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Abstract—This paper proposes a voltage balancing method for
stacked multicell converters (SMCs) based on phase-disposition
pulse-width modulation (PD-PWM). In order to reduce the switch-
ing transitions of the power devices, only optimal transitions be-
tween consecutive voltage levels are used. Selection of the optimal
transition sequence is performed by evaluating a cost function. Sig-
nificant reductions in the switching transitions and power losses
of the power devices are achieved as compared to the optimal-
state voltage balancing method where nonoptimal transitions are
allowed. Simulation and experimental results from a seven-level
3 X 2 SMC verifies that the proposed PD-PWM voltage balancing
method is robust under linear/nonlinear loads and transients.

Index Terms—Capacitor voltage balancing, multilevel converter,
pulse-width modulation (PWM), stacked multicell converter.

I. INTRODUCTION

ULTILEVEL converters are widely used in high-power
M applications [1]-[6]. In the recent years, new hybrid
multilevel topologies have appeared [7]. Hybrid multilevel con-
verters require to store less energy than the popular multilevel
topologies, i.e., the cascaded H-bridge converter [8], the modu-
lar multilevel converter [9], the neutral-point-clamped converter
[10], and the flying capacitor (FC) converter [11]. Hybrid multi-
level converters allow higher voltage/power ratings, lower total
harmonic distortion (THD), and lower power losses, when com-
pared with the conventional two-level converter [12]-[14] and
also with some of the popular multilevel topologies.

Fig. 1 shows the hybrid multilevel topology called stacked
multicell converter (SMC). The SMC is capable of generating
a higher number of voltage levels besides requiring less energy
stored in the capacitors when compared to the conventional FC
converter. Like in the other multilevel topologies, this hybrid
multilevel converter also requires capacitor voltage balancing. In
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Fig. 1.  Circuit diagram of a 3 x 2 SMC.

[15]-[22], phase-shifted pulse-width modulation (PS-PWM)
was applied to the SMC, which provides natural voltage bal-
ancing. However, natural voltage balancing depends on the load
conditions and the converter dynamics slow down with differ-
ent types of loads, especially nonlinear ones. In [16]-[19], a
booster was used to achieve faster voltage balancing dynamics.
This balance booster consists of a passive RLC filter, and thus,
introduces some power losses, reduces converter’s reliability,
and increases its size.

There are a few active voltage balancing methods found in
the technical literature [23]—[25]. In [23], a direct torque control
method was proposed. Another method was proposed in [24],
which uses a sliding mode observer. This method performs very
well and does not require any voltage sensors. However, its
implementation is complicated and requires a lot of computa-
tions. An active voltage balancing method was proposed in [23]
for hybrid converters such as the active neutral-point-clamped
converter and the SMC. The method requires evaluation of a
cost function for the selection of the redundant states using
space vector modulation in a four-level SMC. The authors sug-
gested increasing the number of voltage levels to extend the
operating range of the converter, which is apparently not an
optimal solution. An active voltage balancing method based on
PS-PWM was proposed in [26]. The method performs very well
in achieving capacitor voltage balance, however, PS-PWM pro-
duces line-to-line voltages with lower quality when compared
to those generated using phase-disposition PWM (PD-PWM).

This paper presents a capacitor voltage balancing method
for SMCs based on PD-PWM that uses only optimal switching
transitions and is called the optimal transition voltage balancing
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(OTVB) method. The method is performed by evaluating a cost
function that selects the optimal switching transition between
consecutive voltage levels from a pool of available transitions.
The method proposed here is an improvement of the optimal-
state voltage balancing (OSVB) method [27], where the num-
ber of switchings was not optimized. The improved method was
briefly introduced in [28], and it has been extended further in this
paper by including a more detailed analysis and experimental
results taken from a three-phase seven-level 3 x 2 SMC lab-
oratory prototype. Furthermore, this paper presents switching
transitions, power losses in the semiconductors, the efficiency,
and compares them with those obtained from applying OSVB
[27].

The rest of this paper is organized as follows. Section II
describes the operating principle of an SMC and the OSVB
method. Section III introduces the OTVB method for reducing
the switching transitions of the power devices. Section IV an-
alyzes switching transitions, capacitor voltage ripples, power
losses in the semiconductors, and the computation burden,
comparing all of them with those produced with OSVB. Sec-
tion V presents simulation and experimental results obtained
from a low-power three-phase seven-level 3 x 2 SMC proto-
type. Finally, the conclusions of this paper are summarized in
Section VI.

II. SMC AND THE OSVB METHOD

Fig. 1 shows a circuit diagram of a phase-leg of a seven-level
SMC. It consists of three cells (Y = 3) of an FC converter,
which are integrated to form two stages/stacks (Z = 2). This
is why it is also called a 3 x 2 (Y x Z) SMC topology. The
converter comprises of four FCs, the upper FCs C 19 and C}99
in Stage 2, and the lower FCs (11, C,21 in Stage 1, where
the subscript « is used for phase identification x = {a,b, c}.
The dc bus consists of two capacitors C; and Cs, each of them
is regulated to operate at a half of the dc bus voltage (Vy./2).
During normal operation, the mean voltage of the FCs C;;; and
C';12 has to be maintained at Vy,. /6, whereas for C\91 and Cy.99,
it has to be maintained at V3 /3. The output voltage v, consists
of seven (3 x 2 + 1) voltage levels, i.e., 0, Vq. /6, V. /3, Vi /2,
2V /3, 5Vie /6, Vg.. The switch control function is defined
as s, 4., where y denotes the switch number corresponding to
a particular cell in the phase-leg x of the SMC converter y =
{1,...,Y} (Y = 3),and z defines the Stage = = {1, ..., Z} (Z =
2). The switch control functions can take two values s, ,, =
{0,1}, meaning “0” and “1” that the switch is OFF and ON,
respectively. The switch pairs in each phase leg (s, . and 5, . )
operate in a complementary manner.

The OSVB method is based on minimizing a cost function,
which is defined as the absolute value of deviation of energy
stored in all the FCs from the rated conditions. It is given as
follows [25], [29], [30]:

Y -1

Crjz(Veajz = Vi) (1)
1

Jzzs =

DN =

J
where z identifies the phase (z = {a, b, ¢}), and s is the switch-
ing state (s = {0, ..,63}) of Stage z. For example, J,257 is
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the cost function calculated for phase a (z =a), at Stage
2 (z=2) and Switching State 57 (s = 57), i.e., Sq31 = 1,
Sa21 = 1, Sq11 = 1, Sa32 = 0, S400 = 0, and s,12 = 1. 7 is the
index used for the identification of each FC j = {1, 2}, being
Cy;- a particular FC and V(' its reference voltage.

The cost function 1 is positively defined and becomes zero
if all the FC voltages are at the reference values. Such function
should be minimized by using a differentiation, as follows:

Y -1
d d1 L
%szs - %5 jz:; avjz(Uijz - VC;];jz)

Y -1
= Y (Avcyjsicss:) <0, 2)
j=1

where Avc,j. is the voltage deviation of an FC (Avc,;. =
VCOpjz — Vc*sz)’ and ¢c,j. 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 function is evaluated for all redundant switching
states available for those levels. Based on the calculated values
for a particular output voltage level, the switching state that
provides the minimum value to the cost function is the one
selected

Y -1
min Z (AUCIjZiCIjZ) ) (3)
Jj=1
and are used for the gating signals.

It should be noted that the optimal switching states between
two consecutive voltage levels are selected independently one
from another. Therefore, the OSVB method does not avoid the
nonoptimal transitions, i.e., those transitions that produce more
switchings, thus resulting in higher switching frequencies for
the power devices. The OTVB proposed in this paper overcomes
this problem because it avoids the use of nonoptimal transitions.

III. PROPOSED OTVB METHOD

The switching transitions between consecutive voltage lev-
els of all the possible combinations of switching states from
000000{0} to 111111{63} are shown in Fig. 3. The transi-
tions between two switching states shown by solid lines are
called optimum transitions, as those transitions involve chang-
ing only one bit. Therefore, they produce the minimum number
of switching events. On the other hand, the transitions repre-
sented by dashed lines are nonoptimal, as more than one bit
changes in the transition between consecutive levels. For exam-
ple, a minimum transition is produced when switching between
the States 111001{57} and 111101{61} (see Fig. 3), while the
transition between the States 111001{57} and 111110{62} is a
nonoptimal one. Hence, if the nonoptimal transitions are chosen,
switching frequencies of the power devices increase.

Furthermore, additional switching transitions can be pro-
duced using traditional triangular carriers. When using these
carriers, once a switching period has ended, the following one
will usually start providing the same voltage level as that in
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TABLE I
SEVEN-LEVEL 3 x 2 SMC: VOLTAGE LEVELS, SWITCHING STATES, FC CURRENTS, AND EFFECTS ON THE FC VOLTAGES

Switching States FC Currents FC Voltages
Output
Voltage
Level (v;0) Sp3l Sz21 Sz1l Sz32 Sz22 Spi12 State icg21 iczi1 fcaz22  iCz12 VUCz21 VCz1l V022 VCa12
6 Vie 1 1 1 1 1 1 {63} 0 0 0 0 NC NC NC NC
5 5Vde 1 1 1 1 1 0 {62} 0 0 0 i NC NC NC T
1 1 1 1 0 1 {61} 0 0 . “ig NC NC T |
1 1 1 0 1 1 {59} 0 0 iy 0 NC NC 1 NC  vprer > 0
4 2l 1 1 1 1 0 0 {60} 0 0 in 0 NC NC 1 NC
1 1 1 0 1 0 {58} 0 0 iy iy NC NC l T
1 1 1 0 0 1 {57} 0 0 0 iy NC NC NC |
3 Ne 1 1 1 0 0 0 {56} 0 0 0 0 NC NC NC NC
2 T 1 1 0 0 0 0 {48} 0 i 0 0 NC 1 NC NC
1 0 1 0 0 0 {40} iy iy 0 0 T ! NC NC
0 1 1 0 0 0 {24} iy 0 0 0 | NC NC NC Veret < 0
1 T 1 0 0 0 0 0 {32} i, 0 0 0 1 NC NC NC
0 1 0 0 0 0 {16} iy i 0 0 | T NC NC
0 0 1 0 0 0 {8} 0 iy 0 0 NC | NC NC
0 0 0 0 0 0 0 0 {0} 0 0 0 0 NC NC NC NC
Note: The charging/discharging effects in the FC are given assuming that i,, is positive (i,, > 0) with the
following notation:
1 Capacitor voltage increases.
| Capacitor voltage decreases.
NC No change in the capacitor voltage.
A A
Triangular 2 Sawtooth
Vxref carrier Vyref carrier
A— \ )
Level k | —i ’ Level k
A‘ Switching
Switching :
\“ en . . signal
LS signa Y| ~J
A N A A A /) A/ A
[ HE H _ ! /
Level k-1 S — — Level k-1 L i 7 >
T e e i <1 i
'\, T, “. Time T, | \ ime

Transition between
two voltage levels

Transition within the
same voltage level

(2

Fig. 2.

. L \
Transition between
two voltage levels

(b)

when using triangular carriers, and (b) transitions between two consecutive voltage levels using sawtooth carriers.

Switching frequency reduction example: (a) transitions between two consecutive voltage levels and possible transitions within the same voltage level

Vx0 = 0 Vx0 = V. dc/ 6 Vxo = Vd(‘/3 Vxo = V. dc/ 2 Vx0 = 2V, dc/ 3 Vx0 = 5 Vdr/ 6 Vxo = V:lc
10000032} = ~110000{48} 111100{60} ~111110{62}
000000{0}{— 010000{16} 101000440} —111000{56}—111010 {58} 111101 {61} —111111{63}

001000{8} £

%011000{24}

111001 {57}£

Non-optimal transitions between two states
—— Optimal transitions between two states

Fig. 3. Switching transitions between consecutive voltage levels in a seven-level 3x2 SMC.
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TABLE II
CASE STUDY OF OSVB METHOD

Casel
vV

v
gc -, :f

Vio =
Ve

v,

o lde
100000{32}<110000{48} Vo= 3 T ¢

010000{16} " 101000{40}
\\\ Ve
0010008} ~011000{24} v
* _lae
~-= Non — optimal transition Vo = 6 T t

K

. . ..
Assumption, Ve, > Ve Vear > Vearoty > 0, Verr < 0

Casell
Vie Vie
Vxo :?d -, :?d Vet
Vi =L
100000{32} i 110000{48} “*' 3 i t
010000{16} \\\ 101000{40}
001000{8} 011000{24} % Ve
; o Vear = -
--= Non —optimal transition 6 dt t
Assumption, v ,, > V;Zl,v&ll > V;m,ix > O,VW <0
Caselll
Ve - Ve
h0 T P Ve
- Ve
100000{32} i 110000{48} 27 3 Fia t
010000{16} 10100040} Veus
B .
A yroo=lde
001000¢8 +011000{24}| "
B ¢ e

s

--- Non —optimal transition

. * * .
Assumption, v, > Voo Ve > Vearsiy > 0,v,,, <0

wref

the previous instant [see Fig. 2(a)]. Since the evaluation of the
cost function is performed during the previous switching period
and the new switching state is applied at the sampling instant,
the selected switching state may change within the same level
because of voltage balancing requirements, as it is shown in
the example in Fig. 2(a). This fact leads to additional switching
transitions in the power devices. This can be avoided by chang-
ing the shape of the carriers [29], [30]. Fig. 2(b) shows the
case of using sawtooth-shaped carriers for the modulation. As
it can be noted, no transition within the same voltage level can
happen when changing from one switching period to the next
one. On the contrary, the transitions are between consecutive
levels. Hence, a significant amount of switching transitions can
be avoided by using sawtooth carriers.

The switching transitions of the power devices can be fur-
ther reduced by avoiding the nonoptimal transitions between
consecutive voltage levels. However, avoiding the nonoptimal
transitions will worsen the FC voltage balance. This effect is
shown in the example in Table II, where three cases are given.
In all the case study, the duty cycle and the sinusoidal voltage
reference signal are denoted by d and v,¢, respectively. In the
Case I, the converter is switching from State 100000{32} to
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Fig. 4. Carriers in PD-PWM.

State 110000{48}, and in Case II the switching is from State
100000{32} to State blue101000{40}. Both Cases I and II are
optimal transitions, however, none of the final states provide
optimum voltage balance, since the voltage in one of the FCs
increases and tends to go far beyond the reference value (ca-
pacitors C;11 and C,o; in the Cases I and II, respectively). On
the other hand, in the Case III, the switching transition is from
State 100000{32} to State 011000{24}, which is a nonoptimal
one. However, the State 011000{24} is the best from the point
of view of voltage balancing, since none of the voltages in the
FCs deviates further from the reference values. Therefore, if this
state is avoided because it produces additional switching tran-
sitions, and either of the two states in Case I or II are chosen,
the voltage balancing will be less effective. This can be par-
tially compensated by using a modulation method that chooses
the optimal transition considering the two states simultaneously,
and not only the optimal states separately. As a result, the FC
voltage balance will improve.

A similar analysis can be performed if the output current is
negative. In such a case, the current through the capacitors will
produce the opposite charging/discharging effect on them, i.e.,
the signs of the slopes of the voltage waveforms in Table II will
change.

The cost function in [25], [29], and[30] is modified to select
the switching transitions between two states of different voltage
levels and is given as [28], [31]

szsifsi+1 = sz sidi + szsi+1di+1; (4)

where z identifies the phase (x = {a, b, c}), i is the first state,
i + 1 is the second state, d; € [0, 1] is the duty cycle of the first
state, and d; ;1 € [0, 1] is the duty cycle of the second state. As
shown in Fig. 4, the duty cycle of an output voltage level using
PD-PWM can be obtained as follows:

7 i+ 1

for 2 — 1< v <2 1:

n—1 n—1

Ugref + 1

; 5)

di=(@G+1)—(n—1)
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1
and for 24— — 1< v <2—— —1:
n—1 —1
i 1
dL:(n—l)vae;_F -1 ©)
otherwise  d; =0, @)

where n is the number of levels (n = (Z x Y + 1)), in this
paper Z =2, Y = 3, and therefore, n = 7. And v,.cr 1S the
reference signal that ranges in the interval [—1, 1] under linear
operation mode. When v, is positive z = 2, otherwise z = 1.
The cost function of the transitions between two different
voltage levels is positively defined, and if all the FC voltages
are regulated at their reference value, it becomes zero. Hence, in
order to achieve voltage balance, this cost function needs to be
minimized at any switching period using differentiation. Thus,
differentiation of 4, gives the following expression:

Y -1
%sz si—si+1 = Zl AUCzjz (iijzdi + iCIjzdiJrl) < 07 (8)
j=
where icyj. s and icgj.si+1 are the capacitor currents of
the corresponding states of the Stage z. They depend on the
load currents and the redundant switching states, as shown in
Table I. The terms Avc, ;. are the voltage deviations of the FCs
(AUijz =VCzj» — VC*;tjz)'

When the modulator defines two particular voltage levels for
the following switching period at the Stage z, the cost function
is evaluated for all the redundant optimum switching transitions
available for those levels. Based on the calculated values, the
switching transition that provides the minimum value to the cost
function is selected

Y-1
min Z AvCJL'jZ (iijzdi + Z.CacjdeJ) . (9)

Jj=1

In order to avoid additional switching events, all the nonopti-
mal transitions are disregarded in the selection process. Once
the optimal switching transition is selected, the two consecutive
switching states are determined, which define the gating signals
of the SMC. Fig. 5, shows a block diagram for the implemen-
tation of the proposed voltage balance method. In this block
diagram, the measured FC voltages and load current are sam-
pled at the carriers frequency and used for the calculation of the
cost functions.

IV. COMPARISON ANALYSIS USING OSVB AND OTVB

Simulation analysis is conducted on the three-phase 3 x 2
SMC shown in Fig. 1. A medium-power converter in the range
of 250 kVA is selected for the simulations. The dc voltage
is Vi. = 3 kV and a three-phase sinusoidal current source of
IL,:ms = 80 A is connected to the converter output. The value
of the FCs is C' = 1800 uF. The fundamental and the carrier
frequencies are f = 50 Hz and f; = 5 kHz, respectively. The
analysis is done in terms of switching transitions, capacitor
voltage ripples, and power losses.
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Fig. 5. Block diagram of the proposed OTVB method.

TABLE III
RELATIONSHIP BETWEEN k& AND MODULATION INDEX IN AN n-LEVEL SMC

k Modulation Index, m

1 (n=3)/(n-1)<m <1

2 (n=5)/(n—=1)<m <(n-3)/(n—-1)
3 (n=7)/(n—=1)<m <(n-5)/(n—-1)
( 2/(n—=1)<m <4/(n-1)

( 0<m<2/(n-1)

TABLE IV
MINIMUM NUMBER OF SWITCHING TRANSITIONS IN A SEVEN-LEVEL SMC

k Modulation Index, m Nmin
1 2/3<m <1 212
2 1/3<m <2/3 208
3 0<m<1/3 204

A. Switching Transitions and FC Voltage Ripples

In the case of an SMC with an odd number of levels, the
minimum number of switching transitions using PD-PWM can
be calculated as

Nuin = 2% +2[n— (2k - 1)],

(10)
where f; is the carrier frequency, f is the fundamental fre-
quency, n is the number of levels, and k =1,2,...,(n — 1)/2
that depends on the modulation index. In (10), the term 2/ f
represents the number of crossings of a constant reference sig-
nal with a carrier, while the term 2[n — (2k — 1)] represents the
switching count due to the reference signal crossing the carrier
bands of the PD-PWM. Table III shows the dependence of k with
the modulation index in the general case of an n-level SMC. Ta-
ble IV shows the particular case of a seven-level SMC (n = 7)
and carrier and output frequencies of f; = 5 kHz and f = 50
Hz, respectively. In order to achieve the maximum amplitudes
of the output voltage fundamentals under linear mode, a zero
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Modulation Index, m

Fig. 6.

sequence has been added to the modulation signals of the con-
verter. The zero sequence is given by —(Vgref max + Vzref min /2,
where vV, ef max and Ugref min are the maximum and minimum
values of the modulation signals of the converter, respectively
[32]. The addition of this zero sequence to the reference sig-
nals may increase the number of switching transitions a little
for some modulation indices because the reference signals will
cross the carrier bands more times, however, this increase in
the minimum number of switching transitions is practically in-
significant.

Fig. 6(a) and (b) shows the number of switching transitions of
both voltage balancing methods, i.e., OTVB and OSVB, respec-
tively, for all modulation indices and output current angles. It
can be remarked that the number of switching transitions using
the OTVB method practically matches the minimum theoret-
ical values given in Table IV. In fact, the number of switch-
ing transitions is even lower in the simulation results. This is
because some very narrow pulses are skipped in the process
of simulation, and therefore, those switching transitions are
not counted. On the other hand, a significant increase in the
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number of switching transitions is observed using the OSVB
method.
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TABLE V

PARAMETERS OF THE LINEARIZED MODEL FOR THE CALCULATION OF
CONDUCTION LOSSES

Parameter of the Linearized Model Value
Vo (IGBT threshold voltage) 0.83V
R7 (IGBT on-state resistance) 14.1 mQ

Vp (Diode threshold voltage) 1V

Rp (Diode on-state resistance) 11.43 mQ2
TABLE VI
Eon, Eoff » AND E;; POINTS
Curve Current, Ic (A) Energy(mJ)
Eon [25 50 100 150 200] [3.57 7.14 15.18 35 55.36]
Eott [2550 100 150 200]  [3.57 5.36 10.71 14.29 19.64]
E,. [25 50 100 150 200] [3.214.115.71 6.43 6.79]

Fig. 6(c) shows the switching transition ratio of OTVB over
OSVB. It can be noted that there is a reduction of the switching
transitions of about 5% for very high modulation indices. Such
a reduction in the switching transitions is significantly larger
(up to 35%) for modulation indices around 0.5.

Fig. 7 shows the FC voltage ripples ratio OTVB over OSVB.
It can be noted that with the OTVB method the increase in the
voltage ripples is very small (less than 2%) for all the operating
conditions and modulation index range from O to 1.

In summary, using the OTVB method, a reduction of about
5% of the switching transitions in the power devices for high
modulation indices can be achieved at the expense of slightly
increasing the FC voltage ripples.

B. Power Losses in the Power Devices

In this section, the power losses associated with all the
switches in the three-phase seven-level SMC are analytically
estimated. The power device used in this study is the
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TABLE VII
Eon, Eoff » AND E;; APPROXIMATION

Switching Expression

Eon (1) Yol (-0.0045 I3 + 2.7621 I% — 121.5400 I + 5556)
Eore (1) Yalf (0.0010 I3 —0.3183 T2 + 118.4000 I + 579.2)
E (pJ) Yol (0.00014 I3 —0.1694 1% + 52.1100 I + 1979)

SKM100GB12T4 from SEMIKRON, rated at 1200 V and
100 A.

The power losses are classified into conduction and switch-
ing losses for both the transistors and freewheeling diodes. The
power losses calculation method used in this paper is similar to
the one discussed in [32]-[35], which is based on extrapolating
the information from the manufacturer’s data sheet for conduc-
tion (Vog versus I¢) and switching curves (E versus I). For
the calculation of the conduction losses, the curves of the de-
vices (the transistors and freewheeling diodes) are linearized by
an on-state resistance and a threshold voltage. Fig. 8(a) and (b)
shows the estimation of the parameters for the insulated gate
bipolar transistor (IGBT) and the freewheeling diode, respec-
tively, using the device SKM100GB12T4 from SEMIKRON.
The values of threshold voltage and the on-state resistance of
the IGBT and the transistor are given in Table V. It is important
to consider the junction temperature and the gate voltage. In
this analysis, the gate voltage is assumed to be 15 V (typical
gate driver voltage) and the worst case temperature of 150 °C is
considered.

Once the parameters have been obtained, the conduction
losses of the power devices, i.e., transistors and freewheeling
diodes, can be approximated as

I . :
Porr = ?/ (VT +F RT)ZF dt (11)
0
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1 /T , _
Poip = T/ (Vp +ip Rp)ip dt (12)
0

where Pc 1 and Pc_p are the conduction losses of the transis-
tor and diode, respectively, V and Vp are the threshold voltage
of the transistor and diode, respectively, R and Rp are the
on-state resistance of the transistor and diode, respectively, ip
is the forward current in the device (transistor and diode), and
T is the period of the fundamental frequency.

For the calculation of the switching losses, the energy curves
provided in the manufacturer’s data sheet are approximated by
using a MATLAB curve fitting tool (polyfit) [36]. The procedure
is listed in the following steps:

1) Step 1: Extrapolate data points from the manufacturer’s
data sheet (E versus I-) curves. An example is shown
in Table VI, where some characteristic points have been
selected.

2) Step 2: Using Step 1 along with a MATLAB curve fitting
tool (polyfit) [36], an approximated curve is obtained.
An example of estimated switching losses is shown in
Table VII.

3) Step 3: The switching losses approximation equations ob-
tained in Step 2 are checked with the original curves for
verification. Fig. 9 shows the comparison of the original
(E versus I) curves and the estimated (E versus I¢)
curves.

Once the energy curves have been approximated, they are
used to calculate the switching power losses at any transition.
The switching losses for the transistor/diode can be calculated
by

’ﬂ

nt
Psw,T = *Z onj ZF; +Eoffj(iF7’U)} (13)

(14)

'ﬂ

PSW,D = T E rrj ZF;
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(b)

SKM100GB12T4 power device—Switching Losses approximation: (a) (E versus I ) curves from datasheet and (b) (E versus I ) estimated curves.

where Py, 1 and P, _p are the switching losses of the transis-
tor and diode, respectively, nt is the number of transitions in
a fundamental period T, E,, and E,g are the energies dissi-
pated during the turn-on and turn-off processes of the transistor,
respectively. F,,. 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 (& versus I¢).
These values depend on the voltage v in the off-state and the
current i in the on-state of the power device. According to the
data sheet, the energy dissipated in the diode during the turn-on
process is very small; therefore, it has been neglected in this
study.

Fig. 10 shows the conduction power losses for the three-phase
seven-level 3 x 2 SMC using OSVB and OTVB, respectively.
As it can be observed, the conduction power losses are more or
less the same for both methods.

Fig. 11 shows the switching losses for the three-phase seven-
level 3 x 2 SMC when OSVB and OTVB are applied. All pos-
sible relative current phase angles and modulation indices 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 oper-
ation mode [32]. Fig. 11(c) shows the switching losses ratio of
OTVB over OSVB. This ratio is equal or lower than the unity for
all the operating conditions, which means that OTVB produces
lower switching losses than OSVB. The reduction is significant
for modulation indices around 0.5 (about 35%). This is because
the number of switching transition of the power devices is much
lower with the OTVB since it avoids the use of nonoptimal
transitions.

Fig. 12 shows the total power losses (conduction and switch-
ing losses) for the three-phase seven-level 3 x 2 SMC when
OSVB and OTVB are applied. Fig. 12(c) shows the ratio of the
total power losses of OTVB over OSVB. As it can be observed,
this ratio is equal or lower than the unity for all the operating
conditions, which means that OTVB produces lower total power
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Fig. 10. Conduction power losses in a three-phase seven-level 3 x 2 SMC
using: (a) OSVB and (b) OTVB.

losses than OSVB. This is because the switching transitions of
the power devices is significantly lower (up to 35%) for mod-
ulation indices around 0.5, when applying OTVB. The results
also show that the slightly increase in the capacitor voltage rip-
ples when OTVB is applied does not have a significant impact
on the power losses of the converter. This is because the volt-
age ripples are relatively small when compared to the average
capacitor voltage values.

C. Computation Burden

In order to estimate and compare the computation burden for
both methods, OSVB and OTVB, the number of cost function
calculations that need to be performed in a phase-leg of
seven-level SMC are determined and shown in Table VIII. For
a fair comparison, one cost function calculation is associated
to a single switching state. For example, in the case of
OTVB and when switching between the levels Vy./6—Vj./3
(see Fig. 3), if the original state is 001000{8}, two optimal
transitions for the level Vj./3 are available, i.e., switching
to the states 011000{24} or 101000{40}. In addition, the
returning transition to the original level (Vy./6) has to be
considered. In other words, the optimal transitions available are
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Fig. 11. Switching power losses of a three-phase seven-level 3 x 2 SMC
using: (a) OSVB, (b) OTVB, and (c) Ratio of OTVB over OSVB.

001000{8}-011000{24}-001000{8}, 001000{8}-011000
{24}-010000{16}, 001000{8}-101000{40}-001000{8}, and
001000{8}-101000{40}-100000{32}. Therefore, the cost
function has to be calculated for the switching states 001000{8},
010000{16}, 011000{24}, 100000{32}, and 101000{40},
i.e., five switching states in total. The final value of the cost
function is calculated by adding the individual switching
state cost function values weighted by the duty cycles of
each voltage level according to 4. In the case of OSVB,



GHIAS et al.: REDUCING POWER LOSSES IN STACK MULTICELL CONVERTERS WITH OPTIMAL VOLTAGE BALANCING METHOD

4691

TABLE VIII
NUMBER OF CALCULATIONS OF THE STATE COST FUNCTION IN A SEVEN-LEVEL 3 x2 SMC

Transitions of the Output Voltage, v

0= Vae/6  Vac/6 = Vac/3 Vac/3 = Vae/2 Vac/2<2Vac/3  2Vac/3 < 5Vac /6 5Vic/6 < Vi
OSVB 4 6 4 4 6 4
OTVB 4 5 4 4 5 4
TABLE IX
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Fig. 12.  Total power losses of a three-phase seven-level 3 x 2 SMC using: (a)
OSVB, (b) OTVB, and (c) Ratio of OTVB over OSVB.

SMC CONVERTER PARAMETERS

Circuit Parameter Value
DC Bus Voltage, V. 100 V
DC Bus Capacitors (C'; and C'y) 6000 uF
FCs, Cy11,Cri2,Cro1,and Cyoo 220 pF

Linear Load, RL

Nonlinear Load (Three-Phase Rectifier with RC')
Carrier Frequency, f

Fundamental Frequency, f

R=22Q, L= 6mH
R=44Q,C=30uF
5kHz
50 Hz

the number of calculations of the cost function is the same
as the number of redundant switching states involved in
the levels Vi./6 and Vj./3, which is six in this example.
Table VIII shows the number of switching state cost function
calculations to be performed with OSVB and OTVB. One can
conclude that OTVB requires less computational effort than
OSVB.

V. SIMULATION AND EXPERIMENTAL RESULTS

Simulation and experimental tests have been performed on
a three-phase seven-level 3 x 2 SMC. The converter has been
simulated using MATLAB/Simulink [36] and PLECS Toolbox
[37]. The converter prototype is shown in Fig. 13. The dc bus
is generated by two dc voltage sources connected in series of
Vae/2 each of them together with dc bus capacitors, providing
the neutral-point connection. The parameters of the converter
are shown in Table IX. The proposed voltage balancing method
has been implemented using a DSPACE 1006 with integrated
DS 5203 FPGA board. This offers modular design flexibility
for the control. The main components are shown in Fig. 14. The
control is further divided into several components, which are as
follows:

1) acomputer that uses Control Desk real-time interface soft-
ware provided by DSPACE; this software communicates
with the DS1006 processor;

2) a DSPACE 1006 processor, which is also responsible for
the communication with the DS5203 FPGA and DS2004
A/D boards;

3) aDS5203 FPGA board used to generate high speed PWM

signals through a digital output port;

aDS2004 A/D high-speed board used to convert the mea-
sured signals from analog to digital; the digital signals are
further processed by the DS1006 processor and send to
the computer for data acquisition.

The performance of the proposed voltage balancing method

operating with a linear load (RL) is shown in Fig. 15. The

4)
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(a) (b)

Fig. 13. Hardware prototype: (a) three-phase seven-level 3 x 2 SMC and (b) control hardware based on a dSpace unit.
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Fig. 14.  Architecture of the digital controller.
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Fig. 15.  Proposed voltage balancing method applied to a seven-level 3 x 2 SMC operating with a linear load (RL). At t=>50 ms, the modulation index changes
fromm = 0.6 to m = 0.9. The waveforms presented are a line-to-line voltage, the FC voltages, and the load currents: (a) simulation and (b) experimental results.

line-to-line voltage v,; and the FC voltages (vcoq11, Voa12, m = 0.6tom = 0.9. It can be seen that during this transient, the
Voa21, and Ve, 29) obtained from simulations are shown in  voltages in the FCs remain unaffected. A similar behavior can be
Fig. 15(a). Initially the converter is in the steady-state condition, —observed during the same transient condition in the experimental
i.e., the FC voltages are at the reference values (vc, 11 = 16.67  results shownin Fig. 15(b). Fig. 15(a) and (b) also shows the load
V,vog12 = 16.67 V,v0421 = 33.33V, and vo, 20 = 33.33 V). currents from simulations and experimental results, respectively.
Att =50 ms, there is a step change in the modulation index from  The proposed voltage balancing method proves to be robust
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Proposed voltage balancing method applied to a seven-level 3 x 2 SMC operating with a non-linear load. At t=50 ms, the modulation index changes

fromm = 0.6 tom = 0.9. The waveforms presented are a line-to-line voltage, the FC voltages, and the load currents: (a) simulation and (b) experimental results.
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Fig. 17.

under modulation index changes when operating with a linear
load.

The performance of the SMC operating with a nonlinear load
is shown in Fig. 16. A three-phase diode rectifier with a dc-
side filter capacitor of 30 uF and load resistor of 44 €2, is used
as a nonlinear load. The performance of the proposed volt-
age balancing method is verified by simulation and experiment.
At t = 50 ms, the modulation index changes from m = 0.6
to m = 0.9. Observe that during this process, the FC voltages
maintain the desire reference value in both cases, i.e., simulation
[see Fig. 16(a)] and experimental [see Fig. 16(b)] tests. As ex-
pected, the currents are highly distorted and they increase with
the modulation index. The proposed voltage balancing method
is very robust operating with this strong nonlinear load and mod-
ulation index changes, since the FC voltages are maintained at
their reference values at all times.

100

—&— OSVB (Linear Load)
—8— OTVB (Linear Load)
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95| — % OTVB (Non-Linear Load)

90t

Efficiency (%)

85t

80 : : : : : : : :
0.1 02 03 04 05 06 07 08 09 1
Modulation Index, m

(b)

Power analysis of the three-phase seven-level 3 x 2 SMC from experimental prototype: (a) power losses and (b) efficiency.

Fig. 17(a) shows the power losses of the seven-level 3 x 2
SMC for the linear and nonlinear loads (as shown in Table IX).
The power analyzer device used in this experiment is Yokogawa
WT3000. As observed from Fig. 17(a), the power losses using
the OTVB method for both loads (linear and nonlinear) are
lower when compared to the OSVB method. This is because
in the OTVB, the nonoptimal transitions that produce higher
switching frequencies are skipped and only the optimal ones are
selected. As a result, lower switching frequency is produced,
providing lower power losses.

Fig. 17(b) shows the efficiency of the experimental SMC
prototype for the two different loads, i.e., linear and nonlinear
(as shown in Table IX). It can be seen that the efficiency of the
converter improves using the OTVB method when compared
with the OSVB one for both loads. The efficiency improvement
in this laboratory prototype is in the range of 2—4% for low
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modulation indices (m < 0.6) and in the range of 0.5-2% for
high modulation indices (m > 0.6). Hence, the proposed OTVB
method reduces the power losses, and therefore, increases the
overall efficiency of the converter.

The proposed voltage balancing method has also been tested
with unbalanced loads (not included in this paper). It also per-
forms very well under such conditions. This is because the cost
function that selects the optimal transitions is calculated inde-
pendently for each phase of the converter, therefore, there is no
interaction among the phases.

VI. CONCLUSION

This paper has presented a voltage balancing method for
SMCs using reduced switching transitions. The method is based
on calculating a cost function considering the FC voltage de-
viations and the output currents. The proposed cost function
evaluates only those redundant transitions between consecutive
voltage levels that produce minimum switchings. The one that
gives the lower value to the cost function is selected and applied
to the converter. The proposed method has been implemented in
aseven-level 3 x 2 SMC and tested against linear and nonlinear
loads, and transients. It performs very well in regulating the FC
voltages to the desired levels. The results have been compared
with a modulation method that does not avoid nonoptimal tran-
sitions and optimizes switching states instead of transitions, i.e.,
OSVB. The results show that for high modulation indices, the
switching transitions of the power devices are reduced by about
5% when using the proposed OTVB method. Consequently, the
total power losses are also reduced, which also improves the
efficiency of the converter. This reduction comes at the cost of
slightly increasing the FC voltage ripples.
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