15536

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 12, DECEMBER 2024

A Modulation Method With Current Zero-Crossing

Distortion Elimination and Voltage Balance Control
for the RSHMC Converter

Guangtao Zhou
Shuai Zhang, Member, IEEE, Xiangjun Li

Abstract—Hybrid multilevel converters have gained more pop-
ularity due to their unique superiority. Thus, the reduced switch
hybrid multilevel (RSHMC) converter is adopted in this article
which consists three H-bridge cells and a Vienna rectifier. The
RSHMC converter combines the advantages of these two topologies
and can output higher voltage level by adopting fewer switching
devices compared with other multilevel converters. However, the
Vienna rectifier of the RSHMC converter has the inherent current
zero-crossing distortion (CZCD) problem, which will increase the
total harmonic distortion of the grid-side current. Thus, a modu-
lation method based on phase disposition-pulsewidth modulation
is proposed to eliminate the CZCD of the RSHMC converter by
selecting redundant switching states. Besides, in order to ensure
the normal operation of the RSHMC converter, the proposed mod-
ulation method can also realize the voltage balance control of the
floating capacitor and the neutral point which is also realized by
selecting the switching states to charge or discharge. Consequently,
the RSHMC converter can operate normally with balanced volt-
age and without CZCD after adopting the proposed modulation
method. Finally, the feasibility and correctness of the proposed
modulation method are verified by simulation and experimental
results.

Index Terms—Current zero-crossing distortion (CZCD)
elimination, hybrid multilevel converter, voltage balance control
of floating capacitors and neutral point.

I. INTRODUCTION

ULTILEVEL converters including the neutral point
M clamped converter [1], [2], the cascaded H-bridge (HB)
converter [3], [4], [5], [6], and the floating capacitor converters
[71, [8], have gained widespread application in practical settings
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for their distinct advantages over two-level converters. These
advantages mainly include: lower voltage stress, higher effi-
ciency, as well as higher output voltage, and so on [9], [10].
However, each topology has its own specific advantages and
drawbacks. Thus, the hybrid multilevel converters are utilized to
enhance performance and mitigate shortcomings by combining
the features of several different topologies [11].

In recent years, the Vienna rectifier has been widely applied
due to its low cost, high power density, and high reliability fea-
ture [12]. Meanwhile, HB has the advantage of high scalability
which can increase the number of output voltage levels without
independent dc source [13]. Thus, the reduced switch hybrid
multilevel (RSHMC) converter in [14] is adopted in this article
which consists of a Vienna rectifier and three cascaded HBs.

Compared with other hybrid multilevel converters in [15],
[16], [17], and [18], the RSHMC converter has advantages over
them. For convenience, Table I compares maximum switch-
ing voltage stress, number of insulated gate bipolar transistors
(IGBTs) and diodes, number of the floating capacitors, bidirec-
tional capability, number of independent dc source and output
voltage levels. Table I gives that the RSHMC converter has fewer
active switching devices which stress less maximum voltage than
other hybrid multilevel converters. When the output voltage level
is identical, the RSHMC converter has less floating capacitors
and no independent dc source which reduces the difficulty of
control and decreases the cost. Details are given in Table 1.

However, the RSHMC converter has the current zero-crossing
distortion (CZCD) problem due to the phase difference between
the voltage reference and the current, which will lead to erro-
neous voltage pulses near the current zero-crossing point and
increase the total harmonic distortion (THD) of the grid-side
current [19], [20]. Numerous approaches have been proposed
for Vienna rectifier, which is also applicable to the RSHMC
converter to eliminate or mitigate the CZCD. The approaches
can be organized into two primary categories: control method
and modulation method.

Among the control methods, the hysteresis switching methods
are proposed for controlling the input currents as sinusoidal
waveforms [21], [22], [23], [24]. In [21] and [24], the sinusoidal
reference current and its hysteresis band are used to operate the
switching device. However, the hysteresis switching methods
do not guarantee a constant switching frequency in the input
voltage. Besides, the reactive power compensation method can
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TABLE I
COMPARISON OF DIFFERENT MULTILEVEL CONVERTERS

Topology swii\c/[l?i’;gn \:lollriage Nl;g};?&“ N':;;:)l:ieers ct tl?lleuil':ll));:i::; Bi‘:g:;;i?tl;al ig;elggl:;:nft Vol(t:\l;tepll; tvels
stress capacitors DC source

CHB in [15] U, /4 36 0 9 Yes 9 7
HNPC in [16] U, 24 6 3 Yes 0 5
T>C-HB in [13] U, 24 0 3 Yes 0 7
ANPC-H in [17] U, 30 0 3 Yes 0 7
NNPC in [18] U,. 30 0 9 Yes 0 7
RSHMC converter U, /4 18 6 3 No 0 7

guarantee the same phase of the current and the reference volt-
ages, which also can completely solve CZCD problem. However,
this method achieves less power factor [25]. Furthermore, there
is high controller complexity and computational burden in most
of the control methods. Thus, the modulation method gains more
popularity in practical.

Among modulation methods, the carrier-based pulsewidth
modulation (CBPWM) in [12] is widely used in three-level
topologies, which is easy to implement. For the CBPWM, the
reference voltages are modified to satisfy their control aims.
However, there are large ripples and low dc voltage utilization
rates. The discontinuous pulse width modulation (DPWM) in
[26], [27], and [28] is a common modulation strategy for the
Vienna rectifier which has less switching loss. It is realized
by calculating clamping angles and injecting offset voltage.
However, there are large harmonics in the output current and
the neutral current appears large fluctuations under DPWM.
The space vector pulsewidth modulation (SVPWM) in [29]
and [30] not only improves the voltage utilization rate but
has advantages in control flexibility. The control aims can be
realized by rationally selecting different switching state vector.
However, it is difficult to implement in real systems because
the SVPWM method has heavy calculation burden. Thus, a
modulation method based on selecting different switching states
is proposed in this article to solve the CZCD problem of the
RSHMC converter which is not only easy to implement but has
a better performance compared with most of the modulation
method.

Furthermore, the voltage balance of the floating capacitors
and the neutral point are the key factors to influence the normal
operation of the RSHMC converter. And the voltage balance
part of the proposed modulation method to control the floating
capacitors and the dc-link are coupling which are also realized
by selecting the switching states to charge or discharge the
capacitors. Thus, since the balance of the floating capacitor
voltage is controlled independently by each phase, it has higher
priority and greater importance than the neutral point voltage to
control its balance [31]. To realize the voltage balance control
of the floating capacitors and the neutral point, the proposed
modulation method set a threshold to decouple them and set
two corresponding signals to feedback. Consequently, the pro-
posed modulation method can realize the voltage balance while
eliminating the CZCD by reasonably selecting the switching
states.

Fig. 1. Three phases of the RSHMC converter.

Therefore, in this article, a modulation method with CZCD
elimination and voltage balance control for the RSHMC con-
verter is proposed. The main innovations and contributions of
this article are summarized as follows.

1) In the proposed modulation method, the CZCD in the

output current of the RSHMC converter can be eliminated
by reasonably selecting the switching states with less
computation and control difficulty.
The proposed modulation method can control the voltage
balance of the floating capacitor and the neutral point
which s also realized by selecting the redundant switching
states. Furthermore, the voltage balance of the floating
capacitors and the neutral point and the elimination of the
CZCD can be achieved at the same time, which can ensure
the normal operation of the RSHMC converter.

The rest of this article is organized as follows. In Section II,
the overview of the RSHMC converter is proposed. Sections III
and IV propose modulation method to eliminate CZCD and
control the voltage balance. In Section V, the effectiveness of
the proposed method is verified by simulation and experimental
results. Finally, Section VI concludes this article.

2)

II. OVERVIEW OF THE RSHMC CONVERTER
A. Topology of the RSHMC Converter

Fig. 1 shows the RSHMC converter, consisting of an HB and
a Vienna rectifier per phase. The ac-side is connected to the
three-phase grid e, (x = a,b,c), and the dc-side is connected to the
load. L is the filter inductance and R is the equivalent resistance.
C; (x = a,b,c) is the floating capacitor of HB and C41, C 42 are
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respectively the upper and lower capacitor of the dc-side. S,1,
Sz2 (x =a,b,c) and S;3, Sy4 (x = a,b,c) are two pairs of IGBT
switches that operate in a complementary state respectively. S5
and S, (x = a,b,c) have the same switching state, and D,; and
D,2 (x = a,b,c) are diodes which are uncontrollable. The output
voltage of the RSHMC converter U,, (x = a,b,c) consists of
two parts, the output voltage of the HB U, (x = a,b,c) and the
output voltage of the Vienna rectifier U, , (x = a,b,c), which
can be expressed as

Uzo = Uzer + Uyro- (D

The voltage of floating capacitor is defined as Uy, (x = a,b,c)
and the voltage of dc-side is defined as Uq.. And the voltages of
C41 and Cy5 are, respectively, defined as Up and U y. Besides,
the input current is defined as I, (x = a,b,c) and the current
flowing into the floating capacitor C, is defined as iy, (x = a,b,c).
Provided the voltage across C4; and Cg4o in Fig. 1 is 2E and
the output voltage amplitude of HB part is set as E. In rated
condition, Uy, is controlled at £ and U p and U y are respectively
controlled at 2E. Thus, the voltage of dc-side can be expressed
as

Use =Up+Uny =2Up =4FE. 2)

B. Mathematical Model

In this section, according to the proposed topology shown in
Fig. 1, the continuous-time mathematical model of the proposed
converter output phase voltages, and iy, is expressed as follows.

The switching functions of the proposed topology can be
expressed as

S,; = {1 Sgj is ON

0 S -isOFF’x:a’b’C’ andj=1~6. (3)
zj

Combined with the switching functions, the output phase
voltage of the HB U,,- can be expressed as

Udc
Uza:’ = (S:vl - Sa:d) ' war = avbv C. (4)

The output voltage of the Vienna rectifier U,», can be ex-
pressed as
p— y Udc f—
Upo =sgn(iz) - (1 —Sys - Sae) - -5 t=0 b,c (5
where sgn(i;) is the symbolic function which is expressed as

. 1 ifi, >0
senlia) =21 ip4, <00 ¥

Thus, the output voltage of the RSHMC converter U, can be
expressed as

a,b,c. (6)

U U,
Uzo = (Swl - Sa: ) . % + Sgn(%:) . (1 - SxS . Sa:G) . £

(7

As shown in Fig. 1, according to the Kirchhoff’s law of

voltage, the output phase voltage equations of the RSHMC
converter can be expressed as

diyg .

SE 4 Rig+Uso+Umz =abc  (8)

ex:Ldt
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(h1) (h2) (i)

Fig. 2. Conduction paths of the RSHMC converter. (a) Uy, = -3E (1,<0).
(bl) Uy = -2E (14,<0). (b2) Uyp = -2E (I1,<0). (¢) Uy = -E (14<0).
(d) Ugo = -E (14<0 or 1,>0). (el) Ugo = 0 (15<0 or 1,>0). (€2) Ugyo =
0(y<00r1,>0).(f) Ugo = E(4<00r1,>0).(g) Uso = E (1,>0). (h1) Ugo
=2E (1,>0). (h2) Uy, = 2E (15,>0). (1) Uy = 3E (1,>0).

where U,,, is the common mode voltage across the neutral-point
of dc-side and three-phase input voltages.

According to the Kirchhoff’s law of current, the input currents
are expressed as

I,+1,+1,=0. )

Based on the relationship between capacitor voltage and
current, iy, can be expressed as

(10)

C. Switching States

Fig. 2 shows the conduction paths of seven-level output volt-
age in phase A. The red path represents the current path and the
arrow direction represents the available direction of /,. After
analysis, HB can output O level and +E level and the Vienna
rectifier can output O level and £2F level. After cascading these
two parts, the RSHMC converter can output seven levels from
-3E to 4+3E. The switching states of the RSHMC converter are
given in Table II, where 1 means that the switching device is ON
and 0 means OFF. Table II gives that there are two conduction
paths except +3F voltage level. However, only the redundant
switching states of FE voltage level can be utilized to control
voltage balance of C 41, C 42, and C, which are essential to attain
accurate and steady output voltage. In order to facilitate analysis,
Table II highlights the output voltage levels that are relevant to
the floating capacitor voltage in orange and those that are not in
yellow. Besides, since the two states of st2, st5, and st8 have the
same influence on the floating capacitor voltage and the neutral
point voltage. For facilitating analysis, they are combined into
one state in this article which are st2, st5, and st8.
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TABLE II TABLE IIT
SWITCH STATES OF THE RSHMC CONVERTER RELATIONSHIP BETWEEN VOLTAGE LEVEL, MODULATION WAVE AND CARRIER
WAVE
Lo H-bridge Vienna
Output Switching rectifier rectifier Relationship between modulation wave and
Voltage State q Voltage level
le sx2 Sx3 Sx4 SxS Sx6 carrier wave
3E st9 1 0 0 1 0 0 U:=Cs 3E
2E st8 1 0 1 0 0 0 Cs<U<Cs 2E
2E st8 0 1 0 1 0 0 CisU<Cs E
E st7 0 1 1 0 0 0 CG=sU<Cy 0
E St6 1 0 0 1 1 1 CsSUSGC -E
0 st5 1 0 1 0 1 1 CEUC, -2E
0 st5 0 1 0 1 1 1 U.<Ci -3E
E st4 0 1 1 0 1 1
-E t3 1 0 0 1 0 0 —_—_,——_————— — — = — —
> Source | Filter Converter Rectifier |
2F st2 1 0 1 0 0 0 I_ — I r— o
2E st2 0 1 0 1 0 0 [ ||
3E stl 0 1 1 0 0 0 | | — RSHMC ||
i L Ll
3 N Cs V20 [ 20 U, 26
2E =
5
E C, Fig. 4. Equivalent circuit of the RSHMC converter.
'
- 1 P
o N o
-1 . . .
-3E! voltage level, modulation wave and carrier wave are shown in
. . Table III. Besi he modulation index m of the modulation
Fig. 3.  Phase reference voltage and current over a fundamental period of PD- able esides, the modulatio de of the modulatio

SPWM.

III. MODULATION METHOD WITHOUT CURRENT
ZERO-CROSSING DISTORTION

A. Design of Modulation Method

In order to facilitate analysis and implementation, the
RSHMC converter adopts the multilevel SPWM modulation
method in this article, which is the most common method in mul-
tilevel converter modulation. In multilevel converters, carrier-
based modulation methods can be divided into two classes:
phase-shifted pulsewidth modulation (PS-PWM) and level-
shifted pulsewidth modulation (LS-PWM). LS-PWM gains
more popularity since it has better output voltage quality with
lower distortion compared with PS-PWM.

There are three schemes for the LS-PWM: alternative phase
opposite disposition; phase opposite disposition; and phase dis-
position (PD). When adopting PD-PWM modulation method, it
has better performance in reducing distortion. Thus, the RSHMC
converter adopts PD-PWM modulation method and the refer-
ence voltage and current in one phase over a fundamental period
of PD-SPWM is shown in Fig. 3. The three-phase reference
voltage (U,, Uy, U.) can be expressed as

U, = Vp, cos (27 fst)

U, = Vi cos (2m fst — 27 /3)
U.=V,,cos(2rfst +27/3)

(1)

where V,,, is the magnitude of the source, and f; is the funda-
mental frequency of the source.

PD-PWM modulation method requires six triangular carriers
of the same amplitude and frequency which are, respectively,
defined as C1—Cg, as shown in Fig. 3. The relationship between

wave is defined as

V3V,
=29 12
m Une (12)

where V is the peak value of the grid e;.

B. Analysis of Current Zero-Crossing Distortion

The current should be satisfied for normal operation of the
RSHMC converter. However, when adopting the conventional
PD-SPWM method, there will be current distortion in the
RSHMC converter when the reference voltage U, has phase dif-
ference with the current. Take the RSHMC converter operating
with unity power factor as an instance, the phase of the current
I, will correspond with the phase of the source voltage V, by
applying control. Due to the existence of the filter inductor, the
reference voltage U,, which generates the pole voltage U, (x
= a,b,c), has the phase difference with the current, as shown in
Fig. 3. The phase difference between the current and reference
voltage is defined as #, and with the increase of the inductor, 6,
will also be increased [32].

To calculate 6, the equivalent circuit between the RSHMC
converter and the source is used, as shown in Fig. 4. This article
only takes into account the filter inductance and resistance.

I, of Fig. 4 can be expressed as

V, U,  VyaZ0-U,/6,
Z R+j2rf.L

= 1,20 (13)

where V, is the output voltage of source, R is the resistance of
the filter, and L is the inductance of the filter. Equation (13) can
be expressed as

U,/0, = (V, — RI,) — j2r f,LI,. (14)
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6 st7 stS S
A(0.E.P.E}A(0.E.P.0) A(0.E.N.E}A(0,E.N.0
“——> —P

E
0 wt
-E
A(0.E.P) A(0.E.N)
| A 7T |
Fig. 5. Modulation wave across from positive to negative half cycle.

St3 st4 st5 A(-E.0) stS ! st4
IA(-E.0.N.-E}A(-E.0.N.0) |<—>| A(-E.0.P.0)iA(-E.0.P.-E
< > —P| 1 1111 ——P|

E
0 wt
-E
A(-E.0.N) -4 A(-E.0.P)
| Tars |
Fig. 6. Modulation wave across from negative to positive half cycle.

By using (13), 6, is calculated as
—1I, X 27 fsL

= 1
tan 6, V. LR (15)
=1 x2nfsL
= =) 1
0, = tan ( VLR ) (16)

Since the phase of the current is 6, ahead of the phase of the
voltage, the current will cross the zero point in advance. Due to
the existence of the Vienna rectifier in the RSHMC converter,
when the polarity of /; and U, are inconsistent, the output voltage
will deviate from the modulated wave resulting in the CZCD. In
order to ensure the normal operation of the RSHMC converter, it
is significant to eliminate the CZCD. For control techniques, the
traditional reactive power compensation method can reduce 6,
or even can guarantee the same phase of the current and the refer-
ence voltages, which can completely solve the CZCD problem.
However, the traditional reactive power compensation method
achieves less power factor. For most modulation strategy, it
requires additional complex calculations. Thus, a modulation
method for the RSHMC converter is proposed to eliminate the
CZCD.

C. Method to Eliminate Current Zero-Crossing Distortion

To eliminate CZCD, a modulation method is proposed in this
article, as shown in Figs. 5 and 6.

Taking phase A as an example, when the modulation wave
crosses from positive to negative half cycle, the interval where
the amplitude of U, is between 0 and E is defined A0, E),
as shown in Fig. 5. According to the polarity of /,, A(0, E) is
further divided into two subintervals: A(0, E, P) corresponds to
the polarity of I, is positive and A(0, E, N) corresponds to the

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 12, DECEMBER 2024

TABLE IV
SWITCHING STATES WITHOUT CURRENT ZERO-CROSSING DISTORTION

o Voltage Switching Voltage Switching
level state level state
A0, E, N) 0 st5 E sto
A(0,E, P) 0 st5 E st6 st7
A(E, 2E) E st6 st7 2E st8
A(2E, 3E) 2E st8 3E st9
AQE, 2E) 3E st9 2E st8
A(2E,E) 2E st8 st6 st7
A(E, 0) sto st7 0 st5
A(0, -E, P) 0 st5 -E st4
A(0, -E, N) 0 st5 -E st3 st4
A(-E, -2E) -E st3 st4 -2E st2
A(-2E, -3E) -2E st2 -3E stl
A(-3E, -2E) -3E stl -2E st2
A(-2E, -E) 2E st2 -E st3 st4
A(-E, 0, N) -E st3 st4 0 st5
A(-E, 0, P) -E st4 0 st5

polarity of 7, is negative. When wt belongs to the subinterval A(0,
E), the RSHMC converter should output either O level or E level
according to the comparison between the triangular carrier and
the modulated wave. In the subinterval A(0, E, P), the switching
state st6 and st7 can both be selected to output E level and the
switching state st5 is selected to output O level. However, in
the subinterval A(0, E, N), only the switching state st6 which is
independent of the polarity of current can be selected to output
E level. If the switching state st7 is still selected to output E
level in the subinterval A(0, E, N), the negative current will flow
through the diode D,; and the RSHMC converter will output
-3E level resulting in the CZCD.

When the modulation wave across from negative to positive
half cycle, the interval where the amplitude of U, is between -E
and O is defined A(-E, 0), as shown in Fig. 6. According to the
polarity of 1,, A(-E, 0) is further divided into two subintervals:
A(-E, 0, N) corresponds to the polarity of /, is negative and
A(-E, 0, P) corresponds to the polarity of /,, is positive. When wt
belongs to the subinterval A(-E, 0), the RSHMC converter should
output either -E level or 0 level according to the comparison
between the triangular carrier and the modulated wave. In the
subinterval A(-E, 0, N), the switching state st3 and st4 can both be
selected to output -E level and the switching state st5 is selected
to output O level. However, in the subinterval A(-E, 0, P), only
the switching state st4 which is independent of the polarity of
current can be selected to output -E level. If the switching state
st3 is still selected to output -E level in the subinterval A(-E, 0,
P), the positive current will flow through the diode D2 and the
RSHMC converter will output +-3FE level resulting in the CZCD.

The switching states considering the elimination of CZCD
are given in Table IV. Besides, PD-SPWM in one fundamen-
tal period without zero-crossing current distortion is shown in
Fig. 7. Different colors correspond to different switching states,
respectively, as shown in Fig. 7.
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[t ] [ se2 | [ s3] st4 | | st4 | [ st5 | [(st6 ] [ st8 | [ st |
3E Ay
IE / 7 e A / /
N VA Q
E 7Z\W4 N N S /
0 7 n /\//\ /\\/“ \//\ /\ ’: s
07 (VI AVARATIMISAYAVAVA) i NG uy
2E /] /\ Y\ \/] \//\v/\/ \/
RHIAINVNAVAVAYIVAVAVAIAVA AV VAV,
First Current Second Current Third Current
Zero-crossing Zero-crossing Zero-crossing
Fig. 7. PD-SPWM without zero-crossing current distortion.

1IV. VOLTAGE BALANCE MODULATION METHOD

Floating capacitor voltage balance and the neutral point volt-
age are the essential requirements for the stable operation of
the RSHMC converter. However, the floating capacitor voltage
should be controlled preferentially since the floating capacitor
voltage is controlled independently by their own phase. More-
over, for the RSHMC converter, there are redundant switching
states which can be used to charge or discharge the capacitor.
Thus, to achieve capacitor voltage balance, it is required to select
switching state reasonably.

A. Voltage Balance Control of Floating Capacitor

As mentioned above, the floating capacitor voltage should be
controlled at E (Uq./4). Besides, it can be seen from Fig. 2 and
Table II that the switching states st2, st5, and st8 have no effect on
the floating capacitor voltage since there is no current flowing
through the floating capacitor. While the remaining switching
states will have influence on the floating capacitor voltage. For
example, when the output voltage is +3E, the floating capacitor
voltage is uncontrollable since there are no redundant switching
states. When the output voltage is +E, there are two switching
states which have opposite influence on the floating capacitor
voltage. Thus, it can achieve floating capacitor voltage balance
through selecting switching states when the output voltage is -E
or +E.

Take phase A as an example, the deviation of the floating
capacitor voltage of phase A is expressed as

AUy = Uy — Uge /4. (17)

The control signal of floating capacitor voltage Uy, can be
expressed as

sigUsq = 1,AUy, (18)

In the subinterval A(0, E, P), the current is positive. Assuming
that AUy, >0, sigUy, >0, the switching state st7 can be selected
to discharge the floating capacitor. If AUy, < 0, sigUy, < 0,
the switching state st6 can be selected to charge the floating
capacitor. In the subinterval A(0, -E, N), the current is negative.
Assuming that AUy, >0, sigUy, <0, the switching state st3 can
be selected to discharge the floating capacitor. If AUy, < 0,
sigUy, > 0, the switching state st4 can be selected to charge the

floating capacitor. Specifically, in the subinterval A(0, E, N), the
current is negative. Only the switching state st6 can be selected
to discharge the floating capacitor and it cannot realize charging
by selecting the switching states in the subinterval A(0, E, N).
Besides, in the subinterval A(0O, -E, P), the current is positive.
Only the switching state st4 can be selected to discharge the
floating capacitor and it cannot realize charging by selecting the
switching states in the subinterval A(0, -E, P).

B. Voltage Balance Control of Neutral Point

The deviation of the neutral point voltage is expressed as
AUg = Un — Up. (19)

The control signal of neutral point voltage Ug. can be ex-
pressed as

SigUdc = IaAUcha. (20)

As mentioned above, it needs to set a threshold which is
defined as AX to control the overall capacitor voltage balance.
Take phase A as an example, when [AUy, |>AX, sigUy, will
be used to control the floating capacitor voltage. When |[AUy,
|<AX, sigUq. will be used to control the neutral point voltage.
For example, when the output voltage is £3E, +2F, and 0,
the neutral point voltage is uncontrollable since there are no
redundant switching states. When the output voltage is £E,
there are two switching states which have opposite influence
on the neutral point voltage. Thus, it can achieve neutral point
voltage balance through selecting switching states when the
output voltage is -E or +E.

In the subinterval A(0, E, P), the current is positive. Assuming
that AUq. >0, sigUq. >0, the switching state st7 can be selected
to discharge the capacitor Cgo. If AUy < 0, sigUg. < 0, the
switching state st6 can be selected to charge the capacitor Cgo.
In the subinterval A(0, -E, N), the current is negative. Assuming
that AUq. >0, sigUg. >0, the switching state st4 can be selected
to discharge the capacitor Cyso. If AUy < 0, sigUy. < 0, the
switching state st3 can be selected to charge the capacitor Co.
Specifically, in the subinterval A(0, E, N), the current is negative.
Only the switching state st6 can be selected to discharge the
capacitor Cyo and it cannot realize charging by selecting the
switching states in the subinterval A(0, E, N). Besides, in the
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Fig. 8.  Flow chart of charge and discharge of capacitors.
TABLE V
Topology YT p— SWITCHING STATES OF VOLTAGE BALANCE STRATEGY WHEN |AUEX |>AX
¢ L R ia
%, S| S e T Switchin
) “ . R b i) 3c, ot I sigUp Stnte 8 €
n .
e L R e o T Ca l A(0, E,N) <0 random st discharge
A(0,E, P) >0 <0 st6 charge
Switching States
| g
Control Block :-_m't [Tl = T T =T =] A0, E, P) >0 >0 st7 discharge
01, [UEEEEES ettt TN AS S E R
Use " IXSPWM " T A(0, -E, P) >0 random st4 discharge
SeU,." dq A w.n out 4 fu
Uy zelwcr?sslng sigUp _ .
45 abe ] o in Figr je—visle AGEN = <0 st3 discharge
3 a - < >
ol [Voltage balance control signal in Figh}—tr—————— AGEN ! ’ St4 charee
Fig. 9. Control diagram of the RSHMC converter. TABLE VI

subinterval A(0, -E, P), the current is positive. Only the switching
state st4 can be selected to charge the capacitor C4o and it
cannot realize discharging by selecting the switching states in
the subinterval A(0, -E, P).

For example, AX is set to 5. Take phase A as an example,
when |A Uy, |<5, sigUq. will be used to control the neutral point
voltage. When AUg. >0, the switching state st7 can be selected
to discharge the capacitor Cyo when the output voltage of the
RSHMC converter is +FE and the switching state st4 can be
selected to discharge the capacitor C 42 when the output voltage
of the RSHMC converter is -E. When AUy, < 0, the switching
state st6 can be selected to charge the capacitor C o when the
output voltage of the RSHMC converter is +E and the switching
state st3 can be selected to charge the capacitor C o when the
output voltage of the RSHMC converter is -E.

When |AUy, |>5, sigUy, will be used to control the floating
capacitor voltage balance. When the RSHMC converter operates
in the steady state, the floating capacitor voltage will fluctuate
within the set value of +5V or -5 V. If AUy, is greater than +5'V,
the switching state st7 can be selected to discharge the floating
capacitor when the output voltage of the RSHMC converter is
+E and the switching state st3 can be selected to discharge

SWITCHING STATES OF VOLTAGE BALANCE STRATEGY WHEN |AUFX |[<AX

wt I sigUuc Swsi:;:l:ng Can
A0, E,N) <0 random sto discharge
A(0, E, P) >0 >0 st6 charge
A(0,E, P) >0 <0 st7 discharge
A(0,-E, P) >0 random st4 charge
A0, -E, N) <0 <0 st3 charge
A(0, -E, N) <0 >0 st4 discharge

the floating capacitor when the output voltage of the RSHMC
converter is -E. If AUy, is less than -5V, the switching state st6
can be selected to charge the floating capacitor when the output
voltage of the RSHMC converter is +E and the switching state
st4 can be selected to charge the floating capacitor when the
output voltage of the RSHMC converter is -E.

The switching states of the voltage balance strategy for the
RSHMC converter are given in Tables V and VI. Besides, flow
chart of charge and discharge of the capacitors is shown in Fig. 8.

In summary, Fig. 9 depicts the control diagram of the RSHMC
converter. The phase-locked loop shown in Fig. 9 captures the
grid voltage phase to facilitate the dq transformation. In the dg
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TABLE VII
SIMULATION AND EXPERIMENTAL PARAMETERS

Parameters Simulation Experiment
DC-link voltage (Ua) 540 V/590 V/680V 95 V/105V/120V
Grid voltage (V) 311V 55V
Filter resistance (R) 05Q 05Q
Filter inductor (L) 5SmH 5mH
Resistance load (Rioaq) 12Q 12Q/9Q
DC-side capacitor (Cai, Ca2) 2350 uF 2350 uF
Floating capacitor (Cx) 3333 uF 3333 uF
Control period (7%) 100 ps 100 ps
Line frequency (fiinc) 50Hz 50Hz

domain, /4* and I+ serve as the current references, while /4 and
I, correspond to the three-phase currents after the dg conversion,
as illustrated in Fig. 9.

V. SIMULATION AND EXPERIMENTAL RESULTS

To verify the effectiveness of the modulation method illus-
trated above, the model of the RSHMC converter is estab-
lished in MATLAB/SIMULINK. Table VII gives the simula-
tion and experimental parameters. When the dc-link voltage
Uqgc is 540V/590V/680V and the grid voltage V, is 311 V,
the modulation index m is 1/0.9/0.8 in simulation. When the
dc-link voltage Uyg. is 95V/105V/120V and the grid voltage V,
is 55 V, the modulation index m is 1/0.9/0.8 in experiment. In
this section, the modulation method with CZCD elimination and
voltage balance control for the RSHMC converter is verified its
feasibility and effectiveness.

A. Simulation Results

The simulation results when modulation index m is 0.8 are
shown in Fig. 10. As shown in Fig. 10(a) and (b), the output
phase voltage is five-level and the line voltage is nine-level. In
Fig. 10(c)—(e), the output three-phase current, the voltage of the
three-phase floating capacitor and the dc-link capacitor voltage
are all controllable and balanced. It is obvious that there is no
CZCD in the output current of the RSHMC converter with the
proposed modulation method.

Fig. 11 shows the simulation results when modulation index
mis 1. As shown in Fig. 11(a) and (b), the output phase voltage
is seven-level and the line voltage is eleven-level. There is no
CZCD and the output current is balanced and low harmonic, as
shown in Fig. 11(c). Besides, the three-phase floating capacitors
and the dc-link capacitor voltage are both controllable with the
proposed modulation method when modulation index mis 1.

To verify the effectiveness of the proposed modulation
method, Fig. 12 shows transient simulation results when modu-
lation index m is 0.9. From 0.4 to 0.5 s, the RSHMC converter
adopts the modulation method without eliminating the CZCD
to control the voltage balance of the floating capacitors and the
dc-link.
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Fig. 10. Simulation results when modulation index m = 0.8, including

(a) phase voltage, (b) line voltage, (c) three-phase current, (d) voltages of the
floating capacitors, and (e) the upper and lower capacitor voltages of DC-link.

As shown in Fig. 12(c), there is distortion when the current
crossing the zero point. Besides, the voltage of three-phase
floating capacitors and the dc-link capacitor is not well balanced
before 0.5 s, as shown in Fig. 12(d) and (e). At 0.5 s, the
RSHMC converter adopts the proposed modulation method to
eliminate the CZCD and to control the voltage balance of the
floating capacitors and the dc-link. After adopting the proposed
modulation method, the output phase voltage returns to balanced
seven levels and the line voltage returns to balanced eleven
levels, as shown in Fig. 12(a) and (b). It is worth mentioned
that the current restores balance without CZCD, as shown in
Fig. 12(c). Besides, the voltage of the floating capacitors and
the dc-link voltage are balanced with less fluctuation, as shown
in Fig. 12(d) and (e).

B. Experimental Results

The experiment is conducted in the RSHMC converter plat-
form to verify the feasibility of the proposed modulation
method. The experimental prototype of the RSHMC converter
is shown in Fig. 13 and the experimental parameters are given in
Table VII. In the experiment, the Infineon switch IGBT (part no.
IKW40N120T2) is used. In the measurement tools selection, the
current sensors (part no.T60404-N4646-X400) and the voltage
sensors (part no.VSMO025A) are to transmit the signals to the
dspace controller and the current probes and the voltage probes
are to transmit the signals to the oscilloscope. The Tektronix
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Fig. 11.  Simulation results when modulation index m = 1, including (a) phase
voltage, (b) line voltage, (c) three-phase current, (d) voltages of the floating
capacitors, and (e) the upper and lower capacitor voltages of DC-link.

TPS 2014B oscilloscope is utilized to observe and record the
experimental results.

The experimental results when modulation index m is 0.8,
0.9, and 1 are, respectively, shown in Figs. 14 —16. When the
dc-side voltage decreases from 120 to 95 V, the corresponding
modulation index m will increase from 0.8 to 1 and the phase
current will decrease correspondingly. Besides, with the increase
of the modulation index m, the output phase voltage level in-
creases from five-level in Fig. 14(a) to seven-level in Figs. 15(a)
and 16(a). Furthermore, Figs. 14—16 jointly show that the output
phase currents are all undistorted and balanced and the voltage of
the floating capacitor and the voltage of dc-side are all balanced
and well-controlled which can verify the effectiveness of the
proposed modulation method.

Fig. 17 shows the transient experimental results when mod-
ulation index m = 0.9 from R = 12 Q to R = 9 2. When the
resistance load decreases, the current of phase A will increase,
as shown in Fig. 17. Besides, after switching the resistance load,
the floating capacitor voltage and the voltage of dc-side are still
balanced and well-controlled.

Fig. 18 shows the transient experimental results when mod-
ulation index m = 0.9 from adopting voltage balance method
without eliminating CZCD to adopting the proposed modulation
method. When adopting voltage balance method without elim-
inating CZCD, the phase current is distorted and the floating
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Fig. 12.  Transient simulation results when modulation index m = 0.9, includ-
ing (a) phase voltage, (b) line voltage, (c) three-phase current, (d) voltages of the
floating capacitors, and (e) the upper and lower capacitor voltages of DC-link.
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Fig. 13.

Experimental prototype of the RSHMC converter.
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Fig. 14.  Experimental results when modulation index m = 0.8, including (a)

output current of phase A (/,), output voltage of phase A (U,,) and the floating
capacitor voltage of phase A (Uy,) and (b) voltage of DC-side (Uqc) and the
upper and lower capacitor voltages of DC-side (Up, Un).
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Fig. 15. Experimental results when modulation index m = 0.9, including (a)

output current of phase A (/,), output voltage of phase A (U,,) and the floating
capacitor voltage of phase A and (b) voltage of dc-side (Uq.) and the upper and
lower capacitor voltages of dc-side (Up, Un).
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Fig. 16. Experimental results when modulation index m = 1, including

(a) output current of phase A (/,), output voltage of phase A (U,,) and the
floating capacitor voltage of phase A and (b) voltage of DC-side (Uqc) and the
upper and lower capacitor voltages of DC-side (Up, Un).
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Fig. 17. Transient experimental results when modulation index m = 0.9 from
R =12 Q to R = 9 Q, including output current of phase A (I,), the floating
capacitor voltage of phase A and the upper and lower capacitor voltages of
dc-side (Up, Up).

capacitor voltage and the voltage of the dc-side deviate from the
set voltage. After adopting the proposed modulation method,
there is no distortion in the phase current and the floating
capacitor voltage and the voltage of dc-side restore balance.
Therefore, the proposed modulation method is effective and well
performed.

Fig. 19 shows the FFT analysis in experiment of the current
and its spectrum after adopting the voltage balance method
without eliminating CZCD under m = 0.9 and adopting the
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Fig. 18. Transient experimental results when modulation index m = 0.9 from
adopting voltage balance method without eliminating CZCD to adopting the
proposed modulation method, including output current of phase A (I,), the
floating capacitor voltage of phase A and the upper and lower capacitor voltages
of dc-side (Up, Uy).
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Fig. 19. FFT analysis in experiment of the current and its spectrum.
(a) Adopting the proposed modulation method under m = 0.8. (b) Adopting
the proposed modulation method under m = 1. (c) Adopting the voltage balance
method without eliminating CZCD under m = 0.9. (d) Adopting the proposed
modulation method under m = 0.9.

proposed modulation method under m = 0.8, 0.9 and 1. The
THD of the current are respectively 3.58% and 4.84% when the
modulation index mis 0.8 and 1, as shown in Fig. 19(a) and (b).
When the modulation index m is 0.9, the THD of the current
decreases from 10.96% to 4.43% after adopting the proposed
modulation method to eliminate CZCD.

VI. CONCLUSION

In this article, a modulation method with CZCD elimination
and voltage balance control for the RSHMC converter was
proposed. The proposed modulation method can eliminate the
CZCD of the RSHMC converter by reasonably selecting redun-
dant switching states. Besides, the floating capacitor voltage and
the neutral point voltage can be balanced by utilizing different
charge or discharge switching states. Since both the voltage
control of the floating capacitor and the neutral point need to
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utilize the switching states, a threshold was set to control the
overall capacitor voltage balance. After adopting the proposed
modulation method, the current quality was improved compared
with adopting the method without eliminating CZCD and the
THD of current was controlled to less than 5% with no CZCD
and balanced voltage. Besides, the proposed modulation method
is also effective under multiple modulation index and under
dynamic conditions which can ensure the normal operation
of the RSHMC converter under different working conditions.
The simulation and experimental results have confirmed the
feasibility and validity of the proposed modulation method.
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