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Abstract. Many modulation techniques have been developed
along the years to provide in medium and high-voltage converters
a high power quality and minimum switching frequency. This
paper introduces some popular modulation techniques for
multilevel converters, whose major challenges are obtain the
previous two features. The modulation strategies that are
presented are specially focused in the three-phase three-level
Neutral-Point-Clamped convert (NPC), which is one of the most
used topology in industry and in renewable applications.
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1. Introduction

Multilevel converters are receiving special attention in
industry due their meaningful advantages in high voltage
and high power applications such as reactive power
compensation, marine propulsion, railway traction, wind
power systems, and high-voltage direct-current
transmission (HVDC) among others [1]-[6].

NPC) topology, introduced by Nabae in 1981 [14]; flying
capacitor (FC) topology, introduced by Meynard in 1992
[15]; and cascaded H-bridge topology (CHB) which was
used for plasma stabilization in 1990 [16], later it was
extended to include three-phase systems. All of them are
well-established and commercialized topologies. There
are many studies in the literature comparing the three
technologies in terms of losses, output voltage quality,
structure and modularity [1], [17]-[18]. To summarize,
could be drawn the following conclusions:

- Three-level NPC (3L-NPC) converter is the most
popular topology, due its simple circuit structure and
less number of capacitors and isolated DC sources.

- CHB converter is very suitable for high-power
applications due its modularity achieving higher
voltage levels. The main problem of this topology is
that it uses a large number of isolated DC (Direct
Current) sources.

- FC converter has modular structure, is not quite used
compared with the previous two, due the high
switching frequencies and, hence, the switching
losses.

This technology has not stopped to be deeply researched As indicated, the 3L-NPC topology has become more

and developed since its start in order to improve power
quality, power range, modularity, and other characteristics.
In [4] is shown an extensive review over of the recent
advances in the topologies of this technology. Among
other topologies, the following ones are analyzed: five-
level H-Bridge neutral-point-clamped (5L-HNPC)
topology [7]-[8], three-level active NPC (3L-ANPC) [9]-
[10], and the modular multilevel converter (MMC) [11]-
[13] which is focused in HVDC applications. A large
number of them are variations of the classic multilevel
converters or a mixture of them.

The traditional or classic multilevel converter topologies
are: the three-level three-phase neutral-point-clamped (3L-
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popular and extended topology, mainly in renewable
applications. The main problem of NPC converter is how
to keep the neutral point (NP) voltage stable with equal
distribution of voltage in the two capacitors as shows Fig.
1. If the NP potential is not under control, the output
voltage would move from the reference value, and in
consequence the components will be damaged.

The traditional modulations are able to maintain the NP
voltage in balance and achieve a good output voltage
spectrum, but under certain operating conditions low-
frequency (three times the fundamental frequency of the
output voltage) voltage oscillation appears in the NP
[19]-[20]. This derives in the rise of the voltage stress on
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Fig. 1. Three-level three-phase NPC inverter

the semiconductor devices and, therefore, the DC-link
capacitors must be increased. There are modulation
approaches that are able to remove completely this
problem [21]-[22], but are incapable to achieve by
themselves, or naturally, the NP voltage balance, a control
loop is necessary.

In this paper the following three modulation techniques for
the NPC converter are analyzed:

- Space-Vector Modulation (SVM): the most extended
modulation strategy in three-phase multilevel
converters, because it allows larger amplitudes of the
output voltages than standard Pulse Width Modulation
(PWM) strategy.

- CB-PWM with zero-sequence injection: compared
with the standard sinusoidal PWM can be achieved
15% larger amplitudes of the output voltage
fundamentals, better voltage-balancing performance,
and lower switching frequencies. The injection of
zero-sequence is related to SVM technique.

- DS-PWM: is based on CB-PWM but it can
completely remove the low-frequency voltage
oscillations.

2. Modulation techniques

The target of the modulation algorithms is determining in

which state each power semiconductor should be, and how
long, in order to generate the required output voltages and

currents. In the following section the modulation strategies
outlined above applied to the 3L-NPC inverter are
described.

A. Nearest three-vector space vector modulation (NTV-
SVN)

The NTV modulation uses only three of the nearest vectors

from the reference vectoM per modulation cycle [23].

The space-vector diagram (SV diagram) of 3L-NPC
inverter has 27 different switching states (Fig. 2). Each
vector defines which DC-link point (-1, 0, 1; which denote

https://doi.org/10.24084/repqj11.353 508

Sector 2

Sector 3 Sector 1

-1 10-1

1114

1-10
Sector 6

1-11
Sector 5

Fig. 2. SV diagram for 3L-NPC inverter.

100 211

S22 Sez &8e
N ) Sey
o

’—:wo

R T R
|NP:ia ’ INF’:ib:ic:'ia ’
Fig. 3. Example of control of the NPC current by the proper
selection of redundant vector.

&
[
3]
v,
o
°1
o <
0\
ﬁw »
5
e
[y
o

the corresponding voltage levels -Vdc/2, 0, and Vdc/2
respect to the NP) is connected each phase. The vector
choice and its application time (duty cycle) are done to
achieve the balance in DC-bus capacitors, and therefore,
obtain the correct signal output.

In order to select the proper vectors, it is hecessary to
know the instantaneous NP voltage imbalance and the
direction of the output currents. So, it is possible to

choose the correct redundant vector of each couple to
keep NP voltage balanced (Fig. 3).

Figure 3 details how the redundant vectors can be used to
maintain the NP voltage under control. On the one hand
vector 0-1-1 producesyd=i, and, on the other hand,
vector 100, producesyd=iy+ic=-io. Therefore, using the
appropriate redundant vector the direction of the NP
current can be controlled, allowing some control degree
over the NP voltage.

Once the redundant vector is selected it is necessary to
order the vector sequence in order to minimize the
switching frequency. Table 1 shows the vector sequences
for the first sextant that minimize the switching
frequency of the devices. The worst cases are in region 2
(0-1-1/110) and in region 4 (0-1-1/110) both with four
switching steps. This example references to first sextant,
for the rest of sextants the procedure is similar.
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Fig. 4. Modulation signals: (a) sinusoidal references, and (b) addition of a positive zero-sequence signal.
Table 1. Vector sequences in sextant 1. - The switching losses are reduced because the four-
Region Sht)rt Sequences Steps step swﬂchmg sequence is removed (Table 1)_.
Vgclolrs ——— - Compared with the classics CB-PWM strategies, the
1 100 1.1-1/10-1/100 / 100/10-1/1-1.1 VB switching losses are reduced and also it has superior
0-1-1/00-1|  0-1-1/00-1/10-1 / 10-1/00-1/0-1-] __ 2/i 2 capability to balance the NP voltage.

0-1-1/110 0-1-1/10-1/110 // 110/10-1/0-1-1 4114

2
100/ 00-1 00-1/10-1/100 // 100/10-1/00-1 212 i i i
1007110 10171007110 /1 11071001101 772 A salient feature of NPV strategy is shown in the Table 1.

. 00-1 00-1/10-1/11-1 /] 11-1/10-1/00-1 27/ 2 In the all cases, except the four-step cases, one phase

110 10-1/11-1/110 // 110/11-1/10-1 212 does not change its switching state. So, in comparison
%'11'11 // fﬁg 0611'11/%’635228 x 228;886%0_11_11 421;;421 with other SVM strategies, NTV reduces the switching

4 100 7001 00-1/000/100 7 100/000/00-1 202 frequency of the SW|tch|ng_ dewc_es. In a Flg. 4_(a) is

100/ 110 000/100/110 // 110/100/000 202 shown the CB-PWM technique with two carrier signals

which are compared with the modulation signals to

This modulation technigue is simple and allows the control generate the switching signals. When, in NTV strategy
of the NP voltage. However some drawbacks also exist: one phase does not switch along the cycle, is equivalent
the low-frequency NP voltage oscillation still remains, and to maintain the corresponding modulation signal clamped
when sequence changes due the reference vector lies into ato -1, 0 or 1. To achieve it, a zero-sequence signal (
new region, or different selection of short vectors, two must be added to the modulation reference signals (Fig. 4
switching steps (two legs must switch one level) can be (b) [27]), and thus, the modulation signals are clamped to
produced. Adding this to the fact that some sequences needl (in this case). However NP current is affect by the

four steps (Table 1), the switching frequencies will not be injection of zero-sequence voltage and, could destabilize
constant. the NP voltage balance. The relationship between the NP

average current and the modified modulation signals is:

B. Carrier-Based PWM with zero-sequence voltage i-NP:(l_’V' )[ﬂ +(1—‘v;)‘)[ﬂb+(1—v' )[ﬂ @
a a C C ’

injection (CB-PWM).

In the I|_terature, there are many studies _about CB-PWM wherev, for x={a, b, dare V, =V, +V_ , and V, is
modulation [24]-[25], which compared with the SPWM
[26], the injection of the zero-sequence voltage signal into the modulation signal and g is a common signal to the
the original modulation signals provide the SVM same 4 ee phases and ensures that the maximum range is
patterns and, extends the linear modulation range of the .hieved for the linear operation mode; its value is:
converter. But, it is not obtained the natural NP voltage '

balancing. .

Flaneing _mafy g ) eminle gv)
However, [27] proposes an algorithm which has the of 2
theoretical base of CB-PWM with zero-sequence voltage

inject_ion, and.the analytical base of the NTV strategy. This To solve this problem, is resorted to the NTV strategy
algorithm achieves: that achieves the balanced choosing the appropriate

redundant vector in each situation. But, the region 2 (0-1-

- Less processing time for digital implementation
compared with NTV, due that the computational cost
of the last one is higher.
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1/10-1/110) is a special case, in which none of the phases amplitude.

is clamped. Therefore, some considerations are made:

- Only a maximal-modulation signalv,{(,) can be
clamped to +1. In the same way, to -1 only a minimal-
modulation signal ;) can be clamped and; to 0
median-modulation signal vgg). Always the
generated signal must be into range [+1, —1].

- If the sign of one ac-side current is not appropriate to
achieve the voltage balancing, this signal not must be
clamped to 0, therefore it only can be clamped to +1
or -1, if the phase corresponds tGax OF Vimin
respectively.

- If one output phase current has the proper direction to
assist voltage balancing, the corresponding
modulation signal should be clamped to 0 if it/jg,
but not to +1 or =1 if it iy OF Vimin, respectively.

- In the case of having two ac-side -currents
corresponding to the modulation signalgy and Vpin
and being appropriate to keep the voltage balancing,
the third one (associated tg,q) is not adequate to
assist the balance. Henog,qshould be shifted to the
farthest possible from zero. This is usually achieved
by clampingvyaxto +10rvyi, to =1, forvyig > 0 Or Vg
< 0, respectively. This is the only resolution different
to NTV. Due this fact, the sequences that require four
switching steps are avoided.

All of those conclusions are summarized mathematically
in the Table 2 wher&Vyp is theVei-Veo.
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Table 2. Actions to assist voltage balancing.
Sextant 1 and [sextant 4]

AVNei2>0 | AVnp'ic>0 Action Voff
0 0 b clamped to 0 -Viy
0 1 a clamped to +1 [-1] +12M-1-vy)
1 0 ¢ clamped to -1 [+1] -1 M+1-v]
1 Forvw,>0: aclampedto +1| Forvy,>0: +1-y%
1 E clamped to +1] [+1- v
Forw,<0: cclampedto -1| Forw,<0: -1-v,
b clamped to -1] [1-vi]
Sextant 2 and [sextant 5]
AVnp-ip>0 AVnp-ic>0 Action Voff
0 0 a clamped to 0 -V,
0 1 b clamped to +1 [-1] +1p-1-v]
1 0 ¢ clamped to -1 [+1] -1 M+1-v]
Forv,>0: bclampedto +1 | Forv,>0: +1-y
1 1 E clamped to +1] [+1-v]
Forv,<0: cclamped to -1| Forva<0: -1-v;
B clamped to -1] [-1- vp]
Sextant 3 and [sextant 6]
AVnp-ip>0 AVNE i2>0 Action Voff
0 0 ¢ clamped to 0 -V
0 1 b clamped to +1 [-1] +1pM-1-w]
1 0 a clamped to -1 [+1] -1M+1-vy]
Forve>0: bclampedto +1 | Forve>0: +1-y
1 1 | clamped to +1] [+1- vy
Forv<0: aclamped to -1| Forv<0: -1-v,
b clamped to -1] [-1-v)

In the case of region 4 (0-1-1/000/110), this criterion is
not adopted, due as shown in the Table 1. Only the NP
voltage is considering for clamping. The amplitude of the
modulation signals is small (from CB-PWM point of
view), and this means that clamping the modulation
signal to zero requires less zero-sequence voltage
To determine which signal should be
clamped to the NP, all of the three phase’s contribution
Ay, i, x={abc} is calculated and evaluatedhe

maximum value indicates the modulation signal that has
to be clamped to the NP, because this phase carries the
best balancing current. In this strategy, the four-step
switching-transition sequences are also avoided.

To finalize, to know in which sector lies the reference
vector is only need the maximum and minimum value of
modulation signals (Table 3.)

Table 3. Determination of the sector.

Vina Vinin Sextant
A A 1
Vp A 2
Vp V, 3
Ve V, 4
Ve Vy 5
A Vi 6

C. Double-Signal PWM (DS-PWM).

One of the main problems in the NPC converter is the
low-frequency voltage oscillation in NP under some
operating conditions. With DS-PWM strategy [22], [28]-
[29] that problem is completely removed for all operating
conditions, even with unbalanced and nonlinear loads.
Nevertheless, it presents any drawbacks also: the
switching-frequencies of the devices are 1/3 higher than
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SPWM, this is, higher than the strategies that have been
analyzed; and that it does not provide a natural voltage
balance; hence, is necessary to include a control or
compensator.

This strategy employs two modulation signals for each

phase. To obtain these signals, firstly it is necessary to add
a zero-sequence to the original modulation signals to

obtain the maximum range of linear operation mode:

Va = Va - Voff
V, =V, — Vg @),
Vc = Vc _Voff

where vy (zero-sequence) has the same expression that
shows equation (2).

The two modulation signals should satisfy the following
expression:

Va = Vap + Van
Vi = Voo Vi 4),
Vc = ch + Vcn

wherev,=0 andv,,<0 andx={a,b,g. The signals with the
subscript p’ will only cross the upper -carrier
V2 ier D[O,l], and with subscriptn’ will only cross the
lower v .. D[— 1,0]. It can be demonstrated that the
locally-average NP current when this modulation strategy
is used is given by (5).

fa +

e = ip + ®)

lc

o
Van Vap

+1
Vbn pr

+1
Vcn ch

Where v:,f =v,, +1 are the duty cycles of NP connection.
In order to keep the NP voltage balandgd should be

zero, there are a large number of solutions to achieve
iy =0; a good one that minimizes the switching-

frequencies is given by the following expression:

Y, = min(v,, v, v,)
2

Vx B ma)(vaivb’vc)
2

,for x={ahc (6)

In this way the variableg,, andv,, are forced to be zero
for the maximum time possible, and in these intervals
some of the transistors do not switch. An example of the
application of the expression (6) to phasds shown in
Fig. 5 (a). The modified modulation signal are within the
range [-1, 1], this is, under linear modulation and with the
maximum modulation indexy, v,, andv, equal to 1.547).

In addition the NP voltage is controlled.

However, sometimes, due to the non-ideal performance of
the converter it is necessary to prodyge# Oin order to
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maintain the NP voltage completely balanced. Otherwise
if, for instance, the initial voltages in the capacitors were
slightly different, the modulation strategy would tend to
maintain the imbalance because the locally-averaged NP
current is zero. Therefore, sometimes the modulation
signals should be shifted up or down to carry out a proper
compensation; this can only be accomplished when the
modulating signal is not set to zero. Otherwise the
switching frequency increases considerably. Hence, for
the phase in the Fig. 5 (b), the proper interval to shift
the signal are/3 < wt < 22/3 and4z/3 < wt < 5x/3.

In the same way, the relationship shown in (4) must be
satisfied to prevent the distortion of the output voltages.
This can achieved with an external control which applies
the magnitude of the offset to the modified modulation
signals but with the opposite sign. This is widely

analyzed in [29].

In order to finalize, the Table 4 is presented, wibe

main characteristics of the studied modulation techniques
are summarized. Similar behavior is achieved with the
first two techniques (NTV-SVM and CB-PWM), but
when the number of phases need to be extended, the
PWM algorithms are preferred due their feasibility of
extension.

Table 4. Features of modulation techniques.

Strategy @ 2 3 @06
NTV- Medium | Good Medium| No| Yes
SVM
CB_PWM Low Good Low No| Yes
DS PWM High Medium Low Yeg No
- (1). Switching-frecuency.
- (2). THD.

- (3). Computational complexity
- (4). Remove low-frequency ripple.
(5). Achieve natural NP voltage balance.

3. Conclusions

Three modulation techniques for the NPC inverter have
been analyzedt has been highlighted that with the use
of PWM techniques is possible to control the NP voltage.
In addition PWM strategies have advantages in terms of
simplicity and computational complexity than their SVM
counterparts.
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