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Abstract—This paper introduces a modulation method for the
stacked multicell converters (SMCs). The proposed method is
implemented using phase-disposition pulse width modulation and
is capable of balancing and regulating the voltages of all the ca-
pacitors in the topology, i.e., the flying capacitors and the dc-link
capacitors. The proposed method is also able to eliminate the low-
frequency voltage ripples that may appear in the neutral point
(NP) of SMCs. In SMCs with two stacks, the NP voltage level can
be generated by direct connection of the output to the dc-link NP,
but also using two extra states available. This redundancy is used to
regulate the NP voltage. Furthermore, since the proposed method
can eliminate the low-frequency voltage ripples in the capacitors,
the capacitances of all the capacitors of the SMCs can be reduced,
while maintaining high quality of the output voltages and currents.
This enables the use of film capacitors. Simulation and experimen-
tal results are presented from a three-phase five-level 2 × 2 SMC
to verify the effectiveness of the proposed method.

Index Terms—Converters, HVDC converters, inverters, power
electronics, pulse width modulated converters, pulse width modu-
lated inverters, voltage control.

I. INTRODUCTION

MULTILEVEL converters have become popular for
medium- and high-power applications [1]–[9]. Novel

hybrid multilevel converters have been introduced in recent
years, such as the stacked multicell converter (SMC) [10]. The
SMC is based on the flying capacitor (FC) converter [11]; how-
ever, the SMC stores less energy and consequently requires
fewer capacitors. For example, each phase-leg of a five-level
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SMC requires two FCs, whereas the five-level FC converter
requires three FCs, some of them rated at higher voltages. Al-
though the SMC requires more power switches than the FC
converter, the reduction in the total capacitance is more relevant
for practical applications. This is why the SMC has potential
interest for industry.

As in the FC converter, the FCs of the SMC are naturally
balanced [12]–[19], [25]. The balancing process can be speed
up with the addition of an RLC booster/filter. However, natural
voltage balance depends on the loading conditions. The voltage-
balancing dynamic slows down with different types of loads,
especially with nonlinear loads. Furthermore, the use of an RLC
booster increases the cost and power losses in the converter.

Recently, some active voltage-balancing methods applied to
SMCs have been proposed [20]–[24]. These methods address
capacitor voltage balance only in the FCs of the SMC, since
the dc-link neutral-point (NP) connection is provided by two
dc voltage sources. However, the use of a single dc source
in the dc link is very common in many applications. In those
cases, the NP connection is provided by capacitors, thus re-
quiring capacitor voltage balance to be achieved [25]. However,
as with the neutral-point-clamped (NPC) converter [26], [27],
a low-frequency voltage ripple appears in the NP of the SMC
for some operating conditions when using standard modula-
tion methods such as those in [12]–[24]. If the capacitances of
the dc-link capacitors and the FCs are small, the NP voltage
ripple becomes large and produces significant voltage ripples in
the FCs as well. All these ripples distort the output voltages and
currents, besides increasing the maximum voltages applied to
the capacitors and the power devices of the converter.

Feed-forward control methods were proposed in [28] and
[29] to overcome the effects of the low-frequency ripples in
the output voltages. However, those methods have limitations
related to the maximum amplitude of the ripples that can be
compensated. Furthermore, the feed-forward methods cannot
remove low-frequency voltage ripples; therefore, the capacitors
and power devices of the converter have to withstand higher
voltages due to the ripples.

In [27], a fast-processing modulation (FPM) method was pro-
posed for the three-level NPC converter. With this method, the
low-frequency NP voltage ripples are eliminated. Because of
similitude with the NPC converter, the FPM method can be im-
plemented in the SMC with two stacks, which has never been
done before.
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Fig. 1. Phase-leg of an Y × 2 SMC.

This paper proposes implementing the FPM method in the
SMC. A particularity of applying the FPM to the SMC is that
two extra redundant states appear, which are used to achieve
NP capacitor voltage balance. These redundant states gener-
ate the NP voltage level at the output, and they never appear
when using standard modulation strategies [12]–[19], [25]. In
the proposed method, cost functions are used to select the redun-
dant states to be applied at any switching period. The proposed
modulation method produces output voltages with lower
weighted total harmonic distortion (WTHD) because the low-
frequency voltage ripples are eliminated from all the capacitors
integrated in the topology, enabling for a reduction in their
capacitances. Furthermore, this paper presents switching fre-
quency, capacitor voltage ripple, power losses in the semicon-
ductors, computation burden, and compares them with those
obtained from applying traditional phase-disposition pulse-
width modulation (PD-PWM) [24].

The paper is organized as follows. Section II describes the
fundamentals of the SMC and the traditional PD-PWM method.
Section III presents the implementation of PD-PWM based on
the FPM method. Section IV analyzes switching frequency, ca-
pacitor voltage ripples, power losses in the semiconductors, and
the computation burden, comparing all of them with the tradi-
tional PD-PWM method. Section V presents simulation and ex-
perimental results obtained from a three-phase five-level SMC.
Finally, the conclusions are summarized in Section VI.

II. SMC

A. Topology and Fundamentals

Fig. 1 shows the circuit diagram of an SMC phase-leg. It con-
sists of Y FC converter cells, which are integrated to form two
stages/stacks (Z = 2). It is called a Y × 2 SMC. The converter
comprises 2(Y − 1) FCs: the upper FCs (Cx12 , . . .,Cx(Y −1)2)
in Stage 2, and the lower FCs (Cx11 , . . .,Cx(Y −1)1) in Stage
1, where the subscript x is used for phase identification x ∈
{a, b, c}. The dc-link consists of two capacitors C1 and C2 ,
each of which is regulated to half of the dc-link voltage (Vdc/2).
The output voltage vx0 consists of n (Y × 2 + 1) voltage lev-
els, i.e., 0, Vdc/2Y, . . ., (Y − 1)Vdc/2Y , and Vdc . The switch
control functions are defined as sxyz , where y ∈ {1, . . . , Y } in-
dicates the switch number corresponding to a particular cell in

Fig. 2. Phase-leg of a five-level 2 × 2 SMC.

Fig. 3. Traditional PD-PWM in a five-level 2 × 2 SMC.

the phase-leg x of the SMC and z defines a particular switch
associated with the stage z ∈ {1, . . . , Z}. In this paper, Z is
assumed to be 2 (Z = 2). The switch control functions can
take two values sxyz ∈ {0, 1}, with 0 and 1 corresponding to
the switch being OFF and ON, respectively. The switch pairs in
each phase-leg (sxyz and sxyz) operate in a complementary man-
ner. The method proposed in this paper is general for any Y × 2
SMC, although the analysis has been focused on the five-level
2 × 2 SMC (see Fig. 2).

B. PD-PWM and FC Voltage Balance

Four level-shifted carriers are needed when applying tradi-
tional PD-PWM to a five-level 2 × 2 SMC. Fig. 3 shows an
example of a modulation signal and carriers. In three-phase sys-
tems, a zero sequence is commonly injected in the modulation
signals to achieve maximum amplitude of the output voltage
fundamentals under linear modulation [26]. The zero-sequence
voltage (v0) injected in the reference signal (vxr) in Fig. 3 is
given by (vxr max + vxr min)/2, where vxr max and vxr min are
the maximum and minimum values of the modulation signals of
the three phases, respectively. The modified voltage reference
signal is given as

vxrF = vxr − v0 . (1)
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TABLE I
FIVE-LEVEL 2 × 2 SMC: VOLTAGE LEVELS, SWITCHING STATES, FC CURRENTS, AND EFFECTS ON THE FC VOLTAGES

Output Voltage Switching States FC Currents FC Voltages

Level (vx 0 ) sx 2 2 sx 1 2 sx 2 1 sx 1 1 State iC x 1 1 iC x 1 2 vC x 2 1 vC x 1 2

4 Vd c 1 1 1 1 {16} 0 0 NC NC

vx r e f > 03 3
Vd c

4
1 0 1 1 {11} 0 ix NC ↑
0 1 1 1 {7} 0 -ix NC ↓

2
Vd c

2
0 0 1 1 {3} 0 0 NC NC

1
Vd c

4
0 0 1 0 {2} ix 0 ↑ NC

vx r e f < 00 0 0 1 {1} -ix 0 ↓ NC

0 0 0 0 0 0 {0} 0 0 NC NC

Note: The charging/discharging effects in the FC are given assuming that ix is
positive (ix > 0) with the following notation:

↑ Capacitor voltage increases.
↓ Capacitor voltage decreases.
NC No change in the capacitor voltage.

The output voltage level that is activated at each phase of
the converter is defined by comparing the modulation signal (1)
with the carriers, as follows:

if vxrF > Carrier1, then sx22 = 1; otherwise sx22 = 0

if vxrF > Carrier2, then sx12 = 1; otherwise sx12 = 0

if vxrF > Carrier3, then sx21 = 1; otherwise sx21 = 0

if vxrF > Carrier4, then sx11 = 1; otherwise sx11 = 0

⎫
⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎭

.

(2)
When the carriers used in PD-PWM are associated with

particular switches, as in the case of using (2), PD-PWM
does not provide natural capacitor voltage balance to the FCs.
Hence, an active capacitor voltage balance method must be
implemented, such as that in [23] and [24], which is based
on evaluating a cost function to select the optimal switching
state among the redundant states available. Redundant states
are different states that produce the same output voltage level.
The cost function is defined as the absolute value of deviation
of energy stored in all the FCs from the rated conditions, as
follows:

Jxz s =
1
2

Y −1∑

j=1

Cxjz(ΔvC xjz)
2

with ΔvC xjz = vC xjz − V ∗
C xjz (3)

where x identifies the phase (x ∈ {a, b, c}), and s is the switch-
ing state (s ∈ {0, .., 16}) of stage z. For example, Ja2 7 is the
cost function calculated for phase a (x = a), at stage 2 (z = 2)
and switching state 7 (s = 7), i.e., sa22 = 0, sa12 = 1, sa21 = 1,
and sa11 = 1 (see Table I). j is the index used for identification
of each FC, whereby Cxjz is a particular FC and V ∗

C xjz is its
reference voltage. In the case of a five-level 2 × 2 SMC, there
is only one FC in each stack, and hence, j = 1.

The cost function (3) is positively defined and becomes zero
if all the FC voltages are at their reference values. Therefore, in
order to maintain a tendency toward achieving capacitor volt-
age balance, the differential of (3) should be negative or zero.

That is,

d

dt
Jxz s =

d

dt

1
2

Y −1∑

j=1

Cxjz(ΔvC xjz)
2

=
Y −1∑

j=1

(ΔvC xjziC xjz) ≤ 0 (4)

where iC xjz is the current in each FC, which depends on the
selected redundant switching state and load current, as shown
in Table I. When the modulator defines two particular voltage
levels for the following switching period at stage z, the cost func-
tion is evaluated for the redundant switching states available for
those levels. Based on the calculated values for a particular out-
put voltage level, the switching state that provides the minimum
value to the cost function is the one selected and used for the
gating signals:

min

⎡

⎣
Y −1∑

j=1

(ΔvC xjziC xjz)

⎤

⎦ . (5)

III. PROPOSED METHOD TO ELIMINATE

LOW-FREQUENCY RIPPLES

A. FPM Method

In the FPM method, two modulation signals per phase-leg are
used. The new signals is obtained from the original reference
signals, as follows:

⎧
⎪⎪⎨

⎪⎪⎩

vxrF 1 =
vxr − min(var , vbr , vcr)

2

vxrF 2 =
vxr − max(var , vbr , vcr)

2
+ 1.

(6)

The two modulation signals are compared with two carriers
that are level-shifted to generate the voltage level lx , as shown in
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Fig. 4. Example of reference signals for one phase-leg used in the FPM
method.

Fig. 4. The criteria used to determine the states of the switches
are as follows:

if vxrF 1 > Carrier1, then lx1 = 2

if Carrier1 ≥ vxrF 1 > Carrier2,

then lx1 = 1

⎫
⎪⎬

⎪⎭
otherwise lx1 = 0

if vxrF 2 > Carrier1, then lx2 = 2

if Carrier1 ≥ vxrF 2 > Carrier2,

then lx2 = 1

⎫
⎪⎬

⎪⎭
otherwise lx2 = 0

lx = lx1 + lx2 , x ∈ {a, b, c} (7)

where lx can take five values, i.e., lx ∈ {0, 1, 2, 3, 4}, which are
the possible output levels for each phase. Whenever there is a
redundant state that produces the NP voltage, i.e., level 2, the
optimal redundant state will be selected by minimizing a cost
function to achieve NP voltage balance. This is explained in
more detail in the next section. As can be observed in Fig. 4,
there are intervals (highlighted in yellow color), where neither of
the two reference signals is clamped to 0 or 1. Analyzing those
intervals in detail using natural PD-PWM [15] (see Fig. 5), the
switching states 1010 and 0101 are produced, which define an
output voltage level equal to the NP voltage but without connec-
tion to the dc-link NP (state 0011 is the only one connecting the
dc-link NP directly to the output). Fig. 6 shows the path from
the dc side to the output of the phase-leg with these two extra
states. As can be observed, the current direction is the same in
both FCs, but depends on the particular redundant state applied.
The two redundant states, together with the direct connection
to the dc-link NP (state 0011), can be used to regulate the dc-
capacitor voltages to the reference value, i.e., half the dc-link
voltage.

Fig. 7 shows the switching transition diagrams when using
a single modulation signal per phase-leg [see Fig. 7(a)] [23],
[24], and with FPM showing the two extra redundant states [see
Fig. 7(b)].

B. NP Voltage Balance

To achieve voltage balance in the dc-link capacitors, the NP
voltage can be included in the cost function (3) to evaluate the
states to be selected. Here is where the extra states begins to

Fig. 5. Analysis of extra states using the FPM method. Examples with both
reference signals (a) above and (b) below 0.5.

Fig. 6. Extra states that produce the NP voltage level at the output in a five-
level 2 × 2 SMC. (a) State 1010. (b) State 0101.
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Fig. 7. Switching transitions between consecutive voltage levels in a five-level
2 × 2 SMC. (a) PD-PWM using one modulation signal per phase-leg [23], [24]
and (b) with FPM using two modulation signals per phase-leg.

play a new role in the proposed cost function as follows:

Jxzs = kNP
C1 + C2

2
(ΔvNP)2 +

1
2

Y −1∑

j=1

Cxjz(ΔvC xjz)2 (8)

where ΔvNP is the NP voltage deviation defined as ΔvNP =
vdc2 − Vdc/2, and kNP is a weighting parameter, which is
usually defined according to the ratio of capacitances kNP =
(C1 + C2)/Cfc , Cfc being the value of the FCs, i.e., Cfc =
Cx11 = Cx12 . Applying differentiation, the function to be min-
imized is

min

⎡

⎣−kNPΔvNP iNP +
Y −1∑

j=1

(ΔvC xjziC xjz)

⎤

⎦ (9)

where iNP is the NP current, which depends on the selected re-
dundant switching state and the output current. When the modu-
lator defines two particular voltage levels for the next switching
period at stage z (z ∈{1,2}), the cost function is evaluated for
the redundant switching states available for those levels. In the
case of the NP voltage level, the states 1010, 0101, and 0011
are evaluated and one of them is selected.

IV. ANALYSIS USING THE TRADITIONAL AND PROPOSED

PD-PWM METHODS

In this section, the proposed PD-PWM method is ap-
plied to a five-level 2 × 2 SMC in MATLAB/Simulink [30]
using PLECS Blockset [31]. The traditional and proposed
PD-PWM methods are analyzed and compared in terms of av-
erage switching frequency, power losses, capacitor voltage rip-
ples, and computation burden. In the simulations, the dc-link
voltage is Vdc = 3 kV and a current source of Ixrms = 80 A
is connected to the converter output. The value of the FCs
(Cx11 , and Cx12) and the dc-link capacitors (C1 and C2) is
100 μF. The fundamental and the carrier frequencies are

Fig. 8. Average switching frequencies of the power devices of a five-level 2 ×
2 SMC using mf = 200. (a) Proposed PD-PWM. (b) Switching frequencies
ratio (proposed PD-PWM/traditional PD-PWM).

f = 50 Hz and fs = 10 kHz, respectively, i.e., a frequency mod-
ulation index of mf = fs/f = 200.

A. Switching Frequencies

Fig. 8(a) shows the average switching frequency of the power
devices using the proposed PD-PWM method. It is calculated
as

fsa,avg =
fsa11 + fsa12 + fsa21 + fsa22

4
(10)

where fsa11 , fsa12 , fsa21 , and fsa22 are the switching fre-
quency of the switches sa11 , sa12 , sa21 , and sa22 , respectively.
All possible relative current phase angles and modulation in-
dices have been considered in this representation. In order to
achieve the maximum amplitudes of the output voltage fun-
damentals operating under linear mode, a zero sequence has
been added to the modulation signals of the three-phase system
[26]. As it can be noticed from Fig. 8(a), the output current
phase angle does not significantly affect the average switching
frequency.

Fig. 8(b) shows the switching frequency ratio of the proposed
PD-PWM over traditional PD-PWM, for all modulation indices
and load power factors. It can be observed that with the pro-
posed PD-PWM method, there is an increase in the switching
frequency of about 30% on average for large modulation
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Fig. 9. Normalized amplitudes of the NP voltage ripples. (a) Proposed PD-
PWM. (b) Traditional PD-PWM.

indices (m = 0.6 to m = 1). Such an increase in the switch-
ing frequency is significantly larger for low-modulation
indices.

B. Low-Frequency Capacitor Voltage Ripples

In this section, the amplitudes of the low-frequency NP volt-
age ripples using the proposed PD-PWM method are evalu-
ated and compared with the traditional PD-PWM method. The
voltage amplitudes are represented using a normalized mag-
nitude in order to present general results that are useful for
different applications and operating conditions, as follows:

ΔVNPn

2
=

ΔVNP/2
Irms/fC

(11)

where ΔVNP is the peak-to-peak low-frequency NP voltage
ripple, f is the low frequency, Irms is the root mean square (rms)
output current, which can be calculated from the rms value of
the ac voltage ripple as: Irms = VrmsωC and C is the value of
the dc-link capacitor, i.e., C = C1 = C2 .

Assuming sinusoidal output currents, Fig. 9 shows the am-
plitudes of the dc-link capacitor voltage ripples for all the op-
erating conditions of the converter, i.e., modulation indices and

phase current angles using the proposed and traditional PD-
PWM methods. As observed, the low-frequency voltage ripples
are completely removed using the proposed PD-PWM method.
However, low-frequency voltage ripples are observed while us-
ing the traditional PD-PWM method. This information is very
helpful to size the dc-link capacitor in a practical application.
The maximum amplitude is produced when operating with a
modulation index m = 1 and output current angle about θ = 90◦

or θ = −90◦. Under such conditions, the maximum normalized
ripple is

ΔVNPn

2
=

ΔVN P
2

Irms
f C

= 0.09. (12)

If the values of the parameters in a particular application were,
for instance, Irms = 80 A, f = 150 Hz, and C = 100μF, the
maximum amplitude of the NP voltage ripple would be

ΔVdc

2
=

ΔVdcn

2
Irms

fC
= 0.09

80
150 · 100 · 10−6 = 480 V. (13)

Due to this voltage ripple, the capacitors and the power de-
vices must withstand higher voltages. The reference voltage for
the dc-link capacitor is V dc/2 = 1500 V; however, the maxi-
mum voltage in the capacitors under this operating condition
is

Vdc Max =
Vdc

2
+

ΔVNP

2
= 1980 V (14)

which is 32% larger.
Furthermore, the capacitor voltage ripples produce low-

frequency distortion to the output voltages generated by the
converter. This effect will eventually distort the output currents.

In this analysis, the switching-frequency voltage ripple in
the capacitors is neglected because it is significantly smaller
compared to the low-frequency ripple. This is generally accept-
able and can be assumed in many applications. However, if the
switching-frequency ripples were more significant, they should
be taken into consideration and added to the calculated value of
the maximum voltage (14).

The capacitor voltage ripples do not dependent on the partic-
ular value of each dc-link capacitor. This can be demonstrated
from the dynamic model of the NP, where the NP voltage ripples
depend on the parallel connection of the two dc-link capacitors
instead, as it was demonstrated in [32].

The results of the above theoretical analysis can also be used
to size the dc-link capacitors given the specification of maximum
voltage ripple. This will provide an initial estimation of the
capacitances based on which the converter can be designed to
meet other operating criteria.

In the case of using the proposed PD-PWM method, the low-
frequency NP voltage ripple is eliminated. Therefore, the fre-
quency ripple produced at and around the carrier frequency is
the predominant one when sizing the dc-link capacitors. Since
this frequency is high, the values of the dc-link capacitors can
be very small.
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C. Power Losses

In this section, the power losses associated with all the
switches in the three-phase five-level 2 × 2 SMC are analyti-
cally estimated and compared between the traditional and the
proposed PD-PWM methods. The power losses are classified
into conduction and switching losses for both the transistors
and freewheeling diodes. The power losses calculation method
used in this paper is similar to the one discussed in [24], [26],
and [33], which is based on extrapolating the information from
the manufacturer’s data sheet for conduction (VCE verses IC )
and switching curves (E versus IC ). For the calculation of con-
duction losses, the curves of the devices (the transistors and free-
wheeling diodes) are linearized by a dynamic resistor (reverse
slope) and a threshold voltage, while the energy curves of the
switching losses are approximated by using a MATLAB curve-
fitting tool (polyfit) [30]. The power devices used in this study
are the SKM100GB12T4 from SEMIKRON, rated at 1200 V
and 100 A. The conduction losses of the transistor and free-
wheeling diode can be approximated as

PCl TR =
1
T

T∫

0

(VTR + iF RTR)iF dt (15)

PCl D =
1
T

T∫

0

(VD + iF RD)iF dt, (16)

where PCl TR and PCl D are the conduction losses of the transistor
and diode, respectively, VTR and VD are the threshold voltages
of the transistor and diode, respectively, RTR and RD are the
dynamic resistors of the transistor and diode, respectively, iF is
the forward current in the device (transistor and diode), and T
is the period of the fundamental frequency. The expression for
the mean switching losses for the transistor and diode can be
calculated by

PSw TR =
1
T

n∑

j=1

[Eonj (iF , v) + Eoffj (iF , v)] (17)

PSw D =
1
T

n∑

j=1

Errj(iF , v) (18)

where PSw TR and PSw D are the switching losses of the transistor
and diode, respectively, n is the number of transitions in a funda-
mental period T , Eon and Eoff are the energies dissipated during
the turn-on and turn-off processes of the transistor, respectively.
Err is the energy dissipated during the turn-off process of the
diode. This information is available on the power device data
sheet in the form of switching curves (E versus IC ). These val-
ues depend on the voltage v in the off-state and the current iF in
the on-state of the power devices. According to the data sheet,
the energy dissipated in the diode during the turn-on process is
very small; therefore, it is neglected in this study.

Fig. 10 shows the total power losses (conduction and switch-
ing losses) for the three-phase five-level 2 × 2 SMC when the
proposed and the traditional PD-PWM methods are applied. All
possible relative current phase angles and modulation indices

Fig. 10. Total power losses of a three-phase five-level 2 × 2 SMC using (a) the
proposed PD-PWM and (b) the traditional PD-PWM. (c) Ratio of the proposed
PD-PWM over traditional PD-PWM.

have been considered in these representations. A zero sequence
has been added to the modulation signals of the three-phase
system to extend the range of the modulation index under linear
operation mode [26]. Fig. 10(c) shows the total power losses
ratio of the proposed PD-PWM over the traditional PD-PWM.
It can be observed that this ratio is larger than 1 for all the
operating conditions, which means that the proposed PD-PWM
produces more losses than the traditional one. This is because
the switching frequency of the power devices is lower with the
traditional PD-PWM because the switching happens between
adjacent voltage levels all the times.
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TABLE II
NUMBER OF CALCULATIONS OF THE STATE COST FUNCTION IN A FIVE-LEVEL 2×2 SMC

Transitions of the Output Voltage, vx 0

0 ↔ Vd c /4 Vd c /4 ↔ Vd c /2 Vd c /2 ↔ 3Vd c /4 3Vd c /4 ↔ Vd c

Traditional PD-PWM 2 2 2 2
Proposed PD-PWM 2 5 5 2

D. Computation Burden

In order to estimate and compare the computation burden for
the traditional and proposed PD-PWM methods, the number
of cost function calculations that need to be performed in a
phase-leg of a five-level SMC are determined and shown in
Table II. For this comparison, one cost function calculation is
associated with a single switching state. For example, in the
case of traditional PD-PWM and when switching between the
levels Vdc/4↔Vdc/2 [see Fig. 7(a)], the cost function has to
be calculated for the switching states 0001{1} and 0010{2},
i.e., two switching states in total. In the case of the proposed
PD-PWM, the number of calculations of the cost function is
the same as the number of redundant switching states involved
in the levels Vdc/4; however, two extra states appear for the
level Vdc/2, i.e., 1010{10} and 0101{5}, along with the state
0011{3} [see Fig. 7(b)], which is five in this example. Table II
shows the number of switching state cost function calculations
to be performed with the traditional and proposed PD-PWM
methods. One can conclude that the proposed PD-PWM method
requires about 150% more processing time for two transitions,
while the same time is required for the rest.

In summary, using the proposed method, the low-frequency
NP voltage ripple can be eliminated at the expense of increasing
switching frequencies and thus switching power losses in the
converter. Nevertheless, widebandgap devices can be used to
mitigate this problem, since switching power losses in those de-
vices are much less significant. Eliminating the low-frequency
NP voltage ripples is very important, since it enables the use
of thin-film capacitors, which offer capacitances much lower
than traditional electrolytic capacitors for the same weight and
volume. This has an enormous impact on the reliability of con-
verter, since thin-film capacitors offer a large lifespan, about
three times that of electrolytic ones.

V. SIMULATION AND EXPERIMENTAL RESULTS

Simulation and experimental results were obtained to test the
performance of the proposed PD-PWM method based on FPM
in a three-phase five-level 2 × 2 SMC, as shown in Fig. 12.
MATLAB/Simulink and PLECS have been used for the sim-
ulation results [30], [31], while the experimental results were
obtained from a low-power laboratory prototype using a con-
troller DSPACE 1006 with integrated DS 5203 FPGA board
[34]. The parameters of the converter are given in Table III and
the hardware prototype is shown in Fig. 11.

Fig. 13 shows results when the converter operates with a
linear load RL (see Table III). Fig. 13(a) shows simulation

Fig. 11. Hardware prototype of a three-phase five-level 2 × 2 SMC.

Fig. 12. Three-phase five-level 2 × 2 SMC.

TABLE III
SMC PARAMETERS

Circuit Parameter Value

dc-link voltage, Vd c 100 V
dc-link capacitors, C1 and C2 23.5 μF
FCs, Cx 1 1 and Cx 1 2 47 μF
Linear load, RL R = 10 Ω , L = 10 mH
Nonlinear load R = 20 Ω , C = 1000 μF
(Three-phase rectifier with an RC load)
Carrier frequency, fs 10 kHz
Fundamental frequency, f 50 Hz
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(a) (b)

Fig. 13. Comparison between simulation and experimental results of the PD-PWM method [23], [24] with the proposed PD-PWM implementation operating
with a linear load. Line-to-line voltage, FC voltages, dc-link voltages, and output currents: (a) simulation and (b) experimental results.

Fig. 14. Comparison between simulation and experimental results of the PD-PWM method [23], [24] with the proposed PD-PWM implementation operating
with a nonlinear load. Line-to-line voltage, FC voltages, dc-link voltages, and output currents: (a) simulation and (b) experimental results.

results, while Fig. 13(b) shows experimental results under
the same operating conditions. The waveforms presented in
Fig. 13 are the line-to-line voltage (vab ), the FC voltages
(vCa 11 and vCa 12), the dc-link voltages (vdc1 and vdc2), and
the load currents (ia , ib , and ic ). Initially, the converter operates
with PD-PWM with a single modulation signal per phase-leg
[23], [24]. During this interval, the dc-link capacitors show
low-frequency ripples, which produce voltage ripples in the FCs
and distortion to the output currents. At t = 50 ms, the proposed
PD-PWM based on FPM method is applied. As shown, the low-
frequency ripples are eliminated from all the capacitors of the
converter.

In Fig. 14, the SMC operates with a nonlinear load. Fig. 14(a)
shows simulation results, while Fig. 14(b) shows experimental
results under the same operating conditions. The load is a three-
phase diode rectifier with a capacitor and resistor on the dc side
with the values given in Table III. As it can be observed, the
proposed method is able to remove the low-frequency voltage
ripples completely, while all the capacitor voltages are regulated

to their reference values, even when operating with such a strong
nonlinear load.

Fig. 15(a) presents experimental THD values of the line-
to-line voltages with the proposed PD-PWM method and the
traditional PD-PWM [23], [24]. The first 6000 harmonics are
considered. The THD values tend to be higher with the proposed
method; nevertheless, the distortion is produced at higher fre-
quency than with the traditional method; hence, it can be easily
filtered. The WTHD is a better parameter to evaluate the quality
of the line-to-line voltages since it considers the order of the har-
monics, so that the low-frequency harmonics have more impact
than the high-frequency ones. The WTHD is calculated as

WTHD =

√
∑∞

h=2

(
Vh

h

)2

V1
× 100 (19)

where Vh and V1 are rms values of the harmonic components
and the fundamental, respectively.
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Fig. 15. Evaluation of the line-to-line voltages with the traditional PD-PWM
method [23], [24] and the proposed one operating with a linear load (see
Table III). (a) THD and (b) WTHD values.

Fig. 16. Output current THD.

Fig. 15(b) shows WTHD values with both modulation meth-
ods. The first 6000 harmonics are considered. The proposed
PD-PWM method produces voltages with lower WTHD values
than the traditional PD-PWM.

Fig. 16 illustrates experimental THD values of the output
currents with both modulation methods. The first 6000 har-
monics are considered. Again, the proposed PD-PWM method
produces less distortion, especially when operating with large
modulation indices, which confirms the better quality of the
output currents. This is due to the fact that the distortion
produced by the proposed PD-PWM is less significant than
the one produced with the traditional PD-PWM as a conse-
quence of the low-frequency voltage ripple in the NP. Moreover,
the THD of the output currents increases with the modulation in-
dex under traditional PD-PWM. This is because the amplitude of
the output currents increases with the modulation index, which
produces higher low-frequency voltage ripples in the dc-link
capacitors and the FCs. As a consequence, the output voltages
will contain more low-frequency distortion, which is directly
reflected in the THD of the output currents (the inductive load
barely filters low-frequency components).

VI. CONCLUSION

This paper has proposed an implementation of PD-PWM in
SMCs based on the FPM method. When the proposed PD-PWM
is applied to a Y × 2 SMC, two extra states appear, which are
used for control of the NP voltage. These states are included in
a cost function that accounts for deviations of both the NP and
FC voltages. The cost function is evaluated to select the opti-
mal redundant states to be used for capacitor voltage balance at
any switching period. The proposed PD-PWM method is able
to regulate the capacitor voltages to their reference values, and
also to remove the low-frequency ripples in all the capacitors
of the converter. Consequently, low capacitances can be used,
which may lead to a significant reduction in the size of the
converter. Moreover, it provides better quality of voltage/output
currents (lower WTHD values). This also enables the use of
film capacitors, which have a longer lifetime than electrolytic
capacitors. Consequently, the life expectancy of the converter
would increase significantly by substituting electrolytic capaci-
tors by film capacitors. The method is applicable to converters
with NP connection such as the NPC converter and the SMC
with two stacks. In this paper, the proposed method has been ap-
plied to a five-level 2 × 2 SMC, but the method can be extended
to SMCs with more cells, i.e., Y × 2 SMCs.
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