dc
sources. In this case only the value k£ =0.5 is admissible, as

being a=
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Table I: Resulting switching sequence for multilevel operations
region @ region @ region ®
tput | — _— |5 _= | - _l35 5 = = |- __ |- _,= [ = = P2
voelt:g;s Va=Ve | VBTV | Ve=0 | VATVt Vg | VBTVE | Ve=Vy | V4=2Vy | VBTVat Vg | V=0
Ve | Vo | O ‘7[5 0 0 Vo, ‘_)ﬁ VB 0| v | O Vo Vo ‘75 Va
vp |0 [V |0 | %] O B Va [0V 0 [Ve] Y B | Y | 0|V
duty b 2 b 2 2 2 b 2 b 99 b 2 b 29
oycles | & | WA ATy WO A AT Yy H Moy
Table I1: Switching sequence corresponding to three-steps operation for each inverter
region @ region @ region @
H duty
cycles TH e | A He YH A W Ay Yu
vy 0 Vo, VB Ve, 0 ‘_"B Ve, ‘7[3 0
tput | = | = _ = l=1==1lz1=[==1=1=.,=|= - = = =
o e | B[ 0 | Vo | Y | Va | VotV | Y | Va | Vat¥B | VB | VatVB | Va | 2V | VatVB | Va
Vi Ve | VB 0 0 VB Vo, 0| % |0 Vo,
L duty
cycles | M2 AL YL <YL AL M YL A YL 252
Sub-int. },l,” 7\‘” ,Y },l,’ 7\" ,Y’ },l,’ )\‘” ,Y” u” 7\" 7\" ,Y, l,l, 7\‘7’ 'Y”

shown in Fig. 8.

For values of the modulation index lower than 1, the
parameter £ can be changed, under the limits imposed by (12).
Fig. 9 shows the upper and lower limits of £ with reference to
sinusoidal output voltages as a function of the modulation
index m. It can be noted that for m < 0.5 the power ratio & can
be greater than unity and lower than zero. It means that an
amount of power can be transferred from a dc source to the
other, and the inverter voltages v, and v; become in phase

oppositions, as shown by (5) and (6). This feature could be
interesting when using rechargeable supplies, e.g. batteries,
because it represents the possibility to transfer energy between
the two sources. In this paper only the range 0<k <1 is
discussed.

For m <0.5 the output voltage vector lies within the circle

of radius E/ \/g . In this case, the output power can be

supplied by the two inverters with any ratio. In particular, if £
is set to 0 all the load power is supplied by inverter L, whereas
if k is set to 1 all the load power is supplied by inverter H.
This is a very important feature of this converter in case of
fault, because it represents the possibility to supply the load
by using one inverter only.

V. DETERMINATION OF THE SWITCHING SEQUENCE

Once the limits for k& has been defined, and the required
inverter voltages v, and v, have been determined, the duty-

cycles py, A,y and p;,A;,y; can be calculated by (8). As

stated above, for achieving a correct multilevel operation, the
three vectors v ,,Vv;, V., adjacent to the desired output volt-

age vector v, must be generated by properly combining
active vectors (v,,vg) and null vector of the two inverters.
For regions ®, @, and ® shown in Figs. 3 and 4, three

different vector compositions are defined, according to the
following equations

Region @ Region @ Region ®
Vv =V, +0 Vi=Vy + Vg V=V, + VY,
vp=vg +0 Vg =vg +0 Vg =V, + Vg (13)
Vve=0+0 ve=v, +0 Ve =V, +0
(a) (b) ()

On the basis of (13), the duty-cycles for the vectors v, , v
and 0 of inverters H and L, can be related to the duty-cycles
u Ay of the output vectors v,,v,,v. calculated in (4). It
can be noted that v,,vg and 0 are the same vectors for the
two inverters. Then, when the output vector v, must be
applied, the application time of v, can be subdivided in two
sub-intervals. In the first time interval, inverter H generates
v, and inverter L generates 0. In the second time interval,
inverter L generates v, and inverter A generates 0. The same
procedures can be adopted for generating the output vectors
vg and v, +vg. For the other possible output vectors, 2v,,

2vg, and 0, the subdivision is trivial. The resulting switching
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sequence inside a switching period is represented in Tab. I
with reference to all the three regions @, @, and ®.

The sub-intervals introduced in Tab. I can be determined
for the three different regions on the basis of main duty-cycles
w Ay and duty-cycles iy, Ay,vy, #;,4;,y; of the two

inverters, as follows

Region @ Region @ Region @
M=y HHY'= g p s known
/,t": /,tL ﬂ"_"_lY: AH _
AN=41 Ay'= A=2
" H " yll yH n L (14)
A= WEy=up A=Ay
y is known w+A"=1; Y=y
- A+y'=yy 7'=7n
(a) (b) (©)

It can be noted that for regions ©® and @ the sub-intervals
are five, whereas for region @ the sub-intervals are six and
they can be determined by solving a system of six equations.
Only five of these equations are linear independent. In fact,
the sum of the first three equations in (14b) gives the same
result than the sum of the last three equations, as expressed by
(8). Then, the equation system (14b) can be solved in
parametric form. Assuming Yy’ as parameter, the sub-intervals

result
W=y =y
W=y =y +)
A=y, -y (15)

A=Ay —py +Y

P'=pp+yL—Ag =Y

Introducing the condition that all intervals must be not
negative, u',u",A',A",y",y">0, the admissible range of
parameter y' is determined. By choosing a value for y' inside

this range, the values of the other sub-intervals are determined
by (15). In particular, it can be shown that, by selecting a
proper value for y', it is always possible to null one of the six

sub-intervals. In this way the six-step commutation sequence
collapses in five steps, as it happens in regions @ and ®.

Once all the sub-intervals are determined, they can be
grouped in the switching sequence shown in Tab. II. In this
way, for each inverter, a traditional three-step commutation
within the switching period is obtained, involving active and
null vectors Vas Vg 0.

VI. IMPLEMENTATION OF THE SWITCHING SEQUENCE AND
RESULTS

The proposed switching techniques have been numerically
implemented in the Simulink environment of Matlab by using
appropriate ~ S-functions. In  particular, the typical
discretizations caused by a realistic digital control system have
been taken into account. A simplified ideal model has been
considered for power switches, without additional dead times.
The tests have been carried out considering the same dc

voltage for the dc sources: E = 100 V, and sinusoidal balanced
reference output voltages (f = 50 Hz). In order to emphasize
the switching actions, a large switching period has been
adopted: TS =500 us (fS =2 kHz).

The voltage waveforms generated by the two inverters are
shown in Figs. 10 and 11, from top to bottom: (1) line-to-line
voltage of inverter H (v,,45 ), (2) line-to-line voltage of

inverter L (v,; ), and (3) load phase voltage (v1). The solid

blue lines represent the instantaneous values, whereas the
dotted green lines represent their moving average over a
switching period.

It can be noted that the line-to-line voltages are distributed
on three levels (0, £E), as expected for traditional three-phase
inverters, whereas the output phase voltage is distributed on
nine levels (0, £1/3E, £2/3E, £E, +4/3E), as expected for a
multilevel converter with 6 switches and according to

Vi —V Vipp —V

v, = 120 ~V3iH VoL ~V3iL (16)
3 3

Fig. 10(a) corresponds to the maximum sinusoidal output

voltage for the multilevel converter, m = 1

(v=2A3 E), and k = 1/2. In this case, the two inverters
generate the same voltages and then supply the same power.

Fig. 10(b) shows the waveforms corresponding to a
magnitude of the output voltage vector equal to the side of the
inner hexagon, v =2/3 E (m = 1/N3), and k = 2/3. In this case,
the outer triangles (region ®) are not involved, and the output
voltage is distributed on the lower seven levels only. Being
k = 2/3, the voltages and the power generated by inverter H
are double with respect to the ones generated by inverter L.

The effectiveness of the multilevel modulation is proved by
observing that the output voltage is distributed in three levels
within every switching period, corresponding to the three
triangle vertices A, B, C of the vector diagram shown in Fig.
4.

Fig. 11(a) shows the waveforms corresponding to the half
of the maximum sinusoidal output voltage, v = 1/¥3 E (m =
1/2), and k = 1/3. In this case, the locus of the output voltage
vector is the circle inscribed in the inner hexagon. Then, the
output voltage is distributed on the lower five levels since
only the triangles in region @ are involved. Being the power
ratio k = 1/3, the voltages and the power generated by inverter
H are the half with respect to the ones generated by inverter L.

Fig. 11(b) shows the waveforms corresponding to the
twelve-step behavior of the multilevel converter, with a power
ratio k = 1/2. In this case, only the output main vectors 2v, ,

2vg, and v, + vy are involved; each vector is applied for a

time interval equal to 1/12 of the fundamental period, and the
output phase voltage is distributed on seven levels. In
particular, the output vector v, + Vg is obtained by combining
\7&,\7[3 or Vﬁ,\_/a , whereas the vectors 2v, and 217[3
correspond to the applications of v, and vy for each inverter,
respectively. In this way, the commutations of the inverters

allow the power sharing within each switching period, while
the output voltage behaves in the twelve-step mode.
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Fig. 10: Voltage waveforms for different values of m and k:

1) line-to-line voltage generated by inverter H;
2) line-to-line voltage generated by inverter L;
3) load phase voltage (output).
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Fig. 11: Voltage waveforms for different values of m and &:

1) line-to-line voltage generated by inverter H;
2) line-to-line voltage generated by inverter L;
3) load phase voltage (output).

VII. APPLICATIONS

Multilevel inverters have many advantages with respect of
standard three-phase converters, such as lower output THDs
and the capability to handle higher voltages. Nevertheless,
multilevel converters require a greater number of
semiconductor devices and some constrains in the sources.
Diode-clamped and flying-capacitors topologies require a
subdivision of the dc bus to create the voltage levels; instead
cascaded topologies need insulated sources. In some cases
there is a natural agreement between the application and the
multilevel converter (i.e. photovoltaic and cascaded
converter). In automotive field, the energy source can be
either a batteries bank or an endothermic engine or both (in
hybrid vehicles). In these cases it is useful to employ the
multilevel topology proposed in this paper because the
necessary insulated dc sources are easy to obtain. In case of
battery bank, it is simple to split it in two parts and using them
to feed the two inverters. In this way it, is possible to employ
the double inverter system easily and using it as a multilevel
converter through one of the modulation described in this

)

3)
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i i i i i i i
1 60 00 00  oos 004 oo 00M 00 004 [TH
time[s]

(b) twelve-step, k = 1/2 (1-k=1/2)

paper. Furthermore, an equal discharge of the two battery
banks is achieved by a proper control of & index.

Similarly, another application for the proposed system is
the propulsion in fishing-boat because these ships have two
kind of cruising. When the nets are in the water, it is necessary
to have high torque at low speed (higher power condition);
when fishers need to move high speed and low torque are
required (lower power condition). An endothermic engine
with two electrical generators shrunk on can be employed to
feed the two inverters. In higher power condition both the two
inverters are fed and the converter is controlled by one of the
multilevel modulation; in lower power condition only one
inverter is fed and the other one has its outputs short-circuited

[11].

VIII. CONCLUSION

The multilevel converter topology presented in this paper is
composed by two standard three-level inverters widely
commercialized. This means a lower cost than a diode-
clamped or flying-capacitor equivalent solution. In case of
fault, it is possible to short-circuit the outputs of the broken
inverter so to create a star connection in the load and feed it
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through the other inverter as a standard three-phase load.
Furthermore, it is easiest to substitute the broken parts due to
their high availability.

The two modulation strategies presented in the paper let the
inverter system properly work: the voltage waveforms are
those typical for multilevel inverters, as shown by simulation
results. Moreover it is possible to regulate the power supplied
from each of the two inverters, making the system suitable for
battery applications. Some possible applications in the
automotive and naval fields were presented.
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