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A Compensation Component Injection Method Based
on a Hybrid Modulation for Minimizing the
Neutral-Point Voltage Oscillations in a Five-Level
Flying Capacitor Rectifier

, Xuezhi Wu
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Peng Zhang

Abstract—Neutral-point (NP) voltage oscillating is an inherent
problem for multilevel converters with split dc-link capacitors. In
this article, a compensation component injection method based on
a hybrid modulation for minimizing the NP voltage oscillations
in a five-level flying capacitor rectifier is proposed. In specific,
the equivalent modulation waves are first obtained by adopting
an existing simplified space-vector modulation method. And a
hybrid modulation which gives both the same optimal harmonic
performance as phase-disposition pulse width modulation (PWM)
and the same superiority of flying capacitor voltage regulation
as phase-shifted PWM is adopted. Meanwhile, the solved optimal
compensation component in each subsector is injected to make the
average NP current equal to zero for minimizing the NP voltage
oscillations. Simulations and experiments were conducted to verify
the performance of the proposed compensation method based on
the hybrid modulation.

Index Terms—Compensation component injection, five-level
flying capacitor (SL-FC) rectifier, hybrid modulation, neutral-
point (NP) voltage oscillations minimization, phase-disposition
pulsewidth modulation (PDPWM), phase-shifted PWM (PSPWM),
simplified carrier-based space-vector modulation (SVM) method.

1. INTRODUCTION

OR SOME nonregenerative power applications, such as dc
F charger systems, wind energy conversion systems, power
factor corrections, telecommunications, aircrafts, etc., multi-
level unidirectional rectifiers are being preferred, as they use
less active switches, which helps to increase power density,
reduce system cost and improve reliability [1]-[5]. Different
multilevel rectifiers have been proposed in [6]—[13], which are
hybrids and modifications of conventional multilevel topologies
including diode clamp type, flying capacitor (FC) type, and
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Fig. 1. Topology of the 5L-FC rectifier.

cascaded h-bridge type. Among them, one superior topology [7]
composed of diode clamp type and FC type is shown in Fig. 1.
Only four switches and four diodes are needed in each phase leg
to generate five voltage levels.

In practical applications, the capacitor voltage balancing,
including three FCs and two dc-link capacitors, is of great impor-
tance. Capacitor voltage imbalance not only increases voltage
stress on switches and capacitors, which reduces their opera-
tional lifetime and reliability, but also has a negative impact on
the fundamental component of the input currents with increasing
current total harmonic distortion (THD). At present, a large
number of modulation strategies have been proposed to address
the problem, which can be mainly categorized into carried-based
pulsewidth modulation (PWM) methods [14]-[18], space-vector
PWM (SVPWM) techniques [19]-[22], and other modulation
strategies [23]-[27].

Carrier-based PWM is easy to be implemented with low cal-
culation complexity. PSPWM [14] is widely used in multilevel
converters, for its convenience and capability of natural FC volt-
age balance. The FC voltages are regulated by slightly adjusting
the two modulation waves while the dc-link voltage balancing
is achieved by injecting zero-sequence component. PDPWM
[15] has better line voltage harmonic performance. However, the
conduction and switching losses are distributed nonuniformly.
The FC voltage and dc-link voltage are balanced by choosing
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suitable redundant switching states and injecting suitable zero-
sequence voltage respectively. Some improved PSPWM and
hybrid modulation schemes are also proposed in [16]-[18] to
combine the advantages of PSPWM and PDPWM. Compara-
tively, SVPWM has a better performance with high utilization
of dc voltages and flexibility. In [19], an optimized SVPWM
strategy in the virtual coordinate is proposed. All triangles in the
five-level space vector diagram (SL-SVD) are divided into seven
categories which have different characteristics of balancing the
neutral-point (NP) potential. In [20], anovel SVPWM algorithm
based on line voltage coordinate is studied for reducing the
calculations. The voltage balancing of dc-link capacitors and FC
capacitors are realized by choosing suitable switching sequence
and redundant switching states. In [21] and [22], for the aim of
reducing the common-mode voltage, only some of all the 125
basic vectors are chosen, resulting in the current THD increased
slightly and the modulation range decreased. The dc-link and FC
voltages are controlled by selecting redundant switching states
appropriately. The equivalence between carrier-based PWM and
SVPWM has also been investigated in many articles [23]-[25].
Complex SVPWM strategies can be equivalently achieved by
carrier-based PWM with injecting zero-sequence component
[25], [26]. The essential idea is to covert the multilevel converters
into two-level converters, and then use the equivalence between
two-level SVM and carrier-based PWM. Unfortunately, most
of these simplified methods are the special case of equal time
distribution between redundant vectors without considering the
neutral point voltage and FC voltage balancing problem, which
is extremely important for multilevel FC converters like this
topology. SL-FC rectifiers cannot work normally under these
simplified strategies. Moreover, some unique strategies with
different advantages, such as model predictive control [27],
[28], discontinuous PWM [29], selective harmonic elimination
PWM [30], and hybrid modulation [31] are also proposed one
after another. Essentially, they all achieve the FC and dc-link
voltages balance by adjusting the corresponding capacitor cur-
rents. There is no doubt that the above strategies can effectively
keep the dc-link voltages and FC voltages balanced. However,
the NP current caused by basic voltage vectors cannot be fully
eliminated in a switching period, resulting in low-frequency NP
voltage oscillations.

In order to minimize the low-frequency NP voltage oscilla-
tions, large capacity capacitors [32] or extra balancing circuits
[33] can be adopted, whereas the system cost and bulk are
increased. Solutions based on modulation techniques are more
appropriate. In three-level filed, according to the principle that
the average NP current in a carrier period should be zero,
several modulation methods with unique advantages have been
proposed, including adopting virtual vectors [34], [35], injecting
optimal compensation value to reference signals [36], adjusting
the relative dwell time of basic vectors [37], [38], using double
modulation waves [39], adopting hybrid modulation strategies
[40], etc. They are effective and instructive. Nevertheless, due
to the difference of topological structure, the above strategies
cannot be successfully applied to SL-FC rectifiers.

Based on the above review, there are few effective modulation
strategies for mitigating the NP voltage oscillations in the SL-FC
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TABLE I
SWITCHING STATES OF 5L-FC RECTIFIER WITH EFFECTS ON NP AND FC

i Sa So Vi S i i F
1 1 05V W 0 0 4
1 0  025Ve s ik i 3"
T 1025V Vs - 0 3
0 0 0 2 0 i 2.
| 1 0 Vs 0 i 2
0 1 025V Ve o -i i 1
o 0 -025Ve V5 i 0 I
0 0 -05Ve Vi 0 0 0

rectifier currently. For addressing this issue, a compensation
component injection method based on a hybrid modulation
combining the advantages of PDPWM and PSPWM is proposed.
Optimal compensation component is injected to make the NP
current equal to zero for minimizing the NP voltage oscillations.

The rest of this article is organized as follows. In Section II,
the operational characteristic of the SL-FC rectifier is presented.
In Section III, a hybrid modulation and its characteristics are
detailly presented. Then, a compensation component injection
method based on the hybrid modulation is proposed to minimize
the NP voltage oscillations. In Section IV, simulations and
experiments are presented to verify the performance of the
proposed compensation method. Finally, Section V concludes
this article.

II. OPERATIONAL CHARACTERISTICS OF 5L-FC RECTIFIER

As shown in Fig. 1, the topology consists of four switches
and one FC in each phase leg. The rated voltage of both the
upper and lower dc-link capacitor is 0.5V, and three-phase FC
voltages should be regulated at 0.25V.. i, and iy, are the phase
current and phase NP current, respectively, where k represents
phases a, b, and c. (Sg1, S'x1) and (Sy2, S'k2) are two pairs of
complementary switch pairs. In addition, iz; and Viy are the
corresponding FC current and voltage. Their positive directions
are marked by the red arrows in Fig. 1. The NP is referred as the
zero potential.

Each phase leg of the SL-FC rectifier can produce five voltage
levels with eight distinctive switching states V;~Vyg, as given
in Table 1. For convenience, the five voltage levels —0.5Vy,
—0.25V4e, 0, 0.25Vq., 0.5V, are represented by 0, 1, 2, 3, 4.
Note that, £0.25Vy. have two redundant switching states (Vo
and V3, Vi and V7), which have opposite effects on the FCs and
can be used to regulate the FC voltages. Thus, 17 and 37 denote
that the corresponding switching states charge the FC while 1
and 3” denote that the corresponding switching states discharge
the FC. Itis worth emphasizing that 1 and 3T also affect the NP
potential, as shown in Table I, which means dynamic FC voltage
regulation will oscillate the NP voltage. This is the inherent
coupling problem between FCs and NP. V4 and V5 have the
same output voltage level and same effect on FC and NP. They
are distinguished by 2 and 2..
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Note that the generated terminal voltage of the rectifier is
not only determined by switching states, but also related to the
polarity of the phase current, as given in Table I. Thus, to achieve
unity power factor at the ac source terminals, there are inevitably
current distortions near the zero-crossing points [41]. To solve
the problem, unity power factor operation is considered at the
rectifier input terminals [42], [43]. Since the proportion of the
reactive power required by the filter is small, the power factor
at the ac source is still close to unity. This article adopts the
current-oriented control strategy proposed in [42] to operate the
rectifier.

When the grid is balanced, the input currents i can be
expressed as

in = Iy cos(6)
ib = Iy cos(0 — 27/3) (1)
iec = Iy cos(0 + 27/3)

where I,,, and 6 are the amplitude and phase angle of the input
currents, respectively. Thus, three-phase reference signals vi_ ot
can be expressed as

Vg_ret = M cos(6)
Up_rof = mcos(6 — 27/3) 2)
Ve ref = mcos(d + 27/3)

where m is the modulation index which is normalized at 0.5V4..
It satisfies 0 < m < 1.15.

The instantaneous NP current is the sum of three-phase cur-
rents flowing across the NP, which can be expressed as

In = 14Sq + 1pSp + 1c5¢ 3)
where S}, satisfies

g _ [LF=3"21%
70, else.
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Space vector diagram. (a) SL space vector diagram. (b) Modified 3L space vector diagram (N3 = 1). (c) Modified 2L space vector diagram (N2 = 1).

Fig. 3. Reference signal waveforms under the simplified SVM method (m =
1). (a) Equivalent reference signals v'j,_cq. (b) Modulation wavs nuj_

If the average value of the NP current i,, in a carrier period
can be controlled to zero, the NP voltage oscillations can be
effectively mitigated.

III. PROPOSED HYBRID MODULATION AND COMPENSATION
COMPONENT INJECTION METHOD

A. Traditional Simplified SVM Method

The equivalence between CBPWM and multilevel SVPWM
has been analyzed and proved in many articles [23]-[25]. The
essential idea is to transform the complex n-level SVD into sim-
ple two-level SVDs by sector divisions and vector corrections, as
shown in Fig. 2, and then use the equivalence between two-level
SVM and carrier-based PWM. Detailed implementation pro-
cesses of the simplified SVM method for five-level converters
are shown in Appendix.

Fig. 3 shows the reference signal waveforms under the sim-
plified SVM method. By comparing the equivalent reference
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Fig. 4. Switching sequence when N = 111.

signals v'j_eq with four symmetrical level-shifted triangular
carriers, the seven-segment switching sequence can be obtained,
which is composed of nearest three vectors (NTVs).

For convenience, defining N as the total sector label, it can be
written as

N = 100N5 + 10N3 + Ny 5)

where N5, N3, and Ny are the sector labels of the 5L-SVD,
3L-SVD, and 2L-SVD, shown in Fig. 2, respectively.

For the convenience of the following analysis, the equivalent
reference signals are further folded between 0 and 0.5 with one
triangular carrier, as shown in Fig. 3(b). Define the modula-
tion waves my, representing the folded reference signals. When
N = 111, the generated switching sequence is shown in Fig. 4,
composed of NTVs including 411(300), 400, and 410.

It is worth emphasizing that, the simplified SVM method con-
siderably simplifies the calculation, but only consider the case
of equal time distribution between redundant vectors without
the voltage control capability of FC and NP voltages. Thus, this
simplified method is not suitable for multilevel FC converters
especially SL-FC rectifiers, resulting in failing to work. For
solving these problems, this article proposes a compensation
component injection method based on a hybrid modulation, as
presented as follows.

B. Proposed Hybrid Modulation

PDPWM is known to have best line voltage harmonic per-
formance, while the conduction and switching losses are not
uniformly distributed [18]. On the contrary, PSPWM has the
ability of natural FC voltage balancing and simple control while
the line voltage harmonic performance is worse [16]. To combine
their advantages, this article proposes a hybrid modulation.

The implementation diagram of the proposed hybrid modu-
lation is shown in Fig. 5. The modified modulation wave m'y, is
half of the original modulation wave mj, which can be expressed
as

1
my, = 31 (6)

where m;, is the modulation waves shown in Fig. 3(b).

The phases of carrier waves T,; and T, are shifted by 180°,
identical to PSPWM. Comparing m’j, with T,.1, T2, respectively,
switching sequence Seqr1 and Seqk2 can be obtained. The final
switching sequence sk is obtained by combining seqk1 and
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Fig. 5. Implementation diagram of the hybrid modulation.

Seqk2, as shown in Fig. 5. It is regulated that 1 and 3 of scqk1
adopt 17 and 3" while those of seqk2 adopt 1~ and 3. In other
words, Seqk1 charges FC while sqqxo discharges FC.

Fig. 6 shows the contrast waveforms of the proposed hybrid
modulation and PSPWM with different ranges of modulation
waves. It can be clearly seen that, due to that a pair of redundant
switching states are always used in one carrier period, FC voltage
keeps same at both the starting and ending of the carrier period.
Thus, both two modulation strategies have the ability of natural
FC voltage balancing. Note that, when the modulation wave falls
in the range of (0.5, 1) and (—0.5, 0), as shown in Fig. 6(b) and
(c), the hybrid modulation uses the redundant switching states
twice, which is beneficial for reducing the FC voltage ripple
amplitude (only half of that of PSPWM) while the switching loss
is doubled. In a complete fundamental period, the switching loss
of the proposed hybrid modulation is increased by about 50%
compared with PSPWM under the condition of same carrier
frequency.

Fig. 7 further shows the line voltage waveforms, harmonic
spectra and number of switching transitions in a fundamental
period under three modulation strategies including the proposed
hybrid modulation, PSPWM and PDPWM. They are compared
with the same equivalent switching frequency (fpppwm =
2fpsPwM = 3fhybrid modulation)- 10 present clearly, the mod-
ulation waves are also not folded. In practical applications, the
modulation waves can be folded to save carriers and reduce
calculations.

It can be clearly seen in Fig. 7(a) that PSPWM synthesizes
the average line voltage V,; by using three nearest levels in
some zones (red circles in Fig 7(a)), reducing the quality of line
voltage (THD = 25.51%). The harmonic components mainly
concentrate near twice the carrier frequency. But since a pair of
switching states with opposite effects on FC voltage is always
used in each carrier period, uniformly distributed conduction and
switching losses and natural FC voltage balancing ability are ob-
tained. PDPWM always synthesizes the average line voltage by
using two nearest levels to obtain optimal harmonic performance
(THD = 17.00%). The main harmonics concentrate around the
carrier frequency and twice the carrier frequency, as shown in
Fig. 7(b). However, it lacks natural FC voltage balancing ability.
Conduction and switching losses are distributed nonuniformly.

The proposed hybrid modulation can be viewed as a combi-
nation of PSPWM and PDPWM. Fig. 7(c) shows the charac-
teristics of the proposed hybrid modulation. It can be clearly
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Fig. 6.
(1) 0.5 <V'j_eq < 1.(¢) =0.5 <Vj_eq < 0.(d) 1<V j_eq < —0.5.

seen that the hybrid modulation also synthesizes the average
line voltage by using two nearest levels, so it has the same
optimal harmonic characteristic as PDPWM (THD = 17.06%).
The harmonic components are mainly around four times the
carrier frequency, which can be easily filtered out by filters. A
pair of redundant switching states is used in one carrier period,
resulting in the same natural voltage balancing ability for FC as
PSPWM. Meanwhile, the conduction and switching losses are
distributed evenly, which is good for heat sink design.

C. Injecting Optimized Compensation Component for NP
Voltage Oscillations Minimization

Adopting the hybrid modulation, the generated three-phase
switching sequence is shown in Fig. 8 and Fig. 9, which is
redistributed for obtaining natural FC voltage balancing ability
compared with the sequence shown in Fig. 4. The 7-segment
switching sequence becomes 15-segment switching sequence.
For mitigating the NP voltage oscillations, the average NP
current in a carrier period should be zero. Injecting optimal
compensation component can help achieve this aim. The mod-
ulation waves after injecting compensation component m"; are
expressed as

where m,, is the optimized compensation component to com-
pensate the average NP current.

2709

Modulation diagram under proposed hybrid modulation (left) and PSPWM (right) with different ranges of modulation waves. (a) 0 < V'j_eq < 0.5.

1) When N = 111~116, the redundant vectors are 300/411.

According to Table I, only when the output voltage is 3%, 2
and 17 are there currents flowing across the NP. After injecting
Mae, the average NP current in a carrier period iy, _aye 1S Set to
zero, which is expressed as

k=a,b,c

In_ave = Z (tra+ +tr2 + tka+) - i
K

= ta3+ia + tp1+i + Le1+i.=0 3)

where f434, tg2, ti1y is the dwell time of 37, 2, 17 in a carrier
period, respectively. #4534, 151+, fc14 can be expressed as

tuzr = 0.25 — 0.5my,
tb1+ = O5mb (9)
t61+ = 05mc

Combining (8) and (9), m,. can be solved as

Mae = (A1 + 0.25A9) /i, (10)
where A7 and A, are expressed as
{A10.125za' . . an
Ao = —mglq + mMpip + Meic.

2) For N = 211~216, the redundant vectors involved in
synthesizing the reference vector are 320/431. i,,_,ye 1S set to
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TABLE IT
OPTIMAL COMPENSATION COMPONENT IN DIFFERENT SECTORS
N3N Ay, Ay Mac WENE A, Ay Mac
11 A=0.125, 1|A=-0.125i,
2| A=-0.125] 2|A1=0.125i,
P . o
3| A=0257,0.1253, | |27 Mala Ml +mele | FITA 70 1055 50,050, | |22 = M el
1 A+0.25A, 4 ~(A10.25A,)
4l A=0.1250 Mo =———— 4|A=-0.125i, =T
a a
5| A;=0.25i,+0.125i, 5|A,=0.254, +0.125i,
6l A=—0.125i 6|A,=0.125i,
1| A=0.125i,+0.25i, 1|A;=0.125i, +0.25i,
5 |A=-0.125i, 2|A=0.125,
P ; Aoz i i —mi
3 | A=0.251,+0.1254, | 227 Mala =Moo TMele | [3VA Z0 125, 40257, | |72 ala b Tl
2 —(A1+0.25A2) 5 A1+0.25A2
4| A=0.125i, = 4|A;=-0.125i, o =————=
C lC
5|Aj=—0.125i, 5|A,=0.125i,
6|A=0.125; 6|A=—0.125i,
1| A=0.125,+0.25i, 1|A;=0.125i,+0.25i,
2 |A=-0.125i, 214,=0.125i,
— X A2 =Myl — Mylyy + Ml — . Ay =—myiy Ty — M
3|A=0.125i, 3| A=—0.125i, ala cle
3 (A+0.250) |6 —(A+0.25A,)
4| A=-0.125, = 4|A=0.125i, =T
b b
5| A=0.25i, +0.125i, 5|A=0.25i, +0.125i,
6 A1:01251b 6 AI:—0.125ib
zero, which can be written as Vara |ma [ m | /Compensartion
. . . . vbret | Appendix | Calculation”’_’l; component ™" Table
in_ave = tag+ia + (tb2 + tya+ )iy +ter+ic = 0. (12) Veret [me| Eq(6) |m'injection (18)| FH__II
. . . . mgyc
Fig. 9 shows the corresponding switching sequence when N L ‘
=211. The dwell time ?,3., tp2, 13+, Lc14+ can be expressed as Sw S “—{Switching Hybrid FC ]Vo.ltag‘e . 1me ]
<« States [& modulation regulation inj |Calculation|
{ ta3+=0.25—0.5mg, tp2 = 0.5 — my, (13) WUUU ] taple 1 | |in Section II-Bf=  [14] Eq(16)
tb3+ = 0.5mb, t01+ = O.5mc.
Combining (12) and (13), i, can be solved as Fig. .10. Control diagram of the proposed compensation method based on the
hybrid modulation.
Mac = — (A1 + 0.25A9) /i (14)
where A; and A, are expressed as Correspondingly, (7) is modified as
A= 0.1252.11 + 0.25.217 ' (15) ml = m), + me (18)
Ao= — mgi, — Mplp + Meie.

The 5L-SVD can be divided into 36 2L-SVDs, so there are
36 cases in total. They are solved and given in Table II.

It should be noted that the compensation component 71, only
makes the average NP current equal to zero for mitigating the
low-frequency NP voltage oscillations in balanced cases. But,
if the initial dc-link voltages are unbalanced, this unbalanced
voltage will be reserved. To effectively solve this problem, dc
compensation component also needs to be injected. It is related
to the voltage error (V2-V7) and can be simply expressed as

Vo—W1
Vdc ’

Define m, as the total compensation component. It is ex-
pressed as

Mac = (16)

Mo = Mac + Mdc- (17)

where mj, satisfies 0 < m}, < 0.25.

D. Control Diagram of the Proposed Compensation Method

Based on the above analysis, the overall control diagram of the
proposed compensation method based on the hybrid modulation
ispresented in Fig. 10. It can be divided into five steps as follows.

1) Equivalent Reference Signals Calculation: Traditional

SL-SVPWM strategies are too complex. For reducing
the calculations, an existing simplified SVM method is
adopted to calculate the equivalent reference signals,
which greatly simplifies the calculations. Detailed process
is shown in the Appendix.

2) NP Voltage Minimization: For minimizing the NP voltage

oscillations, optimal compensation component is simulta-
neously injected to the modulation waves. The complex
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Fig. 11.  Simulation waveforms with case 1. (a) Conventional PSPWM. (b) Proposed hybrid modulation.
5L-SVD can be divided into 36 2L-SVDs. Thus, there are TABLE Il

36 cases in total given in Table II.

3) FC Voltage Regulation: The hybrid modulation is es-
sentially a modification of PSPWM. Thus, under ideal
situations, the FC voltages are naturally balanced without
any voltage feedback control. To enhance the voltage
balancing performance, they can be regulated by adjusting
the modulation waves of S;1, Sio, similar to PSPWM.
Detailed process is shown in [14].

4) Hybrid Modulation: For combining the same superior
harmonic performance as PDPWM and the same natural
voltage balancing ability as PSPWM, a hybrid modulation
is proposed.

5) Switching States Generation: Comparing the generated
switching sequence s with Table I, the switching states
of S;1 and Si» can be obtained to control the rectifier.

IV. SIMULATIONS AND EXPERIMENTAL RESULTS

To verify the performance of the proposed compensation
method based on the hybrid modulation, both simulations and
experiments were carried out to compare with PSPWM. The
parameters of the simulations and experiments are given in
Table III. Two cases are considered as follows.
1) Case 1 (m~1): The line voltage V ,;,(rms) is kept at 150 V.
The total dc voltage is regulated at 250 V with a resistive
load R =21 Q.

2) Case 2 (m =0.65): The line voltage V,;(rms) is kept at
100 V. The total dc voltage is regulated 250 V with a
resistive load R = 34 ().

A. Simulation Results Analysis

Fig. 11 shows the waveforms of modulation waves, phase
currents, line voltage, FC voltages, two dc voltages and average

PARAMETERS OF SIMULATIONS AND EXPERIMENTS

Parameters Values

Input line voltage (rms) ey 100/150V(50Hz)
DC-link voltage Vg, 250V
DC-link capacitor C,/C, 1200pF
FC voltage Vis 62.5V
FC 560uF
L-filter 1.5mH
Frequency 10kHz
DC load R 21/34Q

NP current under the conditions of case 1. Three-phase FC volt-
ages are regulated at 62.5 V (0.25V.). Conventional PSPWM is
applied in Fig. 11(a) (THD; = 1.2%). This method generates the
average line voltage V,; by using three nearest levels, resulting
in poor line voltage harmonic performance, as described in
Section II-B. Meanwhile, due to the influence of the NP current,
there are obvious low-frequency voltage oscillations at the NP.
The frequency of the average NP current i,,_,ye iS three times
the fundamental frequency, and its magnitude i,_ripple_mag
reaches 3.9 A, causing the magnitude of NP voltage oscillations
VNP_ripple_mag toTeach 2.1 V. Comparatively, Fig. 11(b) adopts
the proposed hybrid modulation. (THD; = 0.8%). The line
voltage V,;, behaves as a typical nine-level waveform. Better
harmonic performance is obtained compared with PSPWM.
With injecting compensation component Mmac, in_ripple_mag 15
close to zero, resulting in VNp_ripple_mag approximately equal
to 0 V. Note that, there are still some small intervals where i,,_.ve
is not equal to zero. That is because the solved compensation
component cannot fully compensate the NP current caused by
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17, 2, and 37 due to the limited range of modulation waves.
Since the proportion of these intervals is very small, they can
be ignored. Simulations strongly verify the effectiveness and
performance of the proposed method.

Fig. 12 shows the comparative waveforms in case 2. Fig. 12(a)
adopts the conventional PSPWM (THD; = 1.4%). i,,_ripple_mag
is 2.4 A, resulting in VNP _ripple_mag reaching 1.4V. Fig. 12(b)
adopts the proposed hybrid modulation. Better line current qual-
ity is obtained. (THD; = 0.9%). V,; behaves as a seven-level
waveform. i,,_,ipple_mag reaches 1.8 A, smaller than that of
PSPWM. Correspondingly, VNp_ripple_mag 15 Teduced to 1.0V.
Due to the range limitation of modulation waves, there are also
some intervals where i, _,ve does not equal zero but i, _,ye 1S
minimized. Comparing Fig. 11(a) and (b), it can be found that
the NP voltage oscillations mitigation effect of the proposed

2713

=
n

8o unit

A"Q'&'"Q’

Line voltage

300
M
300 FC voltages
Va r Vhf V( T

Average NP-current(i; ;o)

— _lin_ri ple_mag|=1.8A

In_ave

Dc voltages
V.\'r,ripplcim-fl oV

Voltage(V) Current(A) Voltage (V) Voltage (V) Current (A) Modulation
=3
N

0 0.01 0.03 0.04(t/s)

Simulation waveforms under case 2. (a) Conventional PSPWM. (b) Proposed hybrid modulation.

Phase currents
v

2
=3

\..
a8
m
o
| _S
=
=
a3
"
B

) & \' ! In_ave
I\ -~ -

'
n

Dc voltages

g

Voltage (V) Current (A) Voltage (V) Current (A)
ng

-
W
=)

0.03 0.04(t/s)

Simulation waveforms of FC voltage control with the proposed hybrid modulation. (a) Case 1. (b) Case 2.

compensation method is related to the modulation index. the
higher the modulation index is, the better the mitigation effect
performs.

Fig. 13 further verifies the performance of dynamic FC voltage
regulation with the proposed hybrid modulation in these two
cases. Initially, three-phase FC voltages are regulated at 75, 50
and 50 V, respectively. At 0.05 s, they are set to 62.5 V. It can be
clearly seen that, in the process of voltage control, i,,_ripple_mag
increases with resulting in VNp_ripple_mag increasing. The in-
jected compensation component cannot fully compensate the
NP current caused by 17, 2, and 3T, but the average NP current
is minimized. The maximum value of VNp_ripple_mag Only
reaches 3.2 and 5.1 V, which is completely acceptable. In steady
state, in_ripple_mag 15 approximately equal to zero, effectively
minimizing the NP voltage oscillations.
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B. Experimental Results Analysis

To further verify the feasibility and performance of the pro-
posed scheme, experiments were performed in a prototype of
5L-FC rectifier shown in Fig. 17. The experimental parameters
are consistent with the simulation parameters given in Table III.
The control system of the experimental platform adopts digi-
tal signal processing (DSP, TMS320F28337D) and field pro-
grammable gate array (FPGA, 10M16SAE144). DSP is used
for data processing, and pulse distributions are down by FPGA.

Fig. 14 shows the experimental waveforms including line
voltage, phase currents, modulation wave, average NP current,
FC voltage and dc voltages in case 1. Note that, phase A
modulation wave m, and average NP current i,,_,. are observed
by the digital-to-analog converters of DSP. The ac components
of two dc voltages V;_,. and V5_,. are measured by selecting
ac mode of the oscilloscope. With adopting the current-oriented
control strategy, there are no obvious current distortions near
the zero-crossing points. The conventional PSPWM is applied
in Fig. 14(a)(THD; = 1.5%). It can be clearly seen that, due to

the influence of the average NP current, it exists low- frequency
voltage oscillations at the NP with VNp_ripple_mag T€aching
3.6 V. Fig. 14(b) adopts the proposed hybrid modulation. The
line voltage current quality is improved (THD; = 1.2%). Phase
A FC voltage and the dc-link are balanced in steady state.
The line voltage behaves as a typical nine-level waveform,
whose harmonic performance is obviously better than that of
the conventional PSPWM shown in Fig. 14(a). After injecting
Mac, In_ave 1N MOSt intervals are mitigated to zero, which results
in VNP_ripple_mag decreasing to 2.4 V.

Fig. 15 is the corresponding waveforms under the conditions
of case 2. Fig. 15(a) adopts the conventional PSPWM (THD;
= 1.7%). VNP _ripple_mag T€aches 3.1 V due to the influence
of the average NP current. Comparatively, the proposed hybrid
modulation is applied in Fig. 15(b). Better current quality is
obtained (THD; = 1.4%). Furthermore, the injection of m,
reduces the rms value and magnitude of i,_,ye, resulting in
VNP _ripple_mag Treduce to 2.7V. Comparing Figs. 14(b) and
15(b), the same conclusion as that of the simulations can be
drawn: the NP voltage oscillations mitigation effect is related
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Fig. 16. Experimental waveforms of dynamic FC voltage regulation under
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Fig. 17.  Schematic diagram of the experimental platform.

to the modulation index. Experimental results also verify the
effectiveness and performance of the proposed compensation
method based on the hybrid modulation.

Fig. 16 shows the waveforms of dynamic FC voltage regu-
lation in the above two cases. Initially, phase A FC voltage is
regulated at 80 V. And thenitis setto 62.5 V. As shown in Fig. 16,
both modulation strategies can easily control FC voltages by
adjusting the relative time of redundant switching states. And
there are no obvious voltage oscillations on the two dc voltages
during the voltage control process.

Proposed hybrid modulation

Fig. 18 shows the current THD comparisons of the proposed ® )
hybrid modulation and PSPWM under different output power
and modulation indexes. It can be clearly observed that the Fig. 19. Infrared pictures under two modulation schemes. (a) Case I.

Proposed hybrid modulation

proposed hybrid modulation produces better current quality (less (®) Case 2.

THD values) compared with PSPWM, which is consistent with
the pervious theoretical analysis.

Table IV and Fig. 19 further present the efficiency comparison  higher than that of PSPWM. Hence the efficiency is reduced
and the infrared pictures. Under the same carrier frequency, the a little bit. The top temperatures under the proposed hybrid
switching loss of the proposed hybrid modulation is about 50% modulation are also a little higher than those under PSPWM.
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TABLE V
REFERENCE VOLTAGE CORRECTION OF 3L SVD

Ns Vi ref= V ref=

1 Va ret-2/3 | Vb rert1/3

2 Va ref‘]/3 Vb ref‘]/3

3 | Varert1/3 | vy er-2/3

4 Va m+2/3 Vb ref‘]/3

5 Va reft1/3 | Vo rert1/3

6 Va ret-1/3 | Vo ret2/3

/

Ve ret =

’ ’
“Va_ref ~ Vb_ref*

TABLE VI
REFERENCE VOLTAGE CORRECTION OF 2L. SVD

Ns | vV V' ref=

1 Ve 1/3 | v rert1/6
2 V’a ref-l/6 V'b ref‘l/6
3 | Viarertl/6 | Vhrerl/3
4 V’a reﬁ'l/l‘) V'b ref‘l/6
S | Virert1/6 | v ert1/6
6 Ve 1/6 | Vet 1/3

{Ulc/,ref = 7”Z,ref - U;)/J'ef

V. CONCLUSION

To improve the harmonic performance and minimize the NP
voltage oscillations in the SL-FC rectifiers, this article proposes
a compensation component injection method based on a hybrid
modulation. The hybrid modulation is essentially a combination
of PSPWM and PDPWM, hence the advantages of both them
are inherited, such as optimal harmonic performance, natural FC
voltage balancing ability, even conduction and switching losses,
etc. And after injecting optimal compensation component within
each subsector of the SVD, the NP current in a carrier period is
minimized, which considerably mitigates the NP voltage oscil-
lations. The mitigation effect is related to the modulation index.
The higher the modulation index is, the better the mitigation
effect performs.

APPENDIX

This appendix shows the implementation steps of the sim-
plified 5SL-SVM method. The 5L-SVD can be thought to be
composed of six 3L-SVDs, as shown in Fig. 2. Correspondingly,
the modified reference voltage vector v, is equal to the original
reference voltage vector V', minus the center voltage vector
of the selected 3L-SVD (red dots in Fig. 2(a)), as shown in
Table V. In the same way, the 3L-SVD can be further divided
into six 2L-SVDs. The remodified reference voltage vector v" ¢
is equal to V't minus the center voltage vector of the selected
2L-SVD [red dots in Fig. 2(b)], as given in Table VI. Through
the above two steps, the complex 5L-SVD is transformed into
simple 2L-SVD.

The 2L-SVPWM can be equivalently achieved by carrier-
based PWM with injecting zero-sequence component vg. It is
expressed as

N VUmax 1 Vmin

> 19)

Vo =

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 3, MARCH 2022

where v,,.x and v,,;, are defined as

" " "
Umax = max{v a_refs U b_ref, UV c_ref} (20)
: " " 1
Umin = mlIl{U a_refy U b_ref, U cﬁref}-
Thus, the final modulation wave m;, is expressed as
M=V}, et + Vo + 0.25. (21)

Fig. 3(b) shows the corresponding waveform of mj.
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