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ABSTRACT In this paper, a novel control scheme is proposed for the recently developed six-level hybrid
flying-capacitor inverter. In the conventional scheme, an auxiliary balancing circuit is required to regulate
the voltages of split DC-link capacitors. This results in the increased device count and converter volume,
and thus diminishes the competitiveness of this topology. In order to eliminate these auxiliary components,
a novel control scheme is proposed based on zero-sequence voltage (ZSV) injection to the phase-shifted
modulation voltages. This method has enabled a simultaneous control of all split DC-link and flying
capacitor voltages through the regulation of closely-linked key parameters affecting these voltages, resulting
in the self-balancing capability with low voltage ripples (lower than 10 % of the references). The proposed
technique has been verified with simulation and experimental results.

INDEX TERMS Capacitor voltage balancing, high-power converter, multilevel converter, six-level hybrid-

clamped inverter, zero-sequence voltage injection.

I. INTRODUCTION

Over the past few decades, the advancement of vari-
ous medium-voltage (MV) and high-voltage (HV) appli-
cations such as motor drives, photovoltaic inverters, and
grid-connected converters has been significantly supported
by high-power multilevel converters [1], [2], [3], [4], [5], [6],
[7], [81, [9]. Since these converters possess inherent benefits
of improved power quality, lower voltage stress at switching
device, and alleviated electromagnetic interference, numer-
ous researches have been conducted to reduce the device
count [10], [11], [12]. For instance, the widely-recognized
five-level hybrid active neutral-point-clamped (5L-ANPC)
inverter was developed based on the predecessor three-level
active neutral-point-clamped (3L-ANPC) and three-level
flying-capacitor (3L-FC) inverters. This hybrid ANPC struc-
ture requires significantly less components compared to the
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SL-P2 inverter and the generalized 5L-ANPC, which is also
known as multilevel active-clamped (5L-MAC) inverter [13],
[14], [15], [16]. Other topology which stems from the NPC
and offers competitive device count is the five-level nested
neutral-point-clamped (SL-NNPC) inverter [17]. This struc-
ture requires less number of active switches as a tradeoff
for the higher amount of flying capacitors compared to the
SL-ANPC type.

One of the most recent topologies recently emerging due
to the extensibilities to higher number of level is the (HC)
hybrid-clamped inverter. This structure has been developed
for four-level (4L-HC), five-level (5L-HC), and six-level
(6L-HC) inverters [18], [19], [20], [21]. These HC inverters
provide competitive number of switches compared to the
aforementioned SL-ANPC, each of which sustains the same
blocking voltage. Moreover, unlike the hybrid ANPC struc-
ture which is only extensible to odd number of level, this
topology can be extended to any higher number of level by
adding the FC units at each phase leg.
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TABLE 1. Comparison of three-phase six-level inverters with uniform and
non-uniform voltage ratings of devices.

Component (Uniform | Non-Uniform)

Topology SW CD SC FC
6L-NPC 30 30 60 24 5 5 0 0
6L-FC 30 30 0 0 5 1 30 12
6L-P2A% 90 90 0 0 5 5 30 30
6L-MAC* 90 90 0 0 5 5 0 0
6LNNPC 30 30 2 2 5 1 27 4
6L-FCB 36 30 0 0 5 1 12 12
6L-HC 3 3 0 0 5 3 18 9
6L-HFCAY 36 30 0 0 5 3 9 6

Sw
*CD

: Active switches.
: Clamped diodes.

=SC : Split DC-link capacitors.
=FC :Flying capacitors.
= 4UX : Requiring auxiliary balancing circuit.

N S5 o
- :‘Z,u 53,11 4,0

FIGURE 1. Structures of three-phase 6L-HFC inverters. (a) With auxiliary
balancing circuit. (b) Without auxiliary balancing circuit.

One of the topologies that stems from the HC structure is
the six-level flying capacitor based (6L-FCB) inverter, where
the 4L-HC inverter has been modified and hybridized with the
nested-multilevel characteristic to generate six-level output
voltages [22]. This combination is particularly beneficial for
circumventing the complexity of voltage regulation caused by
the multiple split DC-link capacitors.

Another topology, which also resembles the structure of
HC inverter, is the hybrid flying-capacitor (HFC) inverter.
Since the earliest development stage, the five-level (SL-HFC)
inverter has emerged as a preferable solution for high-
power medium-voltage applications, particularly in industrial
variable-speed drive (VSD) systems. Subsequently, the six-
level (6L-HFC) inverter was proposed to improve power
quality compared to the five-level counterpart, address the
absence of even-level inverters in the ANPC framework, and
offer an alternative with a reduced device count compared
to the HC structure [23], [24]. While the 6L-HC inverter
necessitates three non-uniform (FC) units per phase leg, the
alternative 6L-HFC inverter stands out by requiring only
two such units per phase leg. However, the 6L-HFC inverter
heavily relies on an external circuit dedicated to regulating
the voltages of the split DC-link capacitors (SC) during
operation. This additional balancing circuit diminishes the
competitiveness of this topology, leading to a significantly
higher device count and larger physical size needed to achieve
the same number of levels.

In this paper, a novel operating technique is proposed
based on the injection of zero-sequence voltage (ZSV) to
the PS-PWM modulation voltage references. This control
scheme is constructed by taking into consideration the key
components affecting the voltage fluctuation at each of the
split DC-link capacitors (SC) and flying capacitors (FC).
With this technique, the inverter possesses the inherent capa-
bility to control all of the aforementioned voltages simulta-
neously, and thus eliminates the requirement of any auxiliary
balancing circuit. The effectiveness of this proposed tech-
nique is verified under various conditions through simulation
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TABLE 2. Available switching states for 6L-HFC inverter.

Switching States SC/FC Currents

Six  Sax Sax  Sax  Ssx ven Vi a b ¢ d e
0 0 0 0 0 0 Voo o o o o o
1 0 0 0 0 0 Vpy o o o o o
0 0 0 0 1 E V7 o o o o 1
0 0 0 1 0 E Vi, o o o 1T |
0 1 0 0 0 E Vi o o T o o
1 0 0 0 1 E Vi o o o o 1T
1 0 o0 1 0 E Vi o o o 1T |
1 1 0 0 0 E Vg o o T o o
0 0 0 1 1 2E Vy1" o o o T o
0 0 1 0 0 2E V,, o T T L o
0 1 0 0 1 2E V3" o o T o 1
0 1 0 1 0 26 V° o o 1 1T
0 1 1 0 0 2 Vi o 1 1T 1 o
1 0 0 1 1 2E Ve o o o T o
1 1 0 0 1 2E V,, o o T o 1T
1 1 0 1 0 2E Vg o o T T 1
0 0 1 0 1 3E V5 o T T 1l 7
0 0 1 1 0 3E Vs, o T T o
0 1 0 1 1 3E Vi3t o o T T o
0 1 1 0 1 3E Vgt o T T L 1
0 1 1 1 0 3E Vi o 1 1 o
1 0 1 0 0 3E Vi T 1Tl e
1 1 0 1 1 3E V;, o o T T o
1 1 1 0 0 3E Vgt T T L e
0 0 1 1 1 4E  V,, o T T o o
0 1 1 1 1 4E V' o T T o o
1 0 1 0 1 4E Vs T T L7
1 0 1 1 0 4E  V,, TT T e |
1 1 1 0 1 4 Vg 1 T 1 L 1
11 1 1 0 4 Vg 1 1T 1T o |
1 0 1 1 1 5E Vg T 1T T o o
1 1 1 1 1 5E V," T 1 1T o o

0/1 : Switch is turned-off / turned-on.

* : Switching state is utilized in PD scheme.

° : No current flows through the capacitor (i, > 0).
™ : Current discharges/charges the capacitor (i, > 0).

alblcldle :icyylicolicsxiraxlif1 -

results and validated with a downscaled 6L-HFC inverter
prototype.

Il. OPERATING PRINCIPLE OF 6L-HFC INVERTERS

A. CIRCUIT CONFIGURATION

The conventional structure of three-phase 6L-HFC inverter
is illustrated in Fig. 1(a). In this topology, each phase leg
shares the same three split DC-link capacitor (SC) voltages,
namely Ci, C», and Cs3. If the base voltage is E = V,./5, the
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FIGURE 2. Modulation schemes for 6L-HFC inverter. (a) Conventional
PD-PWM scheme. (b) Ideal PS-PWM scheme.

aforementioned capacitors should be controlled at E, 3E, and
E, respectively. Meanwhile, two flying capacitors (FC) are
placed at each phase, namely Cr1 x and Cy» ,, each of which
is controlled at £ and 2E, respectively. The main inverter
structure is comprised by five pairs of complementary active
switches, most of which have the blocking voltages of E,
whereas those of Sz, and Sz, are 2E. With these features,
this topology is considered as one of the six-level inverters
with the least number of devices. The comparison of various
six-level inverters in three-phase configuration, including the
6L-NPC, 6L-FC, 6L-P2, 6L-MAC, 6L-NNPC, 6L-HC, and
the 6L-HFC inverters, is summarized in Table 1 based on
the device count and the necessity of using external balanc-
ing circuit for regulating the SC voltages [25], [26], [27],
[28], [29], [30]. The voltage rating of each device has also
been taken into account by comparing both the uniform and
non-uniform scenarios.

While the FC voltages of the 6L-HFC inverter are con-
trolled through the redundancy of switching states, the
regulation of SC voltages still requires an auxiliary balanc-
ing circuit which is comprised of two active switches, two
diodes, and two inductors, resulting in higher device count
and increased system volume.

B. ESTABLISHED PD-PWM OPERATING SCHEME

In the conventional structure, the 6L-HFC inverter is con-
trolled with phase-disposition PWM (PD-PWM) scheme [23],
[31]. Suppose that a modulation voltage denoted by vy, x is
defined as follows:

Vim,x = mg cos (rpaot + 8y)
ma = Ve [ Ver 6))
ry me,x/fO»

where the amplitude modulation index, frequency ratio, fun-
damental angular operating frequency, and the initial phase
angle are denoted by my, 17, wo, and dy, respectively. Note that
mg is determined by the peak values of the actual modulating
signal (\A/m, ) and carrier waves (Vcr), whereas 7y is the ratio
between the actual operating frequency (f;, ) and the rated
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TABLE 3. Redundant switching states pair in PD-PWM scheme.

Conditions

Um,x Sigfl,x Sigfz,x
—1=<v,,<-06 1 ~
-1 1
Other conditions
—0.6 < v, <—0.2 1 ~
-1 1
~ 1
~ -1
-0.2<v,,<02 1 -1 Vo3 © Vay
-1 1 Vs © Vs
~ 1 Vay © Vs
~ -1 Vas © Vg
1 -1 Vi © Vs
-1 ~ Vas © Vi
~ 1 Va3 © Vi
~ -1 Vig © Vi
06 <vp, <1 1 -1 Vys © Vs
-1 ~ Vag © Vo1
Other conditions  V,, © Vs,

Pair

Vo1 © Viy
Vo1 © Viz
Vo1 © Vis
Vip © Va3
Viz © Vo
Viz & Vo
Viz © Vo

0.2 < Uy, < 0.6

~ : Undefined condition.

operating frequency (fp). Both m, and ry should be kept
within the linear range from O to 1. In this scheme, vy,  is
compared with five carriers, namely ver1, Ver2, Ver3, Verd,
and v,,s, to determine the switching status of each device,
as shown in Fig. 2(a).

Among the 32 available switching states (Vi) listed in
Table 2, only 16 switching states are used in order to mini-
mize the voltage stress of each device and lower the amount
switching transitions. When the inverter is operated with
the conventional PD-PWM scheme, the instantaneous output
voltage at each phase leg, namely vy, is determined by the
device switching status, as follows:

5
Vi
VN = (Sl,x + S2,x + S3,x + S4,x + SS,)C) ?C = 2 Si,XE'
i=1

@)

Eq. (2) shows that v,y is affected by the summation of the
main switching states.

C. VOLTAGE CONTROL SCHEME FOR SPLIT DC-LINK
CAPACITORS (SC) AND FLYING CAPACITORS (FC)
Since the PD-PWM carriers are elevated in the same phase,
the switch duty ratios exhibit various values within one
switching period (7y,) [32], [33]. Due to the wide difference
between the duty ratios, regulating the neutral-point currents,
which affect the SC voltages, becomes a more difficult task.
Unlike the FC voltages, which can be more flexibly
controlled through the redundant switching states, the SC
voltages are controlled with an auxiliary balancing circuit
due to the lack of switching redundancy for these capacitors.
This external circuit consists of active switches, diodes, and
inductors, as illustrated in Fig. 1(a), each of which contributes
to the increased device count and volume of the inverter
compared to the other multilevel counterparts [23].
Generally, the ripple of each capacitor voltage should be
regulated within 10 % of the reference [34], [35]. The
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FIGURE 3. Output voltages. (a) Conventional PD-PWM scheme.
(b) PS-PWM scheme. (c) Mismatch between both schemes.

regulation of FC voltages is realized by using the signum
function of capacitor voltages, and output currents to deter-
mine the proper switching states, as follows:

Sigr1x = sgn [ (veix — 0.2Vae) ix ], 3)
Sigpax = sgn [ (vrar — 0.4Vae) ix] 4)

where the signum functions Sigs; , and Sigs, , signify the
balance state of both the outermost and innermost capacitors
at each phase leg, whereas iy, vr1x, and vyy , denote the
output currents and corresponding FC voltages. With these
parameters, the proper switching states can be assigned to
counter the voltage deviation.

Due to the numerous possible scenarios of FC voltage
imbalance, the balancing scheme is simplified by matching
the switching states with most resembling effects. There-
fore, 18 unique scenarios have been selected based on the
aforementioned signum functions as listed in Table 3.

lIl. PROPOSED SELF-BALANCING CONTROL SCHEME

As mentioned in the previous section, the 6L-HFC inverter
relies on the auxiliary balancing circuit to maintain each of
the SC voltages. In order to eliminate this circuit, a novel
operating scheme is herein proposed based on the injection
of zero-sequence voltage (ZSV) to the phase-shifted PWM
(PS-PWM) modulation voltage, and hence it is called the
ZSV-injection-based PS-PWM (ZSVPS-PWM).

A. PROPOSED OPERATING SCHEME (ZSVPS-PWM)

The phase-shifted carrier waves for the six-level inverter
operation are illustrated in Fig. 2(b). Each carrier is shifted
by 72° from the other. During normal operation, when all
capacitor voltages are assumed to be constant, the modulation
voltage, vy, x, is compared with each carrier to determine the
switching status of each switch [36], [37], [38].

In the proposed scheme, all of the 32 switching states,
as listed in Table 2, are fully utilized. As a result, the instan-
taneous output voltage at each phase leg should be redefined
as follows:

VxN = [(Sl,x - SZ,X + 2) (S3,x) + (SZ,x + S4,x + SS,x)] E.
(5

VOLUME 12, 2024

This consequently leads to the increased voltage stress at S3
and .§‘3‘x from 2FE to 3E, whereas those of the other switch
pairs are kept at E.

If all SC and FC voltages are assumed to be constant and
the switching frequency (f5,,) is significantly higher than the
fundamental operating frequency (fp), the modulation voltage
reference can be seen a constant linear wave within a carrier
period. If the normalized modulation reference is denoted

by vy, ., the duty ratio of each switch can be expressed as
follows:
Vo =0.5 (vmx +1), 6)
dl,x =do =d3x =dsy =dsx = V;,k@x- @)

The average output voltage at each phase over a carrier
cycle can be approximated based on (2) as follows:

Uy = (dl,x + d2,x + d3,x + d4,x + dS,x) E = V;kn’xvdc, )

where i, denotes the average output voltage at each phase leg.
Note that such an approximation is not identical to that of the
PS-PWM in (5), resulting in the presence of output voltage
spikes. Switching states in Table 2 which do not comply
with (2) generate errors at v,y . For instance, some switching
states generate one level higher, i.e., Vo, V14, V15, Vi, Vas,
V>7, and Vsg, while the others generate one level lower, i.e.,
Va2, Va1, Vaa, Vag, Vai, Vaz, Vaa, and V5. This phenomenon
is illustrated in Fig. 3, where the mismatch between both
vyy values is shown to vary among E, 0, and —E. These
voltage spikes are generated by the deviance at either Sj x or
S2.x, resulting in similar current patterns at SC and FC with
those of the corresponding counterparts, e.g., V23 and Vp7.
Moreover, the amount of those with one-level higher voltage
step is equal to those with one-level lower voltage step, which
merely contributes to the average value of output voltage.
Therefore, applying PS-PWM scheme with (5) as the mod-
ulation voltage reference does not affect the controllability of
SC and FC voltages despite the increased harmonic distortion
at output voltages.

B. CONTROL OF SC AND FC VOLTAGES

Regulating the switches surrounding the FCs is the key to
controlling the FC voltages since it affects the current flowing
out of Cryx and Cya , namely ify , and ir; x, respectively.
The instantaneous values of these currents can be expressed
as follows:

if],x = (SS,x - S4,x) ix’ (9)
ljfZ,x = (S4,x - S3,X) ix- (10)

From (9) and (_1 0), the average FC currents during one carrier
cycle, namely iy and if2 , can be obtained as follows:

i1 = (dsx — da ) ix, (11)
irx = (day — d3x) i (12)

Note that under ideal condition, the duty ratios of these
surrounding switches are equal to the common normalized
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modulation reference, as expressed in (7). However, (11)
and (12) show how the direction and magnitude of these FC
currents can be controlled by varying the corresponding duty
ratios. Meanwhile, the voltage ripple of each FC in one carrier
cycle (Ty,), namely Auysy  and Auy; i, can be approximated
as follows:

;f] x Lsw Ty .
Ay, = — L1252 — dsy —day) i, (13
Uf1,x Crix Cri ( 5,x 4,x) Ix (13)
szszw Tsw .
A = —- =— dyx—d . 14
12 Crax Crax (o = dsa) b (14)

Therefore, in order to maintain the FC voltages at the
reference values, the aforementioned duty ratios should be
adjusted according to the magnitude of the voltage ripple
and the direction of the output current at each phase leg. For
instance, when Augyy > 0 and iy > 0, a positive offset
should be applied as a countermeasure to the overcharged
capacitor voltage. This adjustment can be applied by increas-
ing the duty ratio of S5y by Ady . In order to alleviate the
effect of this action on the output voltage, the duty ratio at
each of the other main switches should be evenly decreased
by Ady x / 4. As a result, the new duty ratios denoted by
dif1,x—dsf1,x are set as follows:

dif1 x dix — Adyy /4

dofi.x drx — Ady /4

difrx | = | dax— Adpix[4 |- (15)
daf 1 x dix — Adyy x [4

dsf1,x dsx + Adpy x

Meanwhile, when Aus; » > 0 and i, > 0, a positive offset of
Adgo x / 2 is added to each of the duty ratios of S4 , and S5,
whereas those of the other switches are evenly decreased by
Adpr « / 3, resulting in the new duty ratios denoted by dyr2 x—
dsf2 x as follows:

dif2.x dix — Adpy i /3
dof x dyx — Adpy /3
dyry | = | dsx— Adpax /3 |. (16)
dyfr x dax + Adpr /2
d5f2,x dS,x + Ade,x/2

Similar approach is also applied to maintain each of the
SC voltages. In this case, the objective is to control the key
components that directly affect the SC currents. The currents
flowing out of the top, middle, and bottom SCs, namely
ic1, ic2, and ic3, are assessed distinctively according to the
contributions of all phase legs, which are denoted by icj x,
ic2.x, and ic3 x, respectively. For instance, ic2 x is closely
linked to the top and bottom SC neutral-point currents at each
phase leg, namely iy, and i, ,, respectively. The former
current relies on the switching of Sl,x and S3 , whereas the
latter one is controlled by S> ; and 5'3,)(, as expressed in the
following equation:

l:nu,x = (1 - Sl,x) (S3,x) .i)h (17)
Inlx = (SZ,x) (1 - S3,x) Iyx.

22114

Therefore, ic2 x can be regarded as the difference between
inu,x and iy x, as follows:

ic2e = [(1 = S1x) (S3.x) = (S2.x) (1 = S3.)]ix.  (18)

Meanwhile, the contribution of each phase leg to the middle
SC voltage ripple, namely Aucy ., can be written as follows:

iCZ,x Tsw
C

where ;cz,x is the average middle SC current during one
carrier cycle. From (18) and (19), the value of icp,, during
positive output current tends to increase when the duty ratios
of S1,x and Sy, are decreased while that of S3 , is increased.
Therefore, when Aucz x > 0 and iy > 0, the duty ratios of
the main switches can be controlled to counter the deviation
and restore the middle SC voltage balance, as follows:

Aucarx = — ; (19)

dicax dix — Adca 2
drcax drx — Adca )2
dicax | = | d3x+ Adcay /3 |, (20)
daca,x dax + Adcay /3
dSCZ,x dS,x + AdC2,x/3

where djc2 x—dsc2.x are the new duty ratios with respect to
the addition or subtraction of the offset Ad ¢ x. Note that the
duty ratios of S4 , and Ss x are also increased accordingly to
maintain the zero sum of all voltage adjustments, and thus
keep the output voltage intact.

When the middle SC voltage is maintained at the reference
value, the average middle SC current can be considered as
zero (ic2,x ~ 0). As aresult, the middle SC can be seen as a
super node, out of which the neutral-point current (i) flows.
The contribution of each phase leg to this current, namely
in x, can be expressed as follows:

iN,x = inu,x + inl,x = iCS,x - iCl,x~ (21)

The contribution of each phase leg to the voltage ripple at
each of the top and bottom SCs, namely Auci x and Aucs x,
can be written as follows:

|:AMCl,xi| _ |:_2C1,szw/Cli| 22)

AMC3,)( _iC3,szw/C3

where icyx and ic3, denote the average value of top and
bottom SC currents during one carrier cycle, respectively.
Therefore, the average value of neutral-point current at each
phase leg, which is denoted by iy, is obtained as follows:

Ceg (Aucix — Auczy), (23)
TSW

where C,, is equal to Cy, C3, and Cy1 x. Note that the capac-
itances of middle SC and innermost FCs are set inversely
proportional to the voltages, where C; = Cgy / 3 and
Crox = Ceq/Z.

When the bottom SC voltage exceeds that of the top SC
(vez > vc1) during positive output current, the value of
?N, x should be increased to enlarge the gap between Auci x
and Aucsyx, and thus restore the voltage balance between

;N,x = (;CS,x _;C],x) =

VOLUME 12, 2024
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FIGURE 4. Control block diagram of the ZSVPS-PWM scheme.

these SC voltages. From (17), (18), and (21), the switching
of S5 and 5‘3‘)5 is particularly reserved for regulating the
middle SC voltage. Therefore, ;N,x can be increased more
straightforwardly by injecting an offset voltage to d» , and
simultaneously reducing d; by the same value, as expressed
in the following equation:

dic31,x dy x —Adc31 x

drc31 dp x Adc3ix

dic3ix | = | dax |+ 0 ) (24)
dac31x dy x 0

dsc3t ds x 0

where d|c31,x—d5c31,x are the updated duty ratios with regard
to the injection of the offset voltage, Adc31 .

From the aforementioned discussion, it can be concluded
that some offset voltages need to be injected in order to
maintain the balance at all SC and FC voltages while keeping
the output voltage intact, as illustrated previously in Fig. 3(b).
Each of the updated duty ratios comprises the initial value,
which is equal to the normalized modulation voltage, and the
corresponding offset voltages. For simplification, the updated
duty ratios can be summarized as follows:

d; di,x + Adi,x =v .+ Adi,x(i =1,...,5), (25

Lx m,x

where d; x, Ad, x, d;‘x denote the initial duty ratio, the offset
voltage, and the updated duty ratio of switch S; ., respectively,
which embody the parameters expressed in (15)-(16), (20),
and (24). The value of Ad;, for each switch S;, can be
expressed as follows:

Adj x
Ady x
Ad; x
Ad4,)c
Ads,x
—Adfl’x/4 — Adfz,x/3 — Adcz,x/Z — Adc3y x
—Adf1x [4— Adpa i [3 — Adea s /2 + Adesy
—Adflyx/4 — Adfz,x/3 + Adcz,x/?)
—Adfl,x/4 + Adfz’x/z + Adc27x/3
Adfl,x + Adfz,x/z + Adcz’x/:;

(26)
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TABLE 4. Simulation parameters.

Parameters Value
DC-bus voltage Vye = 7000V
DC-link capacitors C, =C; =2.5mF, C, = 0.83 mF
Flying capacitors Cr1x = 2.5mF, G, = 1.25 mF

Fundamental frequency fo =60 Hz
Carrier frequency fsw = 2000 Hz
Dead time Ty =4us
Auxiliary inductors Laux1 = Lauxz, = 0.5 mH
RL-load Ripgq = 10 Q, Lyygq = 6 mH

As a result, an updated approximate value of the average
output voltage over a carrier cycle, which is denoted by u/,
can be expressed as follows:

5 5
W, =D d'E =V Vac+ D AdiE,
i=1 i=1

5
> Adiy=0.
i=1

In (27), the value of i/, is kept intact as that of u, in (8) due to
the zero sum of all offset voltages. The control block diagram
of the proposed ZSVPS-PWM scheme is illustrated in Fig. 4.

27)

IV. SIMULATION RESULTS

In this section, the performance of a three-phase 6L-HFC
inverter under the proposed scheme is verified through a num-
ber of simulations. The parameters used in the simulations are
listed in Table 4.

Firstly, the steady-state performance of the 6L-HFC
inverter under both the conventional PD-PWM and the
proposed ZSVPS-PWM techniques are investigated. Fig. 5
shows the operation at unity modulation index and frequency
ratio (my = ry = 1) under the conventional PD-PWM
scheme with an auxiliary balancing circuit, where the induc-
tors are set at Ly = Lawz = 0.5mH. Each of the
pole voltage, line-to-line voltage, and output currents reaches
the maximum number of level and amplitude, as shown
in Fig. 5(a)—(c). The THD values of these waveforms are
22.47 %, 14.10 %, and 1.25 %, respectively. Meanwhile, all of
the SC and FC voltages are controlled with low ripples, each
of which is controlled within the allowable range (20 % of
the corresponding reference). In this case, the peak-to-peak
voltage ripples of vci, vea, and ves are 14.52 %, 3.32 %,
and 11.73 % of the corresponding references, respectively.
Meanwhile, those of vy , and vy x are 2.13 % and 1.55 % of
the corresponding references, respectively.

Fig. 6 shows the inverter performance when it is oper-
ated under the proposed scheme, where the balancing
circuit is eliminated. In this case, the THD of pole volt-
age, line-to-line voltage, and output currents are 40.48 %,
27.90 %, and 4.38 %, respectively. Note that the pole volt-
age spikes shown in Fig. 6(a), which have been discussed
earlier in section III-A, are acknowledged as a tradeoff
for the elimination of the auxiliary circuit. Moreover, this
scheme manages to regulate the SC and FC voltages with
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FIGURE 5. Steady-state performance under the conventional scheme.
(a) Pole voltage. (b) Line-to-line voltage. (c) Output currents. (d) Top and
bottom SC voltages. (e) Middle SC voltage. (f) Outermost FC voltages.

(g) Innermost FC voltages.
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FIGURE 6. Steady-state performance under the proposed ZSVPS-PWM
scheme. (a) Pole voltage. (b) Line-to-line voltage. (c) Output currents.
(d) Top and bottom SC voltages. (e) Middle SC voltage. (f) Outermost FC
voltages. (g) Innermost FC voltages.

lower fluctuations compared to the conventional technique,
as shown in Fig. 6(d)—(g). The peak-to-peak voltage ripples
of vel, vea, and ves are 5.67 %, 0.55 %, and 4.93 % of the
corresponding references, respectively. Meanwhile, those of
vr1,x and vyp  are 1.12 % and 1.13 % of the corresponding
references, respectively. As a result, this technique manages
to keep the output voltage at each phase intact and indistin-
guishable from that of the ideal one, as shown previously in
Fig. 3(b).

The harmonic spectra of the output voltages at unity
modulation index under both schemes are shown in Fig. 7.
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FIGURE 7. Harmonic spectra of output voltages at unity modulation index
under the conventional PD-PWM scheme (PD) and the proposed
ZSVPS-PWM scheme (PS). (a) Pole voltage (PD). (b) Pole voltage (PS).

() Line voltage (PD). (d) Line voltage (PS).

The magnitude of the switching-frequency component under
the conventional scheme is 14.58 % of the fundamental-
frequency component. Meanwhile, that of the proposed
scheme is 19.48 % of the fundamental-frequency component.

Fig. 8 shows the operation of this inverter at various mod-
ulation indices and frequency ratios under the conventional
scheme. In this scenario, both m, and my are gradationally
increased from 0.1 to 1. The number of level at each of
pole and line-to-line voltages increases accordingly, resulting
in the increased amplitude of output currents, as shown in
Fig. 8(a)—(c). Due to the increasing output current, the peak-
to-peak ripple at each of SC and FC voltages also increases
slightly, as shown in Fig. 8(d)—(g). For each stage, the voltage
ripple is kept within £10 % of the corresponding reference.
For instance, the peak-to-peak ripples of vcy, v¢2, and ve3
at mg = ry = 1 are 15.85 %, 4.43 %, and 16.18 % of the
references, respectively. Meanwhile, those of vry  and vyo x
are 2.93 % and 1.52 % of the references, respectively.

Fig. 9 exhibits the performance of the inverter when
the same scenario is conducted under the proposed
ZSVPS-PWM scheme without auxiliary balancing circuit.
In this case, each of the SC and FC voltages exhibits lower
ripple compared to those of the conventional technique. The
peak-to-peak ripples of vc1, ve2, and ves atmy, = ry = 1 are
6.20 %, 0.72 %, and 5.53 % of the references, respectively.
Meanwhile, those of vy , and vy x are 1.25 % and 1.21 % of
the references, respectively.

Another scenario that is herein investigated is the inverter
operation during sudden load change. In this case, the out-
put power is stepped-up from approximately 10 % of the
rated power (Rjpqq = 100 © and p, = 175 kW) up to
the rated power (Rjyqq = 10 Q and p, = 1.65 MW)
before it is stepped-down to the initial condition. Fig. 10
shows the performance of this inverter under the conventional
scheme. During power step-up, the amplitude of each output
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(b) Line-to-line voltage. (c) Output currents. (d) Top and bottom SC
voltages. (e) Middle SC voltage. (f) Outermost FC voltages. (g) Innermost
FC voltages.

Various m, = ry

0.1 0.4 0.7 1.0
Vao
(a) «0V
3 kV/div
Vab-u
<b>-—-ﬂ-'-'-'-'-WMWWMJWVWV<OV
1.5 kV/div

(o) ==t—ritrspris YA Wﬂ !

Vcs\\
(d) .......... dsn<1 4 kV
Ve
@ 42KV
100 V/div
Vfl,abe
¢ P —
(He———"" T T 4 kY
20 V/div
‘ VfZ abc ‘
spppre e,
&) ‘MV""‘"“' "h 'umtm’m'm st 2-5 KV
025 20 V/div

FIGURE 9. Control performance at various modulation indices and
frequency ratios under the proposed ZSVPS-PWM scheme. (a) Pole
voltage. (b) Line-to-line voltage. (c) Output currents. (d) Top and bottom
SC voltages. (e) Middle SC voltage. (f) Outermost FC voltages.

(g) Innermost FC voltages.

current increases significantly, as shown in Fig. 10(a). As a
result, the SC and FC voltages exhibit more fluctuations
although the ripples are still controlled within the allowable
range. The highest peak-to-peak ripples of vci, vea, and
ves are 16.33 %, 3.78 %, and 14.49 % of the references,
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FIGURE 10. Performance during sudden load change under the
conventional scheme. (a) Output currents. (b) Top and bottom SC
voltages. (c) Middle SC voltage. (d) Outermost FC voltages. (e) Innermost
FC voltages.
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FIGURE 11. Performance during sudden load change under the proposed
scheme. (a) Output currents. (b) Top and bottom SC voltages. (c) Middle
SC voltage. (d) Outermost FC voltages. (e) Innermost FC voltages.

respectively, whereas those of vyy  and vy;  are 3.30 % and
1.51 % of the references, respectively.

When the same scenario is applied to the inverter under
the proposed scheme, the controller manages to regulate the
voltages with low ripples, as shown in Fig. 11. In this case, the
peak-to-peak ripples of vc1, ve2, and ves are 6.24 %, 0.76 %,
and 5.49 % of the references, respectively. Meanwhile, those
of vrix and vpp , are 1.71 % and 1.15 % of the references,
respectively.

In order to assess the total converter volume for each of
the conventional and proposed schemes, a simplified com-
parison based on the most fundamental components has been
provided in Table 5. In this case, only the switches, gate
drivers, capacitors, and inductors are considered, whereas
the other supporting devices are neglected for simplicity.
The auxiliary balancing circuit requires a huge space that
is equal to 25.49 % of the total volume of the conventional
structure. Among these auxiliary components, 88.37 % of the
space is taken by the inductors. The volume ratio between
the proposed and conventional structures is 74.37 %, which
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TABLE 5. Volume comparison for different operating schemes.

. Rated Volume /
Devices Part Name Value Device (mm’)
Sixs Six» Saxs Szxs  DIM60ODCMI17- 1700 V/ 691,600
Suxs Suxs Ssx» Ssxe A000 600 A i
s DIM800ECM33- 3300V /
Sax> S3x (PD) F000 300 A 1,010,800
s SSNA 4500 V/
Saxs S3x (PS) 06501450300 650 A 873,600
5SNA 6500 V/
Sauct> Sauwz D) 10006650300 1000 A 1,276,800
Dauxb Dauxz ! 6500 V/
(PS) DD750S65K3 750 A 873,600
Lawet, Lawz HCS-601M- 500 A 53587
(PS) 500AG RBI (600 uH) >
C44USGT- 1500 V
Cy, Cy, Cs, 7113M33K (1130 uF) 4,125,590
C C C44USGT- 1500 V
‘f1,x> “f2,x
7140M35K (400 up) 069827
Gate Driver (all) 2SC0108T 1700 V 24,696
(PD) 2SC0535T 3300V 117,749
(PS) 1SC0450 4500 V 148,500
Total volume under PD-PWM (three-phase) 204,066,216
Total volume under ZSVPS-PWM (three-phase) 151,763,184

! Two diodes are set in parallel for each of Dy and Dy
2 Four inductors are utilized for each of Lgy,q and Lgyysp-

®Slcond (D)  ®Slcond (Q) S1.sw (D) SLsw (Q)
) 1(Q) l

mS'lcond (D)  ®S'lcond(Q)  WS'Lsw (D)
Q)

um

mS55w (Q)
mSauxlsw (D) m Sauxl
Dauxl.sw Daux2,cond
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-
B
|
s
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FIGURE 12. Switching and conduction losses under the conventional and
proposed schemes at various modulation indices.
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FIGURE 13. Distribution of power losses across the switches of the main
inverter and the auxiliary balancing circuit.

suggests that the proposed technique offers space savings up
t0 25.63 %.

Fig. 12 shows the power loss comparison between both
conventional and proposed schemes. The summation of
switching (‘sw’) and conduction (‘cond’) losses at each of the
main transistors (‘Q’) and anti-parallel diodes (‘D’) is shown
for various modulation indices. The conventional scheme
dissipates higher power losses at all cases due to the high
switching losses at the auxiliary balancing circuit, as also

22118

4APD ePS

100 I —"—— e

Efficiency (%)

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Modulation Index

FIGURE 14. Efficiency of the inverter under the conventional and
proposed schemes at various modulation indices.
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FIGURE 15. Efficiency of the inverter under the conventional scheme with
various auxiliary inductor values.

exhibited in Fig. 13. The total power dissipated from the
auxiliary balancing circuit ranges from 81.10 % to 93.17 %
of the total power losses. As a result, the efficiency of the pro-
posed scheme is higher than that of the conventional scheme
at most of the modulation indices, as shown in Fig. 14.
Note that the efficiency of the conventional scheme can be
improved by significantly increasing the inductances at the
auxiliary balancing circuit, as shown in Fig. 15, where each
of Lgyx1 and Ly, is increased from 0.5 mH to 9 mH. Due to
this significant change, the current surges and fluctuation at
each inductor are reduced, and thus lower the power losses
dissipated in the auxiliary balancing circuit. However, this
technique should be avoided since it translates into bulkier
inductor size and increases the system volume.

V. EXPERIMENTAL RESULTS

In order to further validate the effectiveness of this
ZSVPS-PWM scheme, an experiment has been conducted
with a down-scaled parameters summarized in Table 6.
Fig. 16 shows the experimental prototype of this inverter
which is equipped with the detachable auxiliary balancing cir-
cuit (Lg,x = 0.67mH). This inverter is controlled with a DSP
chip (TMS320F28335) and FPGA (Xilinx XC3S400). It is
noteworthy that the prototype system utilized in this exper-
iment was not designed with a primary focus on optimizing
power density since the principal objective was to validate the
effectiveness of the proposed control technique. Nonetheless,
the tangible benefits are clearly evident, where the removal of
the auxiliary balancing circuit is approximately equivalent to
reclaiming 25 % of the initially utilized space.

Firstly, the performance of the inverter prototype dur-
ing steady-state condition is investigated. Fig. 17 shows the
inverter operation under the conventional scheme. Note that
for this particular case, the inverter is operated at slightly

VOLUME 12, 2024



J. Pribadi et al.: Novel Control Scheme of Three-Phase 6L-HFC Inverters

IEEE Access

TABLE 6. Experimental parameters.

Parameters Value
DC-bus voltage Vie =200V
DC-link capacitors C; =C3=2.7mF, C, =09 mF
Flying capacitors Cr1x = 2.7 mF, Cr, = 1.35 mF

Fundamental frequency fo =60Hz
Carrier frequency fsw = 2000 Hz
Dead time Ty =4ups
Auxiliary inductors Laux1 = Layxz = 0.67 mH
RL-load Ripga =9.1Q, L1,y = 3mH

FIGURE 16. Experimental prototype of a three-phase 6L-HFC inverter with
detachable auxiliary balancing circuit.
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FIGURE 17. Steady-state operation of 6L-HFC inverter prototype under
the conventional scheme (mgq = r¢ = k). (a) Pole voltage (k = 1).

(b) Line-to-line voltage (k = 1). (c) Output currents (k = 1). (d) Top and
bottom SC voltages (k = 1). (e) Middle SC voltage (k = 1). (f) Outermost
FC voltages (k = 1). (g) Innermost FC voltages (k = 1). (h) Pole voltage

(k = 0.1). (i) Line-to-line voltage (k = 0.1). (j) Output currents (k = 0.1).
(k) Top and bottom SC voltages (k = 0.1). (I) Middle SC voltage (k = 0.1).
(m) Outermost FC voltages (k = 0.1). (n) Innermost FC voltages (k = 0.1).

different setup, where the V. is set at 100 V and the three-
phase RL-load is set with Rj,,q = 20 €2, resulting in lower
output power compared to the remaining experimental sce-
narios. When the inverter is operated at high modulation
index and frequency ratio (m, = rf = 1), the output
voltages and currents reach the highest amplitudes, as shown
in Fig. 17(a)—(c). In this case, each of SC and FC voltages
manage to be controlled at the reference values, as exhibited
in Fig. 17(d)—(g). Meanwhile, when the modulation index and
frequency ratio are set low (m, = ry = 0.1), the inverter
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FIGURE 18. Steady-state operation of inverter prototype under the
proposed ZSVPS-PWM scheme (mq = rf = k). (a) Pole voltage (k = 1).
(b) Line-to-line voltage (k = 1). (c) Output currents (k = 1). (d) Top and
bottom SC voltages (k = 1). () Middle SC voltage (k = 1). (f) Outermost
FC voltages (k = 1). (g) Innermost FC voltages (k = 1). (h) Pole voltage

(k = 0.1). (i) Line-to-line voltage (k = 0.1). (j) Output currents (k = 0.1).
(k) Top and bottom SC voltages (k = 0.1). (I) Middle SC voltage (k = 0.1).
(m) Outermost FC voltages (k = 0.1). (n) Innermost FC voltages (k = 0.1).
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FIGURE 19. Performance of inverter prototype at various modulation
indices and frequency ratios under the proposed ZSVPS-PWM scheme.
(a) Output currents. (b) Top and bottom SC voltages. (c) Middle SC
voltage. (d) Outermost FC voltages. (e) Innermost FC voltages.

generates lower output voltages and current, as shown in
Fig. 17(h)(j). All of SC and FC voltages are also kept at the
corresponding references, as shown in Fig. 17(k)—(n).

Fig. 18 shows the performance of the inverter under the
proposed ZSVPS-PWM scheme during steady-state condi-
tion. In this case, the output voltages and currents resemble
those of the simulation results in Fig. 6. Each of the SC
and FC voltages manages to be controlled at the corre-
sponding reference at both high (my, = rr = 1) and low
(mq = rr = 0.1) modulation indices and frequency ratios,
as shown in Fig. 18(d)—(g) and (k)—(n).
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FIGURE 20. Performance of inverter prototype under the proposed
ZSVPS-PWM scheme during sudden load change (step-up). (a) Output
currents. (b) Top and bottom SC voltages. (c) Middle SC voltage.

(d) Outermost FC voltages. (e) Innermost FC voltages.
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FIGURE 21. Performance of inverter prototype under the proposed
ZSVPS-PWM scheme during sudden load change (step-down). (a) Output
currents. (b) Top and bottom SC voltages. (c) Middle SC voltage.

(d) Outermost FC voltages. (e) Innermost FC voltages.

Fig. 19 shows the inverter operation at various modulation
indices and frequency ratios. In this scenario, both m, and r¢
are gradationally and simultaneously increased with the same
increment from 0.1 to 1. As a result, both the amplitude and
frequency of the phase currents also increase along with the
output voltages. Fig. 19(b)—(e) show the SC and FC voltages,
each of which is controlled at the corresponding reference
within the allowable range.

Another scenario investigated herein is the performance
of the inverter during sudden load change. Fig. 20 shows
the output currents, SC voltages, and FC voltages at m, =
rs = 1 when the output power is increased from 10 % of
the rated load (Rjyqq = 100 €2) up to the rated load (Rjpqq =
(100 || 10) 2 ~ 9.1, p, = 1.378 kW). Fig. 20(b)—(e) show
how each of the SC and FC voltages manages to be kept at the
corresponding reference with low ripple which is within the
allowable range.

When the scenario is reversed, the inverter also exhibits
similar performance under the proposed control scheme,
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as shown in Fig. 21. In this case, the output power is decreased
from the rated load to 10 % of the rated load. Although the
output currents are reduced significantly, each of the SC and
FC voltages manages to be controlled at the corresponding
value within the allowable range, as shown in Fig. 21(b)—(e).

VI. CONCLUSION

In this article, a novel control scheme has been proposed
for the six-level hybrid flying-capacitor (6L-HFC) inverter
to regulate the voltages split DC-link and flying capacitors
simultaneously without requiring auxiliary balancing circuit.
In this method, the key parameters affecting the balance state
of each capacitor voltage have been analyzed to synthesize
the proper counter measure. The current flowing through each
capacitor is controlled by injecting a zero-sequence voltage
(ZSV) to the modulation voltage reference at each phase
leg and adjust the duty ratio of each device to keep the
output voltages intact. The elimination of auxiliary balancing
circuit under the proposed scheme offers space savings up
to 25.63 % and enhances system efficiency by 0.29 % to
21.09 %, contingent on the modulation index. The effec-
tiveness of the proposed control scheme in regulating the
capacitor voltages with low ripple (lower than 10 % of the
reference) has been verified through various simulation and
experimental results.
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