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A Modulation Scheme Based on Virtual Voltage
Levels for Capacitor Voltage Balancing of the
Four-Level Diode Clamped Converter

Javad Ebrahimi

Abstract—This article proposes a modulation scheme based on
the concept of virtual voltage levels for regulating the dc-link
capacitor voltages of a four-level diode clamped converter un-
der restricted operating conditions. The proposed virtual-level
space vector modulation (SVM) scheme sets the average neutral
point currents to zero, which results in no net change in dc-link
capacitor voltages and thereby voltage balancing. In addition, a
closed-loop algorithm is developed to compensate for any volt-
age drift due to unideal practical conditions. Consequently, the
modulation of the reference voltages results in the desired output
voltages while regulating the dc-link capacitor voltages at various
operating points. In the proposed modulation scheme, switching
frequencies are not significantly increased, and they are lower
than those in the classic virtual-vector SVM method. The simu-
lation results demonstrate the effectiveness of the proposed mod-
ulation scheme and highlight its main benefits and features. The
simulation results are verified through a laboratory-type experi-
mental setup.

Index Terms—Capacitor voltage balancing, diode-clamped
converter (DCC), multilevel converter, space vector modulation
(SVM).

1. INTRODUCTION

ULTILEVEL diode-clamped converter (DCC) topolo-

gies are among the most primitive and best-known [1],
[2], studied for applications requiring high-power converters
at medium voltages, such as reactive power compensators [3],
renewable energy systems [4], [5], and motor drives [6], [7].
Notwithstanding the three-level DCC topology, well-known as
the neutral point-clamped (NPC) topology, DCC topologies with
more than three voltage levels have failed to find wide industrial
applications. One of the reasons is that they lack the inherent
potential to achieve capacitor voltage balancing under all operat-
ing conditions when using conventional modulation techniques,
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including sinusoidal pulsewidth modulation and space vector
modulation (SVM) [8], [9], [10]. An analytical approach has
been adopted in [8] to prove the voltage-drift phenomenon of
de-link capacitors in n-level DCC topologies (n > 3) under
operating modes with high modulation indexes and high load
power factors. Particularly, the balanced area is presented in
unity power factor, with modulation indexes less than 0.55 [8].

Due to the increasing power demand of commercial and indus-
trial applications and the desire to achieve high dc-link voltage
and high power quality, power converters with more than three
voltage levels have received considerable attention. As a result,
overcoming the balancing hurdle of the DCC topologies has been
an area of research interest over the past decades. The auxiliary
circuit-based solutions are considered to be the primitive studies
conducted in the literature. Various efforts have been made in
[117, [12], [13], and [14] to deal with the balancing challenge of
DCC topologies by using auxiliary voltage balancing circuits.
However, adding extra circuitry increases the volume, weight,
and cost in addition to the complexity of the system. Addressing
this issue, a hybrid method consisting of a flying-capacitor-based
chopper and zero-sequence voltage injection has been further
proposed in [15], but it still increases the cost and adds additional
control requirements.

The other category of proposed strategies in the literature
deals with modulation techniques to enhance the balancing
performance of the conventional methods. The concept of
virtual vectors (VV) derives from the linear combination of
real voltage vectors to nullify the average capacitor current
during the modulation period [16], [17], [18]. A VV-PWM
technique was proposed in [16] for a 4L-DCC topology and
then generalized to higher phase voltage levels [17]. How-
ever, defining VVs increases either memory requirements or
the number of computations, and it complicates the vector
location identification. Also, the average switching frequency
and power losses when applying VV-PWM are considerably
higher than conventional modulation methods. Authors in [19]
investigated a simplified VV-PWM to lower the calculations,
reduce switching transitions, and facilitate subsector determi-
nation. On the negative side, an active balancing strategy has
not been developed to mitigate the influence of nonidealities in
practical operation. The other strategy is to employ mathematical
expressions for calculating the proper duty ratios based on
the sensed dc-link capacitor voltages [20], [21]. Although the
voltages of the capacitors in DCC topologies with any number
of levels are actively controlled, the high switching frequency
in the closed-loop control mode and intensive mathematical
calculations are the main drawbacks of such methods [21]. A
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multireference/single-carrier approach developed in [22] gives
the phase voltages the freedom to switch between any number
of feasible voltage levels while there is a compromise between
power losses and the balancing capability of the proposed
strategy.

Another set of solutions is based on model predictive control
(MPC) broadly used to accomplish different control objectives
in multilevel converters. In this advanced control strategy, the
capacitor voltage balancing task is included in a common cost
function defined to achieve different control requirements of
the converter [4], [23], [24]. Therefore, the capacitor voltages
are regulated around their nominal values simply by selecting
a proper weighting factor. However, the number of calculations
increases significantly for DCC topologies with high-voltage
levels. What is more, selecting a high weighting factor for the
operating points that are located in the restricted region, as dis-
cussed in [10], deteriorates other control objectives. In addition
to this, due to high waveform distortion, variable switching
frequency, and spread harmonic spectrum, the use of MPC for
the balancing purposes of DCC topologies has become more
challenging [25].

A new capacitor voltage balancing technique based on carrier-
overlapped PWM (COPWM) has been proposed recently to
naturally balance the dc-link capacitors of the four-level active
neutral point inverter in [26], the five-level NPC inverter in
[27], and DCC topologies with any number of voltage levels
in [28]. This method pursues the concept of VV-PWM to set
the average capacitor currents to zero over a specific interval.
Despite the VV-PWM method, capacitor voltage balancing is
not accomplished during each sampling period but over the
fundamental period. In the case of a4L.-DCC converter, applying
the COPWM method leads to equal neutral point currents and
volt-second balance in each sampling period, as well as zero
average capacitor current during the fundamental period in a
passive way [28]. To deal with the nonidealities of practical
operation, a closed-loop method based on zero voltage injection
was proposed in [27]. However, the power losses are still high
in this method due to the high number of switching transitions.

In [29], authors proposed a simplified VV-PWM voltage
balancing technique for DCC topologies with any number of
voltage levels to reduce the complexity of the SVM implemen-
tation in the conventional VV-PWM method. Compared to the
VV-PWM method proposed in [17], this technique results in
a lower switching frequency but a higher voltage THD. Three
capacitor voltage balancing schemes based on redundant voltage
levels were proposed in [30] to add extra voltage levels over
the modulation period and regulate the capacitor voltages. The
three balancing schemes have some advantages over each other
schemes in terms of harmonic spectrum, switching frequency,
dynamic response, and control complexity. For example, the sec-
ond scheme has a lower dynamic response and higher switching
frequency while having a more concentrated harmonic spectrum
compared to schemes 1 and 3. To conclude, a proper voltage
balancing strategy for DCC topologies should actively balance
dc-link capacitor voltages, satisfy volt-second balance, and lead
to low power losses without deteriorating the output voltages
and increasing the required computations [31].

In this article, a new modulation scheme based on the
concept of virtual voltage levels is proposed to regulate the
dc-link capacitor voltages of the 4L-DCC topology for the
operating conditions, where the classic modulation scheme
cannot provide capacitor voltage balancing. The concept of
virtual voltage levels was first introduced in [32] to balance
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the flying capacitor voltages, and in this article, this concept
is developed for dc-link capacitor voltage balancing in the
4L-DCC topology. The proposed virtual levels PWM (VL-
PWM) scheme deals with the voltage balancing limits of dc-link
capacitor voltages in the 4L-DCC topology. Despite the pre-
viously proposed modulation schemes based on VVs, the first
stages of the modulation in the proposed method, including the
determination of reference voltage vector location in the space
vector diagram, the determination of three adjacent voltage
vectors, and duty ratios assignment, are the same as the classic
SVM. In fact, the implementation of the modulation based on the
classic space vector plan is one of the benefits of the proposed
method compared to the VV-SVM method. Moreover, the pro-
posed method provides the selection of appropriate redundant
voltage levels corresponding to the adjacent voltage vectors to
decrease the switching frequency. In addition, the reconstruction
procedure of the proposed method is performed on a per-phase
basis and generates virtual voltage levels, resulting in zero
average neutral point currents for each fundamental period. The
resultant modulation scheme generates desired output voltages
and, at the same time, regulates capacitor voltages. Due to the
property of zero average neutral point currents over the fun-
damental period, the capacitor voltages are naturally regulated
at all operating points. To compensate for any voltage drift
due to nonidealities or practical conditions, an additional active
capacitor voltage balancing is developed. In the proposed active
method, the capacitor voltages and the signs of phase currents
are measured. Then, based on those, the duty ratios of voltage
levels are readjusted to reduce the difference between actual ca-
pacitor voltages and their reference values. The performance of
the proposed modulation technique is investigated and verified
through simulation and experimentation.

The rest of this article is organized as follows. In Section II,
a brief description of the 4L-DCC topology and its balancing
limits are presented. In Section III, the virtual voltage levels
are defined, and the proposed modulation scheme is developed
for the 4L-DCC converter. In addition, simulation results are
presented to validate the natural balancing performance of the
proposed open-loop scheme. In Section IV, the proposed closed-
loop active capacitor voltage balancing is implemented based on
the measured capacitor voltages. Simulation results at various
operating points are provided in Section V. In Section VI, the
performance of the 4L-DCC topology using the proposed modu-
lation scheme is experimentally validated. Finally, Section VIII
concludes this article.

II. 4L-DCC TOPOLOGY DESCRIPTION

A. Operating Principles of the 4L-DCC Topology

The three-phase schematic of the 4L-DCC topology is shown
in Fig. 1, in which six identical diodes and six switching devices
are the main components of each leg. As can be seen in Table I,
the combinations of the ON—OFF states of the switching devices
in a common leg can lead to four distinct switching modes
Mo, My1, Myo, and M3 of phase x (x= a, b, ¢). If the
voltage of the negative pole of the dc-link is considered as the
reference potential, each switching mode outputs a unique phase
voltage at the ac terminal, and therefore four individual phase
levels I,= {0, 1, 2, 3} corresponding to voltage values Vo, =
{0, Vac/3, 2Vae/3, Vi } can be yielded at the inverter output.

The dc-link consists of three capacitors with anominal voltage
value that is one-third of the dc-link voltage. Provided that
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Fig. 1.  Schematic of the three-phase 4L-DCC topology.

TABLE I
SWITCHING MODES AND THEIR IMPACTS ON THE NEUTRAL POINTS CURRENTS

S‘:/nl(t)csl;? £ Sy So Se Sa 5. S5 Voo L@y b
M, o o o 1 1 1 0 0 0o o
M, o 0 1 1 1 o0 w3 L i o0
M, o 1 1 1 0 0 23 2 0 i
M, 1 1 1 0 0 0 V., 3 0 0

x=a,b,c

the capacitor voltages are regulated around V. /3, the voltage
levels at the output will be determined by these capacitor volt-
ages.Table I shows the effect of each switching mode on the
neutral point currents ¢; and ¢5, which have a direct impact on
the charging/discharging status of the dc-link capacitors.

It is advantageous to express the dc-link capacitor currents
in terms of the currents of the neutral points N; and N, i.e.,
i1 and iy, since these currents can be determined from the
switching state used in the switching pattern and their duty
ratios. According to Fig. 1, the capacitor currents are expressed
as follows:

io, = 1ic, +i2
i, =ic, t1i1 (D

where ic,, ic,, and i, are the currents passing through dc-link
capacitors Cy, Cs, and Cs, respectively. Considering a constant
net dc-link voltage, following equation can be expressed:

dvcr | dves | dves
= 2
dt dt dt 0 2)
and
. dvcy,
ick = Ck77 k = 17 27 3 (3)

As aresult of (2) and (3), the following equation is deduced:
ic1 +ic2 +ics = 0. 4)

The above expression means that the common current flowing
through all capacitors is not considered since it does not affect
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Fig.2.  SectorIofthe space vector diagram for the 4L-DCC topology alongside
the redundant states and the associated currents flowing out of neutral points (i1,
i2).

the capacitor voltages’ drift. Using (1) and (4), the capacitor
currents are expressed as follows:

ic, —-2/3 —1/3] .
ic,| =|1/3 =1/3 m (5)
ics 1/3  2/3 2

With respect to Table I, if the switching modes M, and M3
are selected in phase x, the phase current i, flows out of none
of the neutral points. In other words, the highest and lowest
voltage levels do not change the average value of the neutral
point currents and therefore capacitor currents. Whereas, the
switching mode M1 connects the phase x to N1, meaning that
1, flows out of the neutral point N;. Similarly, phase x will be
connected to Ny if Mo is chosen. According to Table I, the
switching mode M, occurs when the upper arm switches S,1
and S, are OFF and S, 3 is ON, and the switching mode M,
occurs when the upper arm switches S, and S,3 are ON and
Sz1 18 OFF. If OFF-state and ON-state of switching devices are
expressed by binary values 0 and 1, respectively, the switching
modes M, and M, can be defined as

My (Se1 -Si2-Se3)

Accordingly, the neutral point currents can be defined as a
function of phase currents and switching states as follows:

{il = ZJ: = a,b,c (ﬂsiﬂsw?)) im
i2 = ZI = a,b,c (le SCDZS:L’S) 'Lz .

M@.Q :

@)

B. Limits of Capacitor Voltage Balancing

In conventional voltage balancing strategies for the 4L-DCC
converter, the redundant states should be utilized in order to
maintain capacitor voltage balance. Fig. 2 shows sector I of the
space vector diagram corresponding to the 4L-DCC converter,
indicating that some voltage vectors can be synthesized by
different combinations of switching modes. Also, the neutral
point currents regarding each redundant state are expressed in
brackets as (i1, 7). Redundant states can lead to dissimilar
neutral point currents and consequently have distinct charging/
discharging effects on the dc-link capacitors.
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Fig. 3. Boundary of capacitor voltage balancing of the 4L-DCC converter.

In a DCC topology with more than three voltage levels,
capacitor voltage balancing is restricted to operating points that
depend on modulation index and power factor. Fig. 3 illustrates
the voltage balancing restriction of the 4L.-DCC topology as
a function of the converter modulation index and the ac side
current angle. The solid line in Fig. 3 indicates the bound-
ary under which the classic SVM strategies can control and
achieve balanced dc-capacitor voltages. The voltage balancing
techniques are restricted to the theoretical limit derived from
sinusoidal ac side currents. To attain these theoretical/practical
limits, the mathematical analysis is presented in [33], [34], and
[35]. Considering Fig. 3, the capacitor voltages of the 4L.-DCC
are not balanced and regulated around their rated values by
classical modulation methods, either for high modulation in-
dexes or high power factors. The operating conditions above
the solid line correspond to the unbalanced area. This is due
to the fact that redundant switching states are not adequate
to maintain a balance between the charging and discharging
of dc-link capacitors, and the capacitor voltages in this area
deviate entirely from their nominal values. The following section
will describe a new modulation method using both open-loop
and closed-loop voltage balancing schemes to deal with the
balancing issue within restricted region following the definition
of virtual voltage levels.

III. NATURAL VOLTAGE BALANCING OF THE 4L-DCC
ToPOLOGY USING THE PROPOSED VL-PWM METHOD

The concept of natural capacitor voltage balancing in the
4L-DCC topology is based on setting the average of the neutral
point currents to zero for each fundamental period during SVM
implementation. This is carried out by defining the virtual volt-
age levels of each phase by a linear combination of appropriate
voltage levels. In this process, two main goals must be pursued
as follows.

1) The average capacitor current should be zero such that the

net capacitor voltage change also becomes zero.

2) The volt-second balance for synthesizing a low distortion

output voltage must be satisfied.

In this section, the implementation of the proposed modula-
tion scheme is explained.

A. Virtual Voltage Levels Definition

Assuming that Vs is the reference voltage vector, the adjacent
voltage vectors {Vy, Vy, Vi } and their duty ratios {d,, d,, d,,}
are determined by the classic SVM method as follows:

Vudy+Vydy+Vwdy = Vier
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Fig. 4. Implementation of virtual levels for phase voltage levels: (a) Vac/3
and (b) 2V /3.

dy + dy + dy = 1. (8)

For further formulation, the phase voltage values are termed as
Vzis, which defines the voltage value of phase level /5 ({,s={0,
1,2, 3}) of phase x of voltage vectors. It should be clarified that
the variables V,*%, V, %, V,%%, and V;%° are equivalent to the
values 0, Vi /3, 2Vq. /3, and Vg, respectively. After determining
the adjacent voltage vectors and calculating their associated duty
ratios, implementing the concept of VLs for the 4L-DCC will
be expressed in the following.

The proper phase voltage level reconstruction is performed
such that the following requirements are satisfied.

1) Volt-second balance in each phase is maintained. This is

due to accomplish the volt-second balance for synthesiz-
ing output voltage that presented in (8).

2) The sum of duty ratios of voltage levels applied in each
phase is equal to 1. This is due to accomplish the equality
presented in (8).

Case I: If the switching mode M1, i.e., V;%° = Vg /3 , is
selected by any conventional modulation method for phase x
(x=a, b, c¢) of voltage vector s (s = u, v, w), then instead of
applying the chosen voltage level directly to the converter, this
level is reconstructed by three nearest voltage levels V;*%, V%%,
and V,”%, and written as

Vi®dy, = Vg=(dv,/3) + V{®(dv,/3) + V5= (dv,/3)
S=vV,u,w. ©)

It should be noted that the duty ratios of three constructing
levels are equal to dv, /3 to accomplish volt-second balance. In
other words, the average of V,**, V/;*%, and V,*® with the equal
duty ratios of dy_ /3 is equal to V;7* with the duty ratio of dy..
Fig. 4(a) shows this equivalency.

Case II: To generate voltage level 2V /3, the adjacent voltage
levels V;#, V,%%, and V;®° are utilized, in the same manner
as the voltage level V./3. Therefore, instead of applying the
V, 7% = 2V /3 to the converter at duty ratio of dy_, this voltage
level is reconstructed by three nearest voltage levels V; *%, V,*°,
and V5%, as follows:

Vy¥dy, = Vi®(dv,/3) + V5= (dv, /3) + V5= (dv./3)
(10)

sS=1u,Vv,w.

The average of V%%, V5%, and V,;*¢ with the equal duty
ratios of dy, /3 is equal to V,** with the duty ratio of dy,. The
equivalence of the left-side and right-side of (10) is depicted in
Fig. 4(b).

Case I11: The highest and lowest phase voltage levels do not
have any virtual forms, given the fact that the main objective
of defining virtual voltage levels is achieving capacitor voltage
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balancing for the 4L-DCC converter, and the switching modes
V,*% and V5% do not contribute to capacitor voltage deviation.

The initial implementation of the proposed VL-SVM method
is based on equal distributing the total duty cycle of each voltage
level between the three nearest adjacent voltage levels. It will
accomplish natural capacitor voltage balancing in the 4L-DCC
topology for different modulation indexes and load power fac-
tors. However, an additional active capacitor voltage balancing
method should be implemented in a practical system to com-
pensate for any voltage drift due to unideal practical conditions.
The implementation of the active capacitor voltage balancing
in the second step of the proposed method (Section IV) results
in an unequal distribution of the total duty cycle. However, the
requirements mentioned above remain satisfied.

B. Redundant Switching States Selection

It can be seen from Fig. 2 that there is a redundancy associated
with space vectors. For example, given the reference voltage is
located in the triangle shown in Fig. 2, the space vector V5 has
the redundant switching states [321] and [210], the space vector
Ve has the redundant switching states [331] and [220], and the
space vector Vg has the redundant switching state [320]. The
selection of proper switching states is important in optimizing
the switching frequency as explained in this section.

In the proposed VL-PWM method, the switching states as-
sociated with each space vector is selected with the target of
minimizing the switching frequency. Considering sector I, as
shown in Fig. 2, if the upper switching state in each gray
box is chosen, the voltage level of phase a would remain at
3 throughout this sector. For instance, if V¢ is located in sector
I and surrounded by three voltage vectors Vs, Vg, and Vg, then
the desired switching states will be [321], [331], and [320],
respectively. It can be shown that if any other combination of
switching states is applied in this sector, the phase levels would
change in such a way that it would result in a higher switching
frequency. Due to the symmetry, the same approach is adopted
for other sectors of the space vector diagram.

C. Determination of Duty Ratios of Voltage Levels

After determining the switching states corresponding to the
adjacent voltage vectors and their associated duty ratios, the
voltage level reconstruction is separately applied to each phase
to implement the VL-PWM scheme. For example, the primary
state [322] corresponding to voltage vector Vo with duty ratio
dy, turns into three reconstructing states [333], [322], and [311].
It is evident that by applying [322] to the converter, the reverse
current of phase a (—i,) flows out of the second neutral point
N> during the dy, T interval, as Ts defines the sampling period.
However, by turning [322] into three mentioned reconstructing
states, —i, passes through both neutral branches, N; and No, over
a (dy,/3)Ts interval. Therefore, applying VLs to a 4L-DCC
topology leads to similar currents flowing out of two neutral
points N7 and Ns.

The reconstructing states related to voltage vectors V1—Vqq
of sector I alongside their resultant neutral point currents are
expressed in Table II. The same approach can be taken in other
sectors of the space vector diagram using the proposed VLs
concept.

In order to formulate Table II for three adjacent voltage
vectors, the space vectors, their related switching states, and
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TABLE II
IMPLEMENTATION OF VIRTUAL LEVELS IN SECTOR I OF THE SPACE VECTOR
DIAGRAM
Primary state Reconstructed states Resultant
Voltage [l 1y 1] [la 1y 1] neutral
vectors neutral currents neutral currents currents
(i1, iy) (i1, iy) (i1, i)
[333] [333] | [333] | [333]
Vi (0, 0) (0, 0) (0, 0) (0, 0) ©.0)
[322] 333] | 3221 | [311] o
V2 (0, -i) ©0,0) | (0,-i) | (=i,,0) | Tl
[332] 3331 | 3321 | [331] o
Vs 0, ) ©.0 | ©i) | G0 | P
[311] 3221 | [311] | [300] o
Ve (=i, 0) ©0,-i) | in0) | (0,00 | T
[321] 3321 | 3211 | [310] o
Vs (i i) ©,0) | Goi) | Groy | T
[331] 3321 | 3311 | [330] o
Vs (i, 0) ©.i) | o) | 00 | G
[300] [300] | [300] | [300]
A& (0,0) (0,0) (0,0) (0,0) 0.0)
[310] [320] | [310] | [300] .
Vs (i, 0) 0,3) | @n0) | (0,0) (@b, 1)
[320] [330] | [320] | [310] .
Vo (0, iy) 0,00 | (0,i) | (s 0) (i, 1)
[330] [330] [330] [330]
Vi (0., 0) 0.0 | ©0 | ©0o | ©O
the resultant neutral point currents are nominated as
Vu : [lau lbu lcu] ) (iluy 7/2u)
A\ [lav lbv lcv] 5 (ilva Z'21))
Vw : [Zaw lbw ch} ) (ilwa ilw) (11)

where ;s (I,s = {0, 1,2, 3}) is the level of phase x (x =a, b, ¢) of
voltage vector s (s = u, v, W). Also, i1 ; and iz are the resultant
neutral point currents associated with voltage vectors.

The total duty ratios of each voltage level in each phase are
calculated by adding the duty ratios of the corresponding level
of three selected voltage vectors as follows:

do = Y (los ==0)dv, + (lys == 1)dv, /3

A= Y (los == 1)dv,/3+ (los == 2)dv, /3

dyz = _Z (los == 1) dv, /3 + (los == 2) dv, /3
dos= Y (los ==2)dv,/3+ (los == 3)dy, (12)

where d,q, d;1, d;2, and d3 are the total duty ratios of voltage
levels 0, Vi /3, 2Vy./3, and Vg, of phase x, respectively.

Once the duty ratios associated with each phase level have
been determined, it is necessary to arrange the duty ratios within
one sampling period. The voltage levels are typically applied
in the following sequence for different phases in one sampling
period: 3-2—1-0-1-2-3.

To clarify the proposed procedure, a numerical example is pro-
vided. It is assumed that the reference voltage V ¢f is surrounded
by three adjacent voltage vectors V,, = V5, V, = Vg, and V,,
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= Vg, as shown in Fig. 2. The duty ratios of the corresponding
voltage vectors are calculated using (8) and are considered equal
to 0.5, 0.2, and 0.3, respectively. As explained in Section III-B,
the redundant switching states [/, /polcu] = [321], [avlpolco] =
[331], and [lawlpwlew] = [320] are selected to keep switching
frequency at minimum. To achieve capacitor voltage balancing,
the reconstruction procedure is implemented on the mentioned
voltage levels, as expressed in (12).

1) For phase a of the considered adjacent voltage vectors Vi,
Ve, and Vg, the voltage level of phase a is the same for
three vectors and is equal to 3. It meets one of the con-
ditions of d,3 in (12), i.e., (lo5 == 3) = (log == 3) =
(lagg == 3) = 1. Hence, dy3 = dy, + dy, + dy, =0.5 +
0.2 + 0.3 = 1, and the duty ratio of other voltage levels
of phase a are 0. In other words, the voltage level 3 is not
changed throughout the reconstruction stage.

2) The voltage levels of phase b are 2, 3, and 2 for the cor-
responding voltage vectors Vs Vg andVg, respectively.
According to (10), the voltage level 2 of phase b of vector
Vs is reconstructed by three nearest voltage levels V;* |
V5%, and V5. 1t also meets the condition (Iy5 == 2) in
(12). In addition, the voltage level 2 of phase b of vector Vg
is reconstructed by three nearest voltage levels V"%, V,%9,
and V3. Therefore, the duty ratio of voltage vectors Vg
and Vg is distributed equally among the voltage levels
1, 2, and 3 for phase b. Regarding the voltage vector
Ve, its voltage levels remain unchanged as it is equal
to 3. Using (12), the sum of duty ratios corresponding
to the three mentioned voltage vectors are obtained after
reconstruction as

dyo = 0,
dpy1 = dpo = dv5/3 + dvg/?) = 05/3 + 03/3 = 0.8/3,
dpz =dv, /3+dy, +dv,/3=0.5/3+0.240.3/3=1.4/3.
3) For phase ¢ of the mentioned adjacent voltage vectors,
les, leg, and [.g are equal to 1, 1, and O, respectively.
Accordingto (9), the voltage level 1 of phase c of vector Vg
is reconstructed by three nearest voltage levels V<>, V; 5,
and V,5 with equal duty ratios of dy./3. Moreover, the
voltage level 1 of phase ¢ of vector Vg is reconstructed by
three nearest voltage levels V6, V; ¢, and V, ¢ with equal
duty ratios of dy,/3. The voltage level O of the voltage
vector Vg remains unchanged. Using (12), the duty ratios

of voltage levels of phase c after reconstruction procedure
are calculated as follows:

deo = dy, /3 + dy, /3 + dy,
=0.5/3+0.2/3+0.3 = 1.6/3,

der = de2 = dv; /3 + dv, /3
—0.5/3+0.2/3=0.7/3,

des = 0.

D. Demonstration of the Natural Capacitor Voltage Balancing
The total neutral point currents by considering three adjacent
voltage vectors are calculated as follows:
g = 11y + ly + 1w

13)

19 = 12y + 12 + 124
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where i1, and i9; are the total currents of neutral points N;
and N, over one sampling period, respectively. Obviously, if the
resultant neutral point currents regarding each voltage vector are
equal after implementing VLs, then i1; = i9;.

Gaining equal neutral points currents by using VLs is a key
feature to achieve natural capacitor voltage balancing for the
4L-DCC converter, irrespective of its operating condition. By
substituting iy = is = i1+ = i9¢ into (5), the capacitor currents
are obtained as follows:

1o, = —l1p = —ig
icy =0

1oy = T1t = 12t

(14)

This means that the charging/discharging status of capacitor
C is the opposite of the status of capacitor C3, and the average
current passing through the middle dc-link capacitor is always
zero under ideal conditions. Therefore, natural voltage balancing
can be easily achieved for the capacitor C'; without any addi-
tional requirements. It is worth noting that the average current
of capacitors C and C'5 is not zero during the sampling period.
However, they can be set to zero over the fundamental frequency
by selecting proper redundant switching states associated with
the adjacent voltage vectors. In other words, the effect on neutral
point currents caused by the selected switching states in each
sector of the space vector diagram can be compensated if proper
switching states are selected in the adjacent sector. Due to
symmetry, the concept is explained for the adjacent sectors I
and II and can be generalized to other voltage vectors of the
4L-DCC converter.

It is assumed that the reference voltage vector is located
in sector I and is surrounded by the voltage vectors Vs, Vg,
and Vg, as shown in Fig. 2. According to the switching state
selection explained in Section II, [321], [331], and [320] are the
chosen switching states corresponded to the adjacent voltage
vectors in the same order. After applying the VLs concept to
the mentioned switching states, as can be seen in Table II, the
currents flowing out of the neutral points Ny and N are (—i,/,
—i.N, (1.1, and (iy,iy"), respectively. The superscript I is
used to refer to sector I. For example, if the duty ratio of Vj
is dvys , the reverse current of phase a (—i,) flows out of two
neutral points of the 4L-DCC topology during this interval. To
examine the compensating capability of the adjacent sector II,
the reference voltage vector should move circularly in such a
way that its location in sector II has a 60° phase shift with its
primary location in sector I. As a result, the switching states
[120], [020], and [130] synthesize the shifted voltage vector in
sector II. By repeating the same reconstructing procedure for
the voltage vectors of sector II, it is concluded that the resultant
neutral point currents associated with the selected switching
states are (—i ./, —i."), (iy",iy™), and (i,", i,/). The superscript
IT refers to sector II. To achieve natural capacitor voltage
balancing during the fundamental period, it should be proved
that the neutral point currents produced by the switching states
in sector I are the reverse of those produced by the corresponded
switching states in sector I. Assuming that w is angular velocity,
t denotes time, and ¢ is load angle, « is defined as

a = wt—g (15)

and is used to define the instantaneous values of the phase
currents. The symmetric three-phase currents i,/, i/, and i,/ in
sector I are expressed as follows:

= I, sin(«)

- 1
ta
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iy = I, sin(o — 27/3)

J = I, sin(a +27/3) (16)

where [, is the peak amplitude of the phase currents. To obtain
three-phase currents i iy, and i .7, a 60° phase shift is needed
to apply to the phase currents in (16) for mapping them to sector
II as follows:

= I, sin(a +7/3) = I, sin(a + 7 — 27/3) = —il

(
= I, sin(a — 27 /3 4 7/3)
= I sin(a — 7 +27/3) = —i ]
(

il = I, sin(a + 21/3 +7/3) = I, sin(a + 1) = —i,..

a

A7)

As itis concluded from (17), the phase currents in the adjacent
sector II are the reverse of those in sector I, and this is the
key to accomplishing capacitor voltage balancing in each 120°
interval of the main period. To clarify, the capacitor currents
for the switching state [321] in sector I and its corresponding
switching state [120] in sector II are calculated by using (17) as
follows:

id, =i,

id, =0 (18)
ic{g - _iaI

it =il = —il = —if,

idh, =0 (19)
it = —ill =il = i,

where il , il, , and il are the capacitor currents produced
1 2 3

by the switching states in sector I ([321] in (18)), and i,

1

i¢f, and if{ refer to the capacitor currents when applying the
sw1tching states in sector II ([120] in (19)). It is proven by
(18) and (19), as an example, that the adjacent sectors have the
reverse effect on the charging/discharging status of the dc-link
capacitors, and therefore, the dc-link capacitor voltages are regu-
lated around their nominal value during the fundamental period.
In the following section, simulation results are conducted to
show the natural balancing capability of the proposed VL-PWM
method.

E. Simulation Results

The 4L-DCC topology connected to an RL load has been
simulated in PSIM software to validate the control performance
of the proposed VL-PWM method. The system parameters are
included in Table III, and the selected operating condition is
located in the restricted region. Fig. 5 shows the three-phase
currents over two fundamental periods. As expected according
to Table III, the rms value of the currents is 110 A, and the current
THD is calculated to be 0.72%.

Fig. 6 shows the phase voltage when implementing the
VL-PWM method on the 4L-DCC inverter. As can be seen, the
phase voltage is fixed to levels 3 and 0, respectively, within
each of the positive and negative half-cycles at intervals of
one-six of the fundamental period. As explained in part B of this
section, this results from the adoption of the redundant switching
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TABLE III
SIMULATED SYSTEM PARAMETERS

System parameters Value
Input dc voltage 3kV
DC-link capacitors 1 mF
Modulation index 0.95
Load power factor 0.9
Load current (rms) 110 A
Output frequency 50 Hz
Sampling frequency 5kHz
200 Wi Wb Wi
100 \
g
0
< Y, \ // ’ \ /
100 - % ~\/ 4
-200 ‘
0.02 0.03 0.04 1095 0.06 0.07 0.08

Fig. 5. Simulation results of three-phase currents of the proposed VL-PWM
method.
4
| u
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0
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Tlme (s)
Fig. 6. Simulation results of phase voltage of the proposed VL-PWM method.
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Time (s)
Fig. 7. Simulation results of line voltage of the proposed VL-PWM method.

state selection approach. The line voltage waveform and its
harmonic spectrum are shown in Figs. 7 and 8, respectively. The
voltage THD is calculated as 33.67% in the simulated operating
conditions.

The proposed VL-PWM method has an advantage in terms
of natural capacitor voltage balancing as shown in Fig. 9. It can
be seen that the dc-link capacitors C; and C3 charge during
one-sixth of the fundamental period and discharge over the next
60° interval, and this is repeated three times in each fundamental
period.
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TABLE IV
ACTIVE VOLTAGE BALANCING REQUIREMENTS OF CAPACITOR C'y
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Fig.8. Simulation results of line voltage harmonics of the proposed VL-PWM
method.
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Fig. 9.  Simulation results of dc-link capacitor voltages of the proposed VL-
PWM method.

IV. PROPOSED ACTIVE VOLTAGE BALANCING VL-PWM
METHOD

The proposed open-loop VL-PWM scheme ideally results in
capacitor voltage balancing. However, under practical operating
conditions, the natural capacitor voltage balancing properties
of the open-loop VL-PWM method can gradually become de-
graded. Therefore, an additional active capacitor voltage bal-
ancing method needs to be implemented in a practical system
to compensate for any voltage drift due to unideal practical
conditions.

As only the phase voltage levels Vg./3 and 2V /3 can alle-
viate the undesired balancing situations, their duty ratios should
be adjusted based on the measured capacitor voltages. First,
similar to the natural voltage balancing VL-PWM method, the
identical duty ratios of these voltage levels are calculated using
(12). Next, the duty ratios are readjusted in favor of reducing the
difference between actual capacitor voltages and their reference
value. Finally, the duty ratios of voltage levels 0 and V4. must
change to accomplish volt-second balance of the modulation
scheme. It is not necessary to get all three dc-link capacitor
voltage feedbacks assuming the total Vg, is known. In the
proposed scheme, the capacitors C; and Co are considered for
voltage balancing. Considering ¢1; = i, after implementing the
open-loop VL-PWM scheme, the readjustment process of active
voltage balancing of capacitors C; and Cs is conducted in order
to compensate the following statuses:

Status I: Vo, > Vo

ref

If the sign of i, is positive, and the voltage level of phase x
() is either 1 or 2, then the current passing through capacitor
C1 is negative according to (5). This means that the capacitor
(1 discharges, and its voltage is modified per se. However, if the
duty ratio of both levels increases and/or phase level 1 is applied
to the converter for a longer duration than voltage level 2, the
balancing behavior of the control scheme will be augmented.

. Required Required .
Condition Change of d,, Change of d., Necessities
A=1 +g; +€, £>0&¢g =6,
A=— —g —€7 €>08&¢g =6,

In other words, since ¢; appears with a bigger coefficient in
the equation of the C; current, [see (5)], making d,; bigger
than d,5 leads to the negative amplitude of the capacitor current
increasing. Therefore, Cy discharges with a sharper slope.

On the other hand, if i, is negative, it can be concluded that
the duty ratios should become lower and/or d,» should be bigger
than d,; to decrease the positive amplitude of ¢, and increase
the effectiveness of the balancing strategy.

Status II: Vo, < Vg

ref

Under this situation, the positive phase current increases the
difference between the actual capacitor voltage and the reference
value, making it even worse due to the negative current passing
through capacitor C. In order to lower the amplitude of capac-
itor current, instead of applying voltage levels 1 and 2 during
identical time intervals, they should make up lower intervals
and/or voltage level 1 should constitute a lower portion of the
sampling period compared to voltage level 2. Nevertheless, if
the sign of the phase current is negative, the favorable approach
from the standpoint of capacitor voltage balancing is raising the
duty ratios of the middle voltage levels and/or selecting a higher
duty ratio for voltage level 2 than voltage level 1.

By defining the logic variable SI, Vgig1, and Ay as

o 1, (V01 — Vcref) >0
‘/;hffl N {_17 (VCI - VCrcf) < 0 (20)
_J1, sign(iz) >0
SI= {—1, sign (i) <0 @D
Ay = ST x Vg (22)

the required compensation of statuses I and II, needed to fulfill
capacitor C; voltage balancing, are summarized in Table IV.
Note that ; and A, are the required changes that should be
made to d,iand d,s.

Regarding capacitor Cs, the required compensation for stat-
ues III and IV are expressed in the following:
Status III: Vo, > Vi

ref

Like the aforementioned statuses, the duty ratios of phase lev-
els 1 and 2 of phase x should be readjusted, given the relationship
between the Cy current and neutral point currents [see (5)], the
polarity of phase x current, and the voltage value of capacitor
Cs at the beginning of the sampling period. If the voltage
deviation is positive, the capacitor current should be negative
to help maintain voltage balance, meaning that, according to
(5), the duty ratio of voltage level V. /3 should be lower than
that of voltage level 2V} /3. Therefore, the negative term of the
equation of C'5 current dominates the positive one. Contrarily,
for a negative phase current, applying voltage level 2Vg. /3 for
a shorter duration than voltage level Vy./3 can contribute to
voltage balancing.
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TABLE V
ACTIVE VOLTAGE BALANCING REQUIREMENTS OF CAPACITOR C'a

4735

TABLE VI
REQUIRED CHANGES TO THE DUTY RATIOS AFTER READJUSTMENT PROCESS

. Required Required ..
Condition Change ofd,; Change of d., Necessities
Ar=1 —g} +8&) €1>0 & €,>0
Ay=—1 +€] —&) €1>0 & €5>0

Status IV: Vo, < Vo

ref

If the Cyvoltage is lower than the nominal value, the current
passing through the capacitor should be positive to reduce the
difference between the actual voltage and the rated value. As-
suming positive phase current, the proper compromise between
the duty ratios of the middle voltage levels is to select a longer
duration for phase level 1 than 2. In contrast, the equation of
¢, in (5) indicates that for a negative sign of phase current, the
duty ratio of phase level 2 should have more prominence over
the existing sampling period.

After defining the logic variables Vgigo and Ao as follows,
the required compensation of statuses III and IV are expressed
in Table V:

o 1, (VC — ch ) >0
V:hff? - {_1’ (‘}Cg o Véref) <0 (23)
Ay = SI x Viifro. (24)

In order to satisfy statuses I and 11, i.e., accomplishing active
voltage balancing for capacitor C, the modified duty ratios d,,
' 1> doo, and d/,; are written below with regards to Table IV

xl>
d.y = dyo — Ad/2

dy =ds + Ad

Ay = dgo — Ad/2

d\s = dys (25)
where Ad is calculated as

Ad = Ay X dg, min (26)

where d; min 1s the minimum value among d. , dy1, dyo,
and d 3.

The next step is to adjust the duty ratios given in (25) to guar-
antee capacitor Cy voltage balancing by performing requirement
III and 1V, as follows:

/"

dyo = /a:O
d,=d,, —kxAd/2
do=d, + kxAd

/"

dys =ds —k x Ad'/2 (27)
where Ad' is calculated as
Adl = AQ X dx} min (28)

and k is the balancing coefficient with a value between 0.5 and
1. The parameter k is required to perform the active voltage
balancing of all dc-link capacitors at the same time. By assuming
k is not included in (27), the duty ratios for phase levels 1 and
2 will be equal in the case of equal values of Ajand A,. This

Required changes of voltage level duty ratios

Condition
de dxl de dx3
A=1 k 1
A;:] - E de, min + (1 - 5) de, min - (5 - k) de, min A de, min
A=l 1 k k
Ay=— 5 de, min t (l + E) de, min - (1 + 5) de, min t de, min
A=— 1 k k 1
Ay=1 3 dumin (1 + 5) Xy i+ (1 + 5) Xy pin =5 % in
A=—1 1 k 1 k
Ay=— + 5 de, min (1 - E) de, min + (5 - k) de, min T E de, min

is the same as the natural capacitor voltage balancing properties
of the open-loop VL-PWM method. As a result, the capacitor
voltage variations are not actively compensated. Therefore, coef-
ficient k should be considered less than 1. On the other hand, the
proposed active balancing scheme is less capable of regulating
the capacitor Cy voltage at lower values of k. Accordingly, the
lower limit of coefficient & is set to 0.5.

After a readjustment of the duty ratios, the main requirement
is to maintain the volt-second balance of the modulation scheme
over the entire sampling period. Considering phase x (x = a, b,
¢), this condition has been satisfied in (25) and (27) and can be
written as follows:

0X dlyo+Vac/3 X diyy +2Vae /3 X diyy + Ve X dipy = Viet

w0+ dy +dpy +diy =1 29)
O><d;o—i-Vdc/S><d;1+2VdC/3><d;2+Vdcxd;3:V,ef7m
dyo + dyy + dyy + dy = 1. (30)

According to (25) and (27), Table VI shows the final modifi-
cations to the duty ratios so that the dc-link capacitor voltages
are actively controlled, and the volt-second balance requirement
is confirmed.

Fig. 10 shows the whole procedure of the proposed mod-
ulation and control algorithm. In this modulation technique,
the duty ratios of the corresponded phase voltage levels
(dzo, dg1, dyo, dys) are rearranged such that the generation of
the proper voltage levels at the converter’s terminals and natural
voltage balancing of the dc-link capacitors are guaranteed at
the same time. To compensate for unbalances of the dc-link
capacitor voltages, the active balancing scheme is applied. Ac-
cordingly, the capacitor voltages and the phase currents are
measured, and the duty ratios are readjusted to provide active
capacitor voltage balancing and simultaneously meet the volt-
second balance requirement.

V. SIMULATION RESULTS

To validate the control capabilities of the proposed active
voltage balancing VL-PWM method, it has been implemented
on the 4L-DCC inverter within the PSIM software using the
system parameters in Table III. In the following subsections,
two kinds of changes are applied to the operating conditions to
show the control performance of the proposed method.
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Fig. 10.  Flowchart of the proposed modulation and capacitor voltage balancing method for the 4L-DCC topology.
A. Modulation Index Change ) m=0.95 e m=0.75 . m=0.6
Since the worst case of the imbalanced region of the DCC 200 Wi MW
topologies occurs during unity power factor for modulation EETATATATATATITATA A ,
indexes higher than 0.55, the minimum value of the modulation z / A \ Iy \\ f /\ \ i X \ ] ‘< \ ,’ \f V1Y A Y ’ﬁ / \/\
index is selected to be 0.6 throughout the evaluation of the % ol / i \\/ | \/ H / For / 4 \/ - /\' A ,’/-/ e
proposed method. In other words, when the operating conditions 5 na / | / | ’ /' 80 U ) ) \/ \/ \ v
are located in the balanced area, the conventional modulation R VAVAV/VAVAVVAVAY, 4 v
techniques along with classic balancing schemes are adopted. 200
Otherwise, the proposed VL-PWM method is applied to the . =P
converter over the restricted region. _ g
First, the load power factor is set to 0.9, and the system % 2 ity
performance is evaluated for two consecutive step changes in E
modulation index. The first step change is from m = 0.95 to m r ‘ H H W '
= 0.75, and the second one is from m = 0.75 to m = 0.6. Y -, e

Considering the applied changes, Fig. 11 shows the simulation
results of the three-phase currents, line voltage, and dc-link
capacitor voltages. The rms value of the phase currentsis 110 A
during the primary operating condition, then it decreases to 85.7
and 68.6 A for m = 0.75 and m = 0.6, respectively. The current
THD for the three aforementioned operating conditions is cal-
culated to be 0.67%, 1%, and 1.28%, respectively. Fig. 11 also
shows the dc-link capacitor voltage being regulated around one-
third of the dc-link voltage. It is apparent from the comparison
of the dc-link capacitor voltages when applying natural voltage
balancing and active voltage balancing VL-PWM methods, i.e.,
Figs. 9 and 11, that the charging and discharging patterns are
the same. However, the voltage drift existing in Fig. 9 has been
mitigated in Fig. 11. Also, the capacitor voltage ripple is reduced
from 9.8% to 8.4%.

The harmonics spectrum of the line voltage is shown in Fig. 12
with the voltage THD equaling 36.71%, 45.83, and 60.85% for
m=0.95,m=0.75, and m = 0.6, respectively. Fig. 13 shows the
simulation results of the phase voltage. The average switching

s | |

%1'0“ /\\’\\AH"‘l\/{"\/\/l‘"‘F\AH\V\M\AA
g ’\/‘/\’\////// i H\/\ AV AU
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Fig. 11.  Simulation results of output currents, line voltage, and capacitor volt-
ages under two step changes in modulation index using the proposed VL-PWM.

frequency has the lowest value when the modulation index is
0.95, and it is equal to 2.46 kHz. Under the same condition, the
switching frequency of the natural voltage balancing VL-PWM
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Fig. 12.
(@) m = 0.95, (b) m = 0.75, and (c) m = 0.6.
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Fig. 13.  Simulation results of phase voltage for different modulation indexes:
(@) m=0.95, (b) m = 0.75, and (c) m = 0.6.
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Fig. 14.  Variation of the upper and lower dc-link capacitor voltage ripples
versus modulation index.

method presented in Section III equals 2.2 kHz and is slightly
lower. Considering operating conditions with m = 0.75 and m
= 0.6 when applying the closed-loop VL-PWM method, the
average switching frequency is 2.55 and 2.97 kHz, respectively.
The 4L-DCC topology connected to an RL load has been sim-
ulated in PSIM software under different modulation indexes to
examine the variation of the upper and lower dc-link capacitors.
Fig. 14 shows how the voltage ripple of dc-link capacitors vary
by changing the modulation index, stating that the voltage ripple
has the highest values for intermediate values of modulation
index (around m = 0.8), while it reduces to lower values as

modulation index moves toward higher and lower values than
0.8.

B. Load Power Factor Change

For the next step, the modulation index remains fixed at 0.95,
and the system response is assessed under two changes to the
load power factor from 0.9 to 0.6, and then from 0.6 to 0.2. Three
fundamental periods are allocated to each operating condition
in the corresponding simulation results.

Fig. 15 shows the output current for the three applied power
factors. The current THD increases when applying lower power
factors, equaling 0.67% for PF = 0.9 and increases to 1.4% when
the PF is set to 0.2. As can be seen in Fig. 15, the line voltage
levels are properly produced during different power factors.

Harmonic spectrum of line voltage for different modulation indexes:
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Fig. 15. Simulation results of three-phase currents, line voltage, dc-link ca-

pacitor voltages during two step changes in load power factor using the proposed
VL-PWM.
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Fig. 17.  Simulation results of phase voltage for different load power factors:
(a) PF = 0.9, (b) PF = 0.6, and (c) PF = 0.2.

Also, the active voltage balancing VL-PWM method satisfies
the balancing requirements under various load power factors, as
shown in Fig. 15. However, the voltage ripple has the highest
value among the presented conditions, equaling 12%, when the
load power factor is 0.6.

Fig. 16 shows the harmonic spectrum of the line voltage for
three different values of the load power factor, and the voltage
THD is relatively the same over the depicted intervals and equals
36%. The phase voltage is shown in Fig. 17 during the same
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Simulation results for a step change in the reference of capacitor

changes in the power factor. Note that the average switching
frequency remains relatively unchanged under step changes to
the load power factor and is calculated to be 2.4 kHz. Fig. 18
shows the variation of capacitor voltage ripples versus different
values of load power factors. It can be seen that the capacitor
voltage ripples have the highest values when the load is mainly
inductive and reduces as the load power factor becomes close to
unity power factor.

C. Step Change in Reference Capacitor Voltages

To confirm the effectiveness of the active voltage balancing
VL-PWM method, a step change is applied to the reference
values of the dc-link capacitor voltages. As shown in Fig. 19,
the capacitor voltages are regulated around the nominal voltage,
i.e., one-third of dc-link voltage, before t = 0.4 s. A step change
occurs at t = 0.4 s so that the reference voltage of the top dc-link
capacitor rises from 1 to 1.3 kV, while the reference voltage
of the bottom and the middle capacitors decrease to 0.85 kV.
After implementing the described step changes, the capacitor
voltages are stabilized at the new reference values. Atr = 0.7 s,
the reference voltages are changed to their primary values, and
as can be seen in Fig. 16, the capacitor voltages are balanced
again at one-third of the dc-link voltage.

D. Operation at Low Output Frequency

For motor drive applications, modulation schemes face sev-
eral challenges, one of which is their performance at lower
fundamental frequencies [38]. In the present article, the per-
formance of the proposed scheme is evaluated at a 10 Hz
output frequency. Fig. 20 illustrates the results of this simulation.
DC-link capacitors are balanced, but they have the higher voltage
deviation at this low output frequency as they do at higher output
frequencies. The reason for this is that the reference vector is
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Fig. 20.  Simulation results of the proposed VL-PWM technique at output
frequency of 10 Hz.

retained in each sector for a much longer period of time, although
in the proposed active voltage balancing scheme, duty ratios are
readjusted each sampling period.

E. Current Controller

The proposed VL-PWM scheme is tested under closed-loop
operation conditions. The closed-loop control scheme is based
on the current controller in the DQ frame. In this approach, the
line current is tightly regulated by a dedicated current-control
scheme, through generating the appropriate voltage at ac termi-
nal [36]. It is responsible for producing three-phase sinusoidal
modulating waveforms by adjusting both the modulation index
and the frequency to match the reference currents. In fact, this
is a three-phase DQ frame current controller [37]. In the DQ
frame, the transferred reference load currents are subtracted
from the three-phase ac load currents. Then, a PI controller
processes the error signals to generate the reference voltages
[36], [37]. Consequently, the reference modulation index, M, and
the reference angle, 6, are calculated, and they will be utilized
in the proposed modulation scheme. From this, the appropriate
switching signals for the converter will be generated. Fig. 21
illustrates the simulation results for implementing the proposed
VL-PWM scheme in conjunction with the closed-loop current
control. The reference current is initially set to 110 A. After that,
it becomes 58 A and then 92 A. As can be seen in Fig. 21, the
proper output voltages are generated, and the dc-link voltage
are well balanced using the implementation of the closed-loop
current control.

VI. COMPARISON

As a way of comparing active voltage balancing VL-PWM
and the classic VVPWM method in terms of voltage THD and
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Fig. 21.  Simulation results of the implementation of the proposed VL-PWM

method alongside the closed-loop current control.
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Fig.22. Comparison of switching frequencies of the proposed VL-PWM and
VVPWM methods.

switching frequencies, both methods were evaluated for a mod-
ulation index range from 0.6 to 1, which falls within the range in
which basic PWM cannot provide capacitor voltage balancing.
Note that the proposed method in this article is an alternative
for conventional modulation methods when capacitor voltage
balancing cannot be accomplished in the 4L-DCC topology
(refer to Fig. 3). As a matter of fact, employing classic PWM
or SVM techniques for modulation indexes lower than 0.55
presents lower complexity, lower voltage distortion, and lower
switching transitions while there is no concern about voltage
balancing.

Fig. 22 compares the switching frequencies of the proposed
VL-PWM and classic VVPWM techniques for different modu-
lation indexes. The reported values are the average switching
frequency of three switching devices in each phase during
one fundamental output cycle. Under all operating conditions
considered, the switching frequency of the proposed method
is lower than that of the VVPWM method. This effect is even
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greater for higher modulation indexes. With a modulation index
of 0.95, using the proposed VL-PWM method, the switching
frequencies of switches S,1, S42, and S,3 (indicated in Fig. 1)
are 2, 3.25, and 2.05 kHz, respectively.

A comparison of switching losses and efficiency of the
4L-DCC topology under the implementation of the proposed
VL-PWM and VVPWM techniques are shown in Figs. 23 and
24, respectively. In comparison with the VVPWM method,
the proposed method results in lower switching losses for dif-
ferent modulation indexes over the unbalanced area. Due to
the lower switching losses of the proposed VL-PWM method,
it also results in higher converter efficiency than the classic
VVPWM under different operating conditions. In Fig. 25, the
comparison of voltage THD shows that the proposed VL-
PWM method performs better than classical VVPWM for
modulation indexes greater than 0.62. The comparison results
of Figs. 22-25 are presented for the modulation indexes be-
tween 0.6 and 1. The reason for this is that the 4L-DCM
converter has voltage balancing issues in these modulation in-
dexes with power factors close to unity, as illustrated in Fig. 3.
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TABLE VII
EXPERIMENTAL SYSTEM PARAMETERS

Value
MOSFET IRF640

System parameter

Switching devices

Current and voltage ratings of the

MOSFETs 18 A,200V
DSP TMS320F28335
DC source voltage (V) 200V
Capacitance of dc-link capacitors 470 uF
Sampling frequency 5kHz
Reference voltage frequency (f,) 50 Hz
Load resistance and inductance (R, L) 20 Q, 32 mH

It is evident the classic SVM is suitable for lower modula-
tion indexes, considering its simplicity and lower switching
frequency.

It should be noted that the active capacitor voltage balanc-
ing scheme has been implemented in the proposed method,
whereas the VV-SVM scheme is devoid of this feature and only
provides natural voltage balancing. However, when comparing
the proposed natural voltage balancing scheme presented in
Section III, it is evident that the proposed method requires less
computational time. Despite the VV-SVM schemes based on
VVs, the initial stages of modulation in the proposed natural
voltage balancing method, including the location of reference
voltage vector in the space vector diagram, the identification
of three adjacent voltage vectors, and the assignment of duty
ratios, are identical to the classic SVM. As a matter of fact,
the proposed method has the advantage of implementing the
modulation using the classical space vector plan as opposed
to the VV-SVM method. Therefore, the proposed VL-SVM
scheme has a lower computational burden than the VV-SVM
scheme.

In addition, the proposed method is implemented on a dig-
ital platform. However, in real-world implementation, there
are many optimizations and tricks that can affect the com-
putational time of an algorithm. More importantly, the com-
putational power of the processor also plays an important
role in this figure. On the other hand, in real MV applica-
tions, the converter parameters, such as switching frequency,
are selected based on the design criteria and available com-
ponents. For these applications, the sampling frequency is in
the range of a few KHz, and the sampling interval is large
enough to allow for the computation time required for all op-
erations of active capacitor voltage balancing within a sample
interval.

VII. EXPERIMENTAL RESULTS

A low-power prototype of the three-phase 4L-DCC topology
was implemented to evaluate the practicality of the proposed
voltage balancing VL-PWM method. Table VII gives the ex-
perimental system parameters. A digital signal processor is
utilized to execute the proposed modulation scheme and generate
switches’ gate signals. The amplitude of the dc voltage is 200 V
as this was just a proof-of-concept verification.

Fig. 26 shows the measured waveforms when the modulation
index is set to 0.95. As can be seen in Fig. 26(a), the phase to
neutral voltage waveforms have four levels and a peak-to-peak
amplitude equal to the dc-link voltage. The dc-link capacitor
voltages are balanced, which leads to accurate output voltage
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Fig. 26. Experimental results at M = 0.95: (a) phase voltages v, n, vy N, and
ven, (b) line voltages v, and v, (¢) de-link capacitor voltages, and (d) three-
phase load currents.

LeCroy

Fig. 27. Frequency spectra of the output line voltage.

levels. The amplitude of the dc-link voltage is 200 V, as can
be seen in Fig. 26(c), and the dc-link capacitor voltages are
well regulated at V4./3, i.e., 67 V. Fig. 26(b) and (d) shows the
three-phase line voltages and load currents, respectively. The
experimental results are in good agreement with the simulation
results.
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Fig. 28. Experimental results at M = 0.75: (a) phase voltages v,n, vpn, and
vens (b) line voltages vqp and v, () de-link capacitor voltages, and (d) three-
phase load currents.

Fig. 27 shows the FFT of the output line voltage V,;. The
sideband harmonics of the output voltage are centered around
the sampling frequency of 5 kHz and its multiplications. The
THD of the line voltage is approximately 45%, while the THD
of the load current is approximately 1.4%. These values are
slightly higher than those obtained by the simulations.

The performance of the proposed modulation scheme is eval-
uated at a different operating point, in which the modulation
index is set to the M = 0.75. The measured phase voltages,
line voltages, dc-link capacitor voltages, and load currents are
shown in Fig. 28. The phase voltage waveforms in Fig. 28(a)
have four levels and as explained in the proposed scheme, the
phase voltage waveforms are fixed to levels 0 and 4 during two
60° intervals of each output voltage cycle. This is due to the
method of redundant switching states selection in the proposed
scheme. The phase voltages provide the seven-level line voltages

Liblid

i‘!‘iﬂiaf e

LeCroy

(d)

Fig.29. Experimental results when modulation index changes from M = 0.95
to M = 0.6: (a) phase voltages v,n, vy N, and v.n, (b) line voltages v4p and v g,
(c) dc-link capacitor voltages, and (d) three-phase load currents.

at the load terminals as shown in Fig. 28(b). It is evident from
the experimental results that the proposed modulation scheme
performs capacitor voltage balancing for DCC topologies when
the operation points are located in the restricted area (refer to
Fig. 3). The capacitor voltages in Fig. 28(c) are regulated around
their nominal values, leading to the proper operation of the
converter.

To show the performance of the proposed VL-PWM scheme
with capacitor voltage balancing during transient conditions, a
step change from M = 0.95 to M = 0.6 is applied. The resulting
phase voltages, line voltages, dc-link capacitor voltages, and
load currents are shown in Fig. 29. The phase voltages gener-
ation is based on the proposed scheme at different modulation
indexes. The active voltage balancing scheme properly regulates
the dc-link capacitor voltages during the step change. As can
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Fig. 30. Experimental results of imbalance dynamics when the modulation
method changes: (a) phase voltages vqn, v, and vy, (b) line voltages v 45 and
Vea, (€) de-link capacitor voltages, and (d) three-phase load currents.

be seen in Fig. 29(c), the capacitor voltages are maintained
at the nominal values with modulation index changes. The
line voltages v, and v, are shown in Fig. 29(b), which have
seven-level voltage waveforms. The amplitudes of load currents
are decreased because of the reduction of the output voltage
amplitude at a lower modulation index.

Fig. 30 shows the experimental results of imbalance dynamics
for dc-link capacitors. Initially, the active voltage balancing
VL-PWM method is applied to the 4L-DCC, and the voltages
of dc-link capacitors are balanced at one-third of the dc-link
voltage. After this, the classic SVM method is employed to
produce the desired output voltage. As can be seen in Fig. 30(a)
and (b), the phase voltage and line voltage display staircase
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Fig.31. Experimental results at load power factor change: (a) three-phase load
currents and (b) dc-link capacitor voltages.

waveforms, which correspond to the classic SVM scheme.
However, the voltage of the middle capacitor, Co, is decreased,
whereas the voltages of the top and bottom capacitors, C; and
Cs, are raised. In this way, the voltage waveforms deviate. Three
output cycles later, the proposed VL-PWM scheme is activated
again, and the capacitor voltages return to the desired values.

Fig. 31 shows the experimental waveforms for changing
load power factors. In the beginning, the load resistance and
inductance are equal to 20 €2 and 32 mH, respectively, and the
voltages of dc-link capacitors are balanced at one-third of the
dc-link voltage. Thereafter, the resistance of the load is increased
from 20 to 50 2. As a result, the power factor is changed from
0.89 to 0.98. It is evident that the dc-link capacitor voltages are
well regulated at their desired levels during loads power factor
changes. As expected, the capacitor voltage ripples are smaller
at lower output currents.

VIII. CONCLUSION

This article presents a modulation scheme for dc-link ca-
pacitor voltage balancing of the 4-level DCC topology. This
strategy deals with the voltage balancing restrictions of the
4L-DCC topology under the implementation of classic modu-
lation techniques. The modulation scheme is implemented on
the basis of using virtual voltage levels, which enables the
average neutral point currents over the fundamental period to be
zero. This results in low capacitor voltage ripples and low line
voltage THDs, which are the other advantages of the proposed
VL-PWM method. To decrease the switching frequencies, the
switching states are rearranged, and appropriate space vectors
are selected during the proposed VL-PWM implementation. In
addition, to compensate for any voltage drift due to unideal
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practical conditions, an additional closed-loop procedure is de-
veloped. In this procedure, the duty ratios of the voltage levels
are readjusted in favor of reducing the difference between the
actual capacitor voltages and their reference values. As a result,
the dc-link capacitor voltages are actively balanced. Simulation
and experimental results show the effectivenessof the proposed
modulation scheme.
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