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Abstract—The multilevel active-neutral-point-clamped
(ANPC) converters have more control freedoms compared
to the conventional neutral-point-clamped topology due to
increased switching redundancies. However, the device
utilization of level-shift PWM is inherently low, and the
scalability of space-vector-based PWM is challenging to
realize for high-level (e.g., four-level or five-level)
topologies. In this paper, a novel phase-shift PWM and the
design approach for ANPC converter is proposed to handle
these two problems simultaneously. The proposed idea
enables the modular Phase-shift PWM design based on the
switch group concept. In such a way, the complexity in the
PWM design process can be significantly reduced with
enhanced scalability for both the general and simplified
ANPC topologies. Moreover, compared with conventional
level-shift PWM, the proposed PWM schemes can fully
utilize the devices for better loss distribution and higher
equivalent switching frequency. Study cases have been
done regarding output features, device utilizations, loss
distributions, etc, through experimental verification and
thorough discussions.

Index Terms—Active-neutral-point-clamped converter,
multilevel pulse-width modulation, phase-shift pulse-width
modulation.

[. INTRODUCTION

OLTAGE-source multilevel converters have been
widely implemented for different industrial applications,
such as reactive power compensation, high-voltage
direct-current transmission, wind energy conversion, and
railway traction [1]-[2]. Among various topologies as shown in
Fig. 1, active-neutral-point- clamped (ANPC) based converters
feature some favorable advantages over conventional
neutral-point-clamped (NPC) converters, such as: (1) the
potential to obtain better loss distribution due to the large
number of redundant switching states, (2) fault-tolerant
capability even with multiple failure switches, (3) flexible
device selection (e.g. hybrid Si+SiC bridges to improve
converter performance with reasonable cost) [3]-[13]. In
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literature, two types of ANPC-based converters were
introduced: one is the ANPC topology without flying
capacitors (FCs) (in this paper, it is referred to as ANPC
converter as shown in Fig. 2), the other is modified from ANPC
topology with combination of FC legs (to avoid confusion, it is
referred to as hybrid-clamped converter as shown in Fig. 2).
Promising potentials of these converters (from three-level to
nine-level topologies) have been demonstrated in recent
research works towards various applications, such as medium
voltage drive system, PV integration, battery management, and
so on [9]-[12]. This paper focuses on ANPC converters. The
ANPC topology is scalable, which means it is easy to design
converters with an expected number of output levels [10].
Meanwhile, it does not need a floating capacitor balancing
control or pre-charging as no flying capacitor is used in ANPC
topology [5]. Although the device number will be increased for
a high-level ANPC converter, it provides high design freedom
that NPC or hybrid-clamped topology cannot possess [13].

For multilevel converters, especially when output level
number is higher than three, carrier-based PWM schemes, i.e.,
level shift (LS) and phase shift (PS) PWM, are much easier to
implement than space vector modulation (SVM) methods
[7]-[19]. While conventional LS PWM tends to cause unequal
loss distribution [3], [13]. An alternative method is to develop
PS PWM which has been successfully applied for state-of-art
topologies to achieve higher equivalent switching frequency
(ESF), better device utilization, and evenly loss distribution [1],
[18]. Recently, a hybrid PWM scheme has been applied in
hybrid-clamped converters [11]-[12], [16]. The converter is
controlled by a 3L PS PWM for FC legs and low switching
frequency modulation for a 3L ANPC converter. However, it
cannot be applied for ANPC converter since no FC legs exist in
ANPC converters. For the conventional PS PWM schemes of
cascaded H-bridge or modular multilevel converter, they utilize
the inherent modular structures and generate the phase-shifted
PWM signals for each submodule [18]. Due to the different
topology operation principles and the lack of submodule
structures, such methods cannot be implemented for ANPC
converter as well [10], [13]. In [19], a PWM scheme with
phase-shifted carriers was proposed for the three-level ANPC
converter. A similar method was also introduced in [20] for the
sub-topology of a three-level ANPC-based topology.

In summary, only a few carrier-based PWM or SVM are
developed mainly for three-level ANPC converter [21], the
generalized PS PWM schemes and the feasible design method
for ANPC converter have not been developed yet.
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Fig.1 Classification of (a) voltage-source multilevel converters, (b) modulation techniques for multilevel converters based on [1]-[2].
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Fig.2 Topologies of the general 3L/4L/5L ANPC converters and
hybrid-clamped converters [9]-[12].
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Fig.3 Phase-shift PIWM Design Process for ANPC Converter.

In this paper, a general PS PWM scheme and the design
approach are proposed for ANPC converters. To simplify the
design process, the ANPC topology is modularly decomposed
into several sub-topologies with their own PWM schemes.
Each sub-topology, defined as a switch group in this paper, can
operate independently to generate different output levels.
Although the ANPC topology structure can be quite
complicated when the voltage level increases, the PWM design
for decomposed switch groups are maintained to be simple and
easy to implement. Moreover, an (n+1)-level PWM can be
directly synthesized through n-level schemes, which largely
reduce the design complexity. So the scalability and modularity
of the PWM design procedure can be guaranteed. Moreover,
the designed PS PWM schemes can naturally achieve more
evenly utilization of devices with better loss distribution and a
higher ESF. In summary, this work is aiming at the unified PS

PWM method, which has the following advantages:

(1) enhanced scalability and modularity,

(2) the simple design process for ANPC topology which can
also be extended for simplified ANPC topology,

(3) higher device utilization and higher equivalent switching
frequency,

(4) light computation burden for digital controllers.

It is worth noting that the balancing of DC-link capacitors
shall be considered in practice for ANPC topologies. Diode
front-end or balancing circuit can be used to clamp the DC
voltages [22]-[23]. Also, the proposed PWM can be combined
with the signal injection method to suppress the DC unbalance
[24]. Since this paper is focused on the PS PWM design method
to achieve better device utilization and higher ESF, to
investigate the intrinsic modulation process without the effect
of DC oscillations, all DC links are clamped through DC power
supplies.

In the following Section II, the details of proposed methods
and demonstration examples of designed PS PWM schemes are
presented. The generalization of the proposed method for
n-level ANPC converter is introduced in Section III. The
feasibility of this method is verified by experiment results in
Section I'V. At last, the conclusions are drawn in Section V.

Il. PROPOSED GENERALIZED PHASE-SHIFT PWM
SCHEME WITH THE DESIGN EXAMPLES OF ANPC
MULTILEVEL CONVERTER

A.Phase-shift PWM design process for ANPC converter

Two main objectives of the proposed PS PWM are focused
on: (1) simplify the design process through several modular
steps, (2) achieve higher ESF through best utilization of
switching devices. To realize the above goals, the three-step PS
PWM design procedure is proposed and shown in Fig. 3.

Step I-Derive the switch groups: Sub-topologies named
Switch Groups (SGs) for every two adjacent levels (i.e., the it
and (i+1)™ level, 7 is an integer) are derived and selected for
ANPC topology. As shown in Fig. 3, two types of SGs can be
found: downward SG and upward SG. Inside an SG, each
half-bridge can be considered as a Stage.

Step II-Design PS PWM for each SG: PS PWM can be
designed for each SG by utilizing interleaved carriers. Each
carrier is corresponding to a stage.

Step III-Combine SG PWM schemes: All the designed
PWM for SGs are combined as the final PWM scheme to
operate the ANPC converter. In the following subsections,
3/4/5-level examples will be illustrated to describe the design
details.
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B.Phase-shifted PWM for switching groups

Based on the proposed design method, an ANPC converter
can be considered as combinations of different SGs regards
different output regions, which naturally decomposes the
converter in terms of different operation points. In general, for
ANPC converter with i-level outputs (i<5), e.g., 3L, 4L, 5L in
Fig. 2, there are three different types of upwards SGs (see Fig.
4(a) and Fig. 5) and three different types of downwards SGs
(see Fig. 6). Inspired by the double frequency PWM schemes
[19]-[20], a novel PWM scheme can be designed for each SGs
to achieve the phase-shifted modulation.
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Fig.4 Phase-shifted PWM for (a) 2-stage upward switch group, (b)
3-level flying-capacitor bridge, (c) conventional H-bridge.
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Fig.5 Phase-shifted PWM for (a) 3-stage upward switch group, (b)
4-stage upward switch group.

For 2-stage upward SG in Fig. 4 (a), the PWM scheme is the
same with the method in [20], where two carriers are
phase-shifted by 180° and are utilized to compare with
reference to operate five switches in this SG. As indicated by
the arrows in Fig.4 (a), during different periods of one
fundamental cycle, the switches in the corresponding SG will
be turned ON and OFF while the states of other switches keep
unchanged. In other words, SGs will take turns to make
switching actions in one fundamental cycle and switching loss
can be well distributed. The same carriers and same output
waveforms can also be found in PS PWM schemes for 3-level
FC bridge and conventional H-bridge [17]-[18], however,
device utilizations are different as shown in Fig. 4(b) and (c),

respectively.

For 3-stage upward SG in Fig. 5(a), three carriers are
phase-shifted by 120° to modulate the eight switches in this SG.
There are four switching states that will be generated in PS
PWM and result in a triple ESF of output pulses. For a 4-stage
upward SG, four carriers are used with 90° phase shift and
result in four times ESF of output pulses in theory. Similar
algorithms can also be developed for downward SGs, as shown
in Fig. 6.

For each SG with the proposed PS PWM scheme, the PWM
waveforms with increased ESF can be guaranteed as indicated
in Fig. 4~6. And the same phenomenon also happens in the FC
bridge and H-bridge scenarios with the same PS PWM logic but
different switching states [16]-[18].
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Fig.6 Phase-shifted PWM for (a) 2-stage downward switch group, (b)
3-stage downward switch group, (c) 4-stage downward switch group.
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Fig.7 Phase-shift PWM for 3-level ANPC Converter.

C.3-level PS PWM for ANPC converter

To better understand the proposed PS PWM design method, a
3-level ANPC converter is demonstrated first. In [19], the
PWM schemes with the phase-shifted process is proposed to
realize natural doubling of the inverter frequency. Such PWM
was verified to have a better balancing of loss distribution in a
3-level ANPC converter with LS PWM. The theoretical gating
signals are shown in Fig. 7. The scheme can be easily
synthesized through the proposed PS PWM method.

Step I: Based on the concept of Switch Group, the 3-level
ANPC has only two available SGs as shown in Fig.3, one is
downward that produces an output voltage from V,/2 to 0, the
other is upward that produces output voltage potentials from 0
to —Va/2.

Step II: PS PWM schemes are designed for these SGs,
respectively. In positive half-cycle, associated switches (Si, S'i,
S», S3, S') of downward SG are utilized. Two carriers (C; and
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C») are phase-shifted by 180° as shown in Fig. 7. The carrier
frequency is fii for downward SG, while the ESF is 2f;. In
negative half-cycle, associated switches (S'i, Sz, S'2, S3, S'3) of
upward SG are utilized. The same carriers can still be
implemented with the same ESF.

Step III: two developed SG PWM schemes are implemented
for positive and negative half-cycle, respectively. The unused
switches during each half-cycle (Si, S%) are controlled to be
OFF to bearing the dc-link voltage properly, as shown in Fig. 7.

D.The proposed phase-shifted PWM for the general
4-level ANPC converter

Based on the PS PWM for SGs, the general 4-level ANPC can
be modulated through the different combinations of SGs with
designed PWM schemes in Fig. 4~6.

Step I: Proper SGs can be selected as shown in Fig. 8 (in the
Appendix, the complete list of SGs are provided). Eight
associated switches (Si, S'i, Sz, Sa, S'4, Ss, S¢, S's) are utilized to
form downward SG #1, which has three stages. As the stages of
derived SGs increase, the ESF increases as well, which
guarantees power quality of phase voltage using lower
switching frequency compared to conventional LS PWM. To
achieve the highest ESF, downward SG #1 and #2 can be
chosen for positive half-cycles. Based on the same idea, upward
SG #1 and #2 can be chosen for negative half-cycles. The
reason for two different SGs (downward SG#2, upward SG #1)
during [-Vdc/6, Vdc/6] is to guarantee the symmetrical device
utilization for [-Vdc/6, 0] and [0, Vdc/6]. If downward/upward
SG #3 is chosen in this area, the device utilization will be
different, while the output will be maintained the same.
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Fig.8 Phase-shift PWM for the general 4-level ANPC converter.
Step II: Based on Fig. 6(b), the PS PWM for downward SG
#1 utilizes three carriers which are phase-shifted by 1/(3f:1) (fa
is the carrier frequency for downward SG #1, the ESF is 3f;.)
and compared with voltage reference. The PWM logic and

generated gating signals are shown at the bottom of Fig.8. To
output [0, V4/6], downward SG #2 is selected. Two carriers are
shifted by 1/(2f:2) (fs2 is the carrier frequency for downward SG
#2). The ESF is 2f5. It can be seen the selected SG has the same
form as a 3L case. Therefore, the 3L PS PWM schemes can be
utilized for the 4L design case. The case of negative half-cycles
is similar to that of positive half-cycles, which is omitted here.

Step III: All four PS PWM schemes for selected SGs are
combined. For four different output regions, four carrier groups
are enabled separately. In addition to the PWM switching
signals, other switches in different output ranges are maintained
fixed states, as indicated in Fig. 8: (1) during [Vdc/6, Vdc/2],
switches [S>', S3', Ss'] are OFF and [S;] are ON, (2) during [0,
Vdc/6], [Si, S, S3, Ss'] are OFF and [Si', S2', S3'] are ON, (3)
during [-Vdc/6, 0], [S1', S2', S3', S4] are OFF and [Si, S, S3] are
ON, (4) during [-Vdc/2, -Vdc/6], [Si, Sz, S4] are OFF and [S:']
are ON.
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Fig.9 Phase-shift PWM for the general 5-level ANPC converter.

E. The proposed phase-shifted PWM for the general
5-level ANPC converter

PS PWM design for a SL ANPC converter is taken as another
example. There could be multiple possible choices of SGs in
terms of different output regions (in the Appendix, the
complete list of SGs are provided). To better utilize all the
devices and achieve a high ESF, downward SG #1 and #2,
upward SG #1 and #2 can be selected for four output regions,
respectively.

Since the PS PWM schemes of these SGs have already been
designed, the 5-level PS PWM can be simply derived with
PWM of equivalent SGs in lower-level ANPC topologies, as
indicated in Fig. 9. For example, the gating signals for S,, S',
S; in downward SG #2 in Fig. 9 are the same as Si, S'i, S; in
downward SG #1 of the 4L case in Fig. 8. The corresponding
PWM logic and generated outputs are also identical. Therefore,
the complexity of the PS PWM design process is significantly
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reduced.

Similar to the 4L case, during each region, only the selected
SG is operated at PWM frequency, while the rest switches are
maintained fixed states in SL ANPC converter, as indicated in
Fig. 8. For example, during [Vdc/4, Vdc/2], switches [S', S3',
S4', Se', S7', So'] are OFF and [S;, S4, S7] are ON.

I1l. GENERALIZATION FOR N-LEVEL ANPC CONVERTER

Based on the previous examples, several principles are
summarized for an n-level ANPC topology as the guidelines of
the proposed design method in this section. The generalization
of the design procedure is facilitated through the utilization of
multiple lower-level schemes of SGs to control higher-level
multilevel ANPC converters.

A.General design guidelines

The first step is the derivation of various SGs. Two guidelines
should be followed:

Guideline 1 for Step I: Maximum stage number of the
derived upward/downward SGs are selected for every two
adjacent levels to have better utilization of all devices and
achieve maximum ESF.

Guideline 2 for Step I: Derived SGs of n-level topology and
an associated n-stage SG can be directly utilized to simplify
the derivation process of (n+l)-level ANPC topology. Two
possible derivations of (n+1)-level topology are demonstrated
in Fig. 10. Fig. 10(a) shows the (n+1)-level topology realized
by combing n-level topology with n-stage downward SG. Fig.
10(b) shows the (nt+1)-level topology realized by using the
same n-level topology with n-stage upward SG. The n—1 case is
vice versa.

The second step is to design the associated PS PWM of
derived SGs, which are summarized in Fig. 11. Two guidelines
should be followed:

Guideline 3 for Step II: i carriers (Ci~C)) are needed, and
the phase-shift angle is 360°% for i-stage upward (or
downward) SG associated with output level n—i and n—i+1 (or
output level i and i+1). Each carrier is a triangle wave with
frequency f; and amplitude Vdc-i/(n—1).

Guideline 4 for Step II: The switching logic of the i"
carrier for upward/downward SG can be expressed as:

S; = Sign(myer — C;) (1)
. 1, x>0
sign() ={y g @

where S; is the switching function of the i switch, Sign is a
symbolic function, m,.r denotes the modulated waveform.

The ESF f of the final carrier can be expressed as:

fes = 1% fs )

Note that the doubled frequency PWM for 3-level ANPC is
the special case when i=2.

The third step is to combine different schemes of SGs to form
the final designed PS PWM for ANPC topology, as shown in
Fig. 11(c). Two guidelines should be followed:

Guideline 5 for Step III: For every two adjacent levels,
associated SGs can be selected based on the control
objectives, ¢.g., ESF, switching loss distribution, etc. During
the design process of an n-level ANPC converter, there can be

n-stage
Downward
... Switch Group
b
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ANPC topology n-level

J ANPC topology

n-level

ANPC topology
.

) H
e I n-stage
/ Upward
. Switch Group

~ (1) level

ANPC topology

(b)
Fig.10 The derivation of (n+1)-level ANPC topology by an n-level circuit.
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Level 2= 7 =N X /0
Level 1 -~ .
2 G

Fig.11 Phase-shift PWM designed for (a) upward switch groups, (b)
downward switch groups, (c) the combined PWM of n-level ANPC
topology with multiple carrier groups.

redundant SGs for the same output level range, such as
downward SG #2 and #3 in 4-level converter example (Fig. 8)
(in Appendix, more equivalent SGs are provided). Therefore,
various PWM schemes can be derived based on different
selections of SGs according to different requirements. This
provides a wealth of control freedom for optimized PWM
modulation to achieve complex control goals, such as:
maximizing the ESF while maintaining the good switching loss
balance as in 5L cases.

Guideline 6 for Step III: The reference wave is compared
with carrier groups only in the corresponding level range to
realize cooperation with multiple sets of carriers.

With the proposed approach, PS PWM for any ANPC
converter can be systematically designed.
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B.Design examples for simplified ANPC converters

One of the major challenges of ANPC converters is the
increased device number with high levels. Therefore, it could
be cost-efficient to simplify the ANPC topology with a
high-level output [25]. Recently, a matrix-model-based method
is proposed in [26], which deals with this problem and provides
several new simplified ANPC converters. Since the device
numbers are smaller, the system cost will be reduced [27].
However, similar output performance can still be maintained.

Typically, the PWM schemes for simplified converters need
redesign due to the redundant switching states, which is not
easy to follow. Thanks to the enhanced scalability of the
proposed method, the designed PS PWM schemes can be
implemented for simplified ANPC converters in a more
straightforward way. For example, a 4-level ANPC topology
can be simplified as shown in Fig. 12. The converter has two
2-stage SGs, which can also be derived in a general 4-level
ANPC converter. Therefore, the PS PWM of the 4-level case
can be implemented easily. Similarly, two simplified 5-level
ANPC converter (topology A and B in Fig. 13) can be derived,
and the same types of 3-stage and 2-stage SGs in the 5-level
case can be utilized as indicated in Fig. 14.

Recently, the extended multilevel active-clamped topology is
also introduced in literature [5], which provides an alternative
way of converter leg design for a wide range of voltage and
current ratings (especially the high-power applications). The
operation principles are essentially the same as the general
ANPC converters, while the proposed PWM can also be
implemented without changes.
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(b) Examples of simplified 5-level ANPC converters
Fig.12 PS PWM for simplified 4-level and 5-level ANPC converters.

IV. EXPERIMENTAL VERIFICATIONS AND LOSS ANALYSIS
A.Experimental results

To verify the ESF and power quality of the proposed PWM
method, one 5L phase-leg is built for experiments with
parameters listed in Table. I. The experimental setups are
shown in Fig. 13. The measured switches are highlighted in
blue shadows. To compare with PS PWM, three different LS
PWM schemes are implemented based on the method in [13].

TABLE. I
EXPERIMENT PARAMETERS
Parameter Value
Rated Phase Voltage (peak) 60 V
Rated Phase Power 500 VA
DC link Voltage 120V
Carrier Frequency f:; (PS PWM) 390 Hz
Carrier Frequency f.; (PS PWM) 520 Hz
Carrier Frequency f:; (LS PWM) 1560 Hz
Equivalent Switching Frequency 1560 Hz
Modulation Index 0.9 and 0.45
Line Frequency f, 60 Hz
Load inductance 30 mH
Load resistance 27.5-2.7Q
Gate DSP+
DC S| drive FPGA
Power | ] s, J%} S Jl{}
pc /] % JH}} S's Jl%} ¥ Jg}*
Power | T ¢ S S
T = g Bl o
S} S U :
be ___% S J#} S’ _"4} ,-lq} | "Jq} Filter
Power | T g, Jq} s, JH'} s*,jq} ’ <7

"1k Ss |
S,J s 1} \sJ

Sk Sc Bk S'ubd S
| SkEs S'ulkd
T 1 st

| S bk S
LS PWM Scheme 1

Fig.14 Three LS PWM schemes of the general 5L ANPC converter with
different device utilizations.

They have three different utilizations of devices, as indicated

\ |

Vout

LS PWM
for Sy~ S

LS PWM for

Sypand S'yy LS PWM
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[T g,

LS PWM Scheme 3

LS PWM Scheme 2
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in Fig. 14. In LS PWM scheme 1, the switches [Sio, Sio'] are
utilized at fs, the rest switches operate at f,. In LS PWM
scheme 2, the switches [Ss, Sg', So, So'] are utilized at fc3, the rest
switches operate at f,. In LS PWM scheme 3, the switches [Ss,
Ss', Se, Se', S7, S7'] are utilized at f:3, the rest switches operate at
fo. The experimental results verify such device utilization in
Fig. 15(a)~(d) with different modulation index (0.9 and 0.45).

S5
(30V/div

S6 5
(30V/div)” *
87
(30V/div)

S8 p.
(30V/div)

S9. b
GOV/div)~ -

S10
(B0V/div)

Output PWM |/
Voltage >
(40V/div)

Output Load
Current
(2A/div)

S5
(30VIdiv)"= ‘

S6  po
(30V/div)

ST »
(BOV/div)

ss il
(30V/div)”™
(30V/div)™2

S10  »o
(30V/div)

Output PWM
Voltage >
“ovidiv) "%

Output Load
C

S6 ol
L B e it e ————p——— st St
s7 ‘
(B30V/div)™ _‘ LT LN [ TR
S8 .
L Y e e e S ]
N
(B0Vidiv)

S10 - >
(B0V/div) T

Output PWM
Voltage
0V/div) "%
Output Load |||
Current
(2A/div)

v

ss
B0Vidiv)”

S6 . p.
(30V/div)
ST . »
(30V/div)
S8y
(30V/div)
SO >
(30V/div)

S10 - >
(30V/div)

Output PWM»'
Voltage
“0V/div) "
Output Load
Current
(2A/div)

i
P
VAL

(d) The proposed PS PWM with Modulation Index From 0.9 to 0.45

Fig.15 The gating signals of switches [S5, S6, S7, S8, S9, S10], output
PWM waveforms and load current of the general 5L ANPC converter
using different PWM methods: (a) LS PWM 1, (b) LS PWM 2, (b) LS
PWM 3, (b) the proposed PS PWM. (Modulation index from 0.9 to 0.45)

The FFT analysis verifies that the ESF is three/four times the
device frequency through the proposed PS PWM. The
introduced low order harmonics are mainly because of double
frequency ripples of single-phase configurations and the
sideband of switching frequency harmonics, as shown in Fig.
16.

The different load conditions are also considered, as shown
in Fig. 17, which shows the feasibility of the proposed method.
The introduced fluctuation of DC links is mainly because of the
increased power consumption in single-phase systems [28].
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(d) FFT results of the proposed PS PWM scheme with M=0.9

Fig.16 FFT analysis of different PWM methods: (a) LS PWM scheme 1,
(b) LS PWM scheme 2, (c) LS PWM scheme 3, (d) the proposed PWM
scheme.
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30mH/27.5Q to 30mH/2.7Q. (b) increased output power with higher
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B.Analysis of loss distribution

To demonstrate the loss distribution performance of the
proposed PS PWM, the total/switching losses of 5SL. ANPC
converter with 3300V 800A IGBT (i.e, Infineon
FZ800R33KF2C) under same ESF (1560Hz) and modulation
index (0.9 and 0.45) are chosen as an example through PLECS
tools in MATLAB/Simulink.

The PS PWM is the same as Fig. 8. Three LS PWM schemes
are the same with LSPWM methods used in experiments. The
power factor, load current, and blocking voltages of devices are
maintained the same. Both the conduction loss and switching
loss of switches and diodes are considered based on the output
characteristics curves and switching energy loss curves.

3000
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0

LSPWM 1 LS PWM 2 LS PWM 3
5 Psw 1568 1579 1357 1423
® Pcon 1417 1414 1412 1414
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Total Switching and
Conduction Loss (W)

PS PWM

(a)Total Losses with M=0.9

1400 M=0.45

1200

1000
800
600
400
200

0

LS PWM 1 LS PWM 2 LS PWM 3 PS PWM
= Psw 594 593 593 592
= Pcon 581 581 579 581
(b)Total Losses with M=0.45

Fig.18 Total losses of four different PWM schemes with (a) modulation
index is 0.9, (b) modulation index is 0.45.

Total Switching and
Conduction Loss (W)

Firstly, the total losses are investigated for these four schemes.

Both the conduction losses and switching losses are listed in
Fig. 18, where Py, indicates switching power loses, Pcon
indicates conducting power loses. It turns out all these four
methods have similar conduction losses. The slightly higher
losses of LS PWM 1 and 2 with 0.9 modulation index are
caused by their different commutation processes among the
four PWM methods.

Secondly, the switching losses distributions are compared.
All the switches in 5L ANPC converter are included, and their
losses are shown in Fig. 19. In LS PWM, the switching losses
are concentrated on a few switches, e.g., one or two switches
can contribute to half of all switching losses. With the same
ESF, the designed PS PWM can achieve better switching loss
distribution than LS PWM schemes under both high and low
modulation index. This is because the proposed PS PWM
naturally distributes the switching actions evenly in each SGs.
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Fig.19 Switching loss distributions of four different PWM schemes with
(a) modulation index is 0.9, (b) modulation index is 0.45.
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C.Summary

Based on experimental results and above analysis, the
comparisons between the proposed PS PWM and three LS
PWM schemes for ANPC converter are summarized in Table.
II. Since the proposed method uses the carrier phase-shifted
technique, ESF with multiple times of carrier frequency can be
achieved. Under the same ESF, both the power quality and total
power losses (conduction and switching losses) are similar
among these four PWM schemes. However, due to inherent
balanced switching actions within SGs, the proposed PS PWM
features a much better switching loss distribution.
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TABLE. IT into four parts. The selections using i-stage SGs (i>1) can be as

SUMMARY OF THE PROPOSED PS PWM AND CONVENTIONAL LS PWM . . .. .
SCHEMES FOR ANPC CONVERTERS many as 46. In Fig. b, for the sake of simplicity, the topology is

LSPWM___ LSPWM___ LSPWM Proposed indicated by abstract blocks with different colors. Yellow
Scheme 1 Scheme 2 Scheme 3 PS PWM blocks represent the downward SGs, blue ones mean upward
Equivalent Multiple SGs, grey ones are not utilized switches during this output
Switching Same as carrier frequency tmes of region'
Frequency carrier
frequency E
PS PWM has higher power quality if device/carrier
Power frequency is the same with LS PWM,; all schemes have a
Quality similar output power quality using the same equivalent

switching frequency. [Vde/6, Vder2]

Similar total loss performance under same equivalent
Total losses

switching frequency E,%—
Swllf(c)?:ng ulr\l/g\)zsetn Uneven Uneven Much better % é %
distribution | distributed distributed distributed distributed E
Utilized

Switches Two Four Six All
ve-leve ve-leve ve-leve ve-leve
(thVPWM five-level | (five-level | (five-level | (five-level
frequency) case) case) case) case) EVaei6,Vdelo) E:ﬁ’
Can be Can be
utilized for utilized for
Can be Can be ANPC ANPC

utilized for utilized for

Scalability any ANPC any ANPC topologles topologles
. . with more with more
topologies topologies than three than three E

levels levels
[-Vde/2, -Vde/6]

Fig. a. Possible operation patterns in terms of different switch group

selections for the general 4-level ANPC converter.
V. CONCLUSIONS

This paper proposes a general three-step PWM design @
method for the ANPC converter with a novel PS PWM. It is
based on different operation principles from the conventional
methods for flying-capacitor-based, cascaded H-bridge, or
modular multilevel converter. With more evenly distributed
switching actions among all devices, the designed PS PWM
schemes feature better utilization of devices and higher ESF
compared with conventional LS PWM. Moreover, high-level {E,
PWM schemes can be synthesized through low-level schemes.

In such a way, the PS PWM design for ANPC topology can be
realized modularly for both the general and the simplified
ANPC converters. Besides, the extensibility and reduced
computation burden make the proposed method very suitable
for multi-level ANPC topologies (e.g., 4- and 5-level). The
five-level PS PWM scheme is designed with experimental

validation and thorough discussions and comparisons, which @
shows a better performance regards device utilization and loss
distribution.
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APPENDIX

A

il
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A.Different switch groups for the general 4-level ANPC :
converter

For the 4L. ANPC converter, the operation range is naturally v ol
divided into three parts based on the DC links. There can be as  Fig. b. Possible operation patterns in terms of different switching group
many as 14 different selections for the general 4-level ANPC  selections for the general 5-level ANPC converter.
converter based on i-stage SGs (#>1) as shown in Fig. a.

s

C.Equivalent switch groups
B.Different switch groups for the general 4-level ANPC Note that there is some SGs equivalent to each other in terms

converter of output as demonstrated in Fig. ¢. For example, in Fig. a,
The operation range SL ANPC converter is naturally divided  three downward SGs in output region [-Vdc/6, Vdc/6]
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(highlighted by dotted green rectangular) are equivalent to each
other and can be modulated through the same schemes. The
same truth can be found in the same region with three upward
SGs highlighted by dotted brown rectangular.

g edderdd gt

(a.1) (a.2)

et ool

Fig.

c. (a) Equivalent 2-stage upward switch groups, (b) Equivalent

2-stage downward switch groups.
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