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ABSTRACT The carrier-based PWM method (CBPWM) and the space vector PWM method (SVPWM) are
two main modulation methods for diode clamped multilevel converters, and there is a certain relationship
between these two modulation strategies. For general 8 segments SVPWM modulation sequence in the
multilevel inverter, the inherent relationship between these two modulation methods have been researched,
but the relationship between CBPWM and SVPWM in an arbitrary level sequence has not been obtained.
To solve this problem, an in-depth study of the relationship between the multilevel SVPWM method and the
CBPWM method has been made in this paper. By decomposing the modulation wave, and the SVPWM can
be achieved by multi-modulation waves CBPWM. And the relationship between SVPWM and CBPWM in
N level with an arbitrary number of segments sequence are obtained. Thus, through simple multi-modulation
waves CBPWM strategy, less THD in the spectrum and higher DC voltage utilization switching sequences of
multilevel inverters can be obtained. The simulation and experimental results illustrate that the relationship

between CBPWM and SVPMM is correct.

INDEX TERMS Space vector modulation (SVPWM), decomposing modulation wave, relationship.

I. INTRODUCTION

Multilevel inverters are widely adopted in high-power appli-
cations due to their superior performance compared to
two-level converters, with advantages such as reduced voltage
stress on the power devices, lower harmonics, and lower
instantaneous rate of voltage change (dv/dr) [1]-[3]. The
modulation strategy is one of the most key technology for
multilevel inverters [4]-[8].

Among various modulation strategies for multilevel invert-
ers, space vector pulse width modulation (SVPWM) and
carrier-based pulse width modulation (CBPWM) are two
main PWM methods, SVPWM attracts much attention
because it provides significant flexibility to optimize switch-
ing waveforms, and is suitable for implementation in dig-
ital signal processors, wide linear modulation range, less
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total harmonic distortion (THD) in the spectrum of switch-
ing waveform, and higher DC voltage utilization [9], [10],
what’s more, the redundant switching states can be used
for DC voltage balance control [11]. However, despite its
significant advantages, SVPWM for more than three-level
inverters is still hardly explored, due to the largely increased
number of switching states and modulation sequences that
accompany the higher number of levels [11], [12]. Due to
some drawbacks, however, those schemes are not readily
extended to five or higher-level inverters. If the relationship
between SVPWM and CBPWM can be obtained, it is easy
to achieve the SVPWM which has many advantages by using
the CBPWM.

The SPWM modulation method is usually an 8-segment
sequence in each switching period, but for SVPWM, it can
modulate a special sequence that are more than 8 seg-
ments, such as 10, 12 or 14 segments, which is widely
used in the practical PWM modulation process. And these
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more than 8 segments modulation sequences are called spe-
cial SVPWM sequence (SSVM) here. Numerous researchers
have verified that SSVM can optimize output voltage and
current and balance DC power, reduce the THD, control the
neutral point voltage in NPC [13]-[15]. Compared with the
conventional 8 segments SVPWM sequence, the SSVM is
complex and has high switching loss [15].

To achieve the relationship between SVPWM and
CBPWM, there have been many pieces of research before.
References [16]-[20] studied the equivalent relationship
between CBPWM and SVPWM for a three-phase two-
level inverter and realized the equivalent SVPWM switching
sequence output by injecting a zero-sequence component
into the modulated wave of CBPWM. Also, the expres-
sion of the zero-sequence component is derived in the
above researches. However, the above reference only studied
the two-level 8-segment sequence and did not study the
three-level and higher-level inverters. Reference [21]-[24]
research the relationship between SVPWM of 8-segment
modulation sequence and CBPWM in three-phase three-
level NPC inverter. By injecting a zero-sequence voltage
vector into each phase modulation wave under CBPWM,
the equivalent relationship is achieved, and the three-level
8-segment modulation sequence is derived. But this method
is limited to 8-segment modulation that means the output
level of each phase can only be two levels. And for three-
level NPC inverter with more than 8-segment switching
sequence has not been realized. Reference [25] achieves the
relationship between SVPWM of 8 modulation sequence
and CBPWM in three-phase five-level NPC inverter. It just
researched the 8-segment SVPWM modulation sequences,
but the output modulation sequence of SVPWM can be
more than 8 segments in diode clamped multilevel inverters,
so the studies of the relationship between the CBPWM and
SVPWM is incomplete and needs to be improved. Refer-
ence [25] proposed a new method with the zero-sequence
component injected, which verified the equivalent relation-
ship between SVPWM and CBPWM. However, it only
studies three-level converters with less than 14-segment
switching sequence and does not study higher-level out-
put converters. All in all, the previous researches focus on
special level inverters, the relationship between CBPWM
and SVPWM in an arbitrary level sequence has not been
obtained.

This paper comprehensively analyzes the relationship
between CBPWM and SVPWM in N level with an arbitrary
number of segments sequence. It decomposes the modulation
waves of each phase into (n — 1) sub-modulation waves,
the SVPWM can be achieved by multi-modulation waves
CBPWM. Thus, through simple multi-modulation waves
CBPWM strategy, less THD in the spectrum and higher DC
voltage utilization switching sequences can be achieved and
lower THD improves the performance of the high-precision
power electronics equipment that widely used in the field
of medical Magnetic Resonance Imaging and semiconductor
lithography [27]-[29]. Moreover, for three-level or higher
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FIGURE 1. The main circuit of diode clamped N-level inverter.

inverters with a large number of switching states and modula-
tion sequences, the multi-modulated wave CBPWM strategy
can simplify analysis and calculation and is more suitable
for the wide application of multi-level converters. The rest
of this paper is structured as follows. Section II describes
the principle of the SVPWM scheme in detail, including
locating the reference vector, calculating the duty cycles, and
generating the modulation sequences; Section III presents
the strategy of decomposing the modulation wave, and
some examples of getting the relationship between CBPWM
and SVPWM of different segments sequence is shown in
five-level converters. Finally, experimental waveforms are
described in section IV, and the conclusions are given in
Section V.

Il. SVPWM FOR MULTILEVEL INVERTER

A. THE N-LEVEL INVERTER STRUCTURE

The structure of the three phases N-level neutral-point-
clamped (NPC) voltage source inverter (VSI) is shown in
Fig. 1, DC-link need (n — 1) capacitors, the main circuit
needs 3 x 2(n — 2) clamped diodes and 3 x 2(n — 1) power
switches. Here defining the n voltage states are O, 1, 2, ...,
(n — 1), taking the phase A as an example, it has 2(n — 1)
power switches which are expressed by Sq1, Sa2, ..., San-2)
Sagm-n and S’ ,, S5, ..., Sclz(n—Z)’ S;(n_l) as shown in Fig. 1,

al’ “a2> *

the on-off states of switches Sq1, Sa2, --.» Sa(—2)» Sa@—1)
and S/, S/, ..., S;(n—z)’ S;(n—l) are opposite all the time,

if Sa1, Sa2s -+ > Sa—2)> Sam—1) turn off, Y S;z, ..

al’

- San—2y
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TABLE 1. On-off state of each switch for each voltage state in diode
clamped n-level inverter.

On-off state of each Switch Voltage state
Sa1Saz -+ Saw2)SaenSa1Sa2 - -+ Saw2Saen Sx=a, b, ¢)

Output voltage Uao

U,=Uy/2 111 1 1 000 O O (n-1)

Un-y=(n-3)Us2(n-1) 0 1 1 1 1 100 0 O (n-2)
00 1 1 1 1. 0o 0

Upey2=0 00.. 1 1 1 1. 0 0 (n-1)/2
00.. 1 1 11 .. 0 O
Uy=—(n-3)Uys/2(n-1)0 0 0 0 1 11 1 1 0 1
U,=—Uy/2 000 0 O 1 1 1 1 1 0

Vantn-1)-3

(J()(::-I)V,;”:,H__ - = WBnm-1)

FIGURE 2. Space vector diagram of diode clamped N-level inverter.

S(/l(n_ 1) Must turn on, in this case, the voltage states of phase

Sqs = (n — 1), similarly, the other voltage states can
be obtained, if ‘0’ represent the switch turn off, and ‘1’
means switch turn on, the on-off state of each switch for
each voltage state shown in table 1. Phase B and phase C
are similar to phase A. Since each phase has n voltage states,
three phases totally have n’ switching states. As shown in
Fig. 2, in n-level space vector diagram, three-phase n-level
inverter totally have 6(n — 1)2(11 = 3,5,7...) small triangle
sections, all the n® switching states distribute at the position
of [3n(n—1)—1] space voltage vectors, so many space vectors
have some redundant switching states. For example, the zero-
vector located in the center of space vector diagram has n
switching states that are (000), (111), (222), ..., [(n—1) (n—1)

(n—1)].

B. THE IMPLEMENTATION OF SVPWM FOR N-LEVEL
INVERTER

Generally, For n-level inverter shown in Fig. 1, the output
voltage vector is defined as

2 ; )
V = Sy +uswe™ 4 ueye P Fy )
It can be established that uay = (Sqa—(n—1)/2)Ug./(n—1),
upy = (Sp — (n — 1)/2Q)Uqc/(n — 1), ucy = (Sc — (n —
1)/2)Ugc/(n—1). 8,4, Sp, Sc represent the voltage states output
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FIGURE 3. Space vector diagram of the district | in N-level inverter.

by three phases respectively, defining the modulation ratio of
the n-level inverter is

V¥ 3|V
m = 2 =
/B»UﬁlC 2Uqc

@)

where |\7| is the amplitude of reference voltage vector V,and
2U,4./3 is the magnitude of six large vectors S((n — 1) 0 0),
SO(n—1)0),SO0(n—-1)),S(n—1)(n—1)0),S(n—1)
0m—1),SO0m—1)(1r—1).

As shown in Fig. 2, the space vector diagram can be
divided into 6 big triangle districts, and each big triangle
district can be re-divided to (n — 1)? small triangle sec-
tions, taking the innermost small triangle of the district I
(0°—60°) as an example as shown in Fig. 3, if the space
vector uyr of the reference voltage is located in triangle D1,
it is synthesized by using one zero voltage vectors Vpand
two small voltage vectors V', V5 according to the following
equations:

{uref=VO'T0+V1'T1+V2'T2 3)

To+Th+Tr=Ts

where Ty, T, and T> are the duration of Vg, V1, and V;
within one switching period respectively. T is the switching
period. As it can be seen from the space vector diagram,
zero voltage vector V contains n switching states, and each
small voltage vectors V1, V, contain (n — 1) switching
states, so the output modulation sequence is not unique,
if all the switching states are been used, then the longest
2x(3n — 2) segments sequence in one switching cycle can
be expressed as (00 0)—»(1 00)—(1 10)—(111)—2 1
D—>.»nr-—1)m-1)@n—-D]—>...->211H)—>11
)—(1 1 0)——(1 0 0)—(0 0 0). In practice, it can output
any sequence which is less than 2x(3n — 2) segments as
needed.

Actually, the CBPWM method usually is an 8 segments
modulation sequence in each switching cycle, the voltage
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FIGURE 4. Relationship between 8 segments SVPWM sequence and
CBPWM.

states of each phase just change once and only has two voltage
states, so CBPWM is just one special situation of SVPWM.

IIl. RELATIONSHIP BETWEEN CBPWM AND SVPWM

A. THE RELATIONSHIP FOR 8 SEGMENTS MODULATION
SEQUENCE

For general carrier-based modulation, in each switching
cycle, there is a corresponding SVPWM sequence, it is usu-
ally an 8-segment sequence as shown in Fig. 4, the two
modulation strategies can be unified by zero sequence, tak-
ing the n = 5 as an example, in the district I of the
space vector diagram, Ty, 71 and T, are the duty cycle of
synthesized voltage vectors Vo, V1 and Vi, U,, U, and
U are the original three-phase voltage sine modulation waves
before injecting the zero sequence component, and U, >
Uy > Ue, UF, Uf, Ul are the three-phase modulation
waves after injecting the zero sequence component, Uy, Up,
and U, are the line-to-line voltage of original modulation
waves which keep unchanged by injecting any zero sequence
components to each phase voltage U,, Uy and U, U, is
the zero sequence component, Vi, Vo, Vi3, Via are the
triangle waves, Uy, is the DC voltage, K is the duty cycle
allocated coefficient of synthesized voltage vectors Vo which
ranges between [0,1], so the duty cycle of each switching
states (222) and (333) for zero voltage vector are defined
as:

: Tor = KT @

Too =1 - K)Ty

According to the principle of voltage-seconds balance
within the period of T [17], the following relationship can

VOLUME 8, 2020

be obtained:

U
7% = T,U,
& )
dc
p) 4 = TsUpc

In one switching cycle, T + 15 + Ty = T, the duty cycle
of each voltage vectors can be got:

AU,
Ty =Ts[1 — ]
AT,Uy
Ty = ——= ©
Ua’c
4Tsch
Th = ——
Udc

Form Fig. 4, the value of each modulation wave in three
phases can be expressed as:

g T = KTo Use
“ T, 4

g T = KTo =Ty Use o
b T, 4

Ut — (1 = K)To Uge

‘ T 4

By substituting (6) into (7), finally, the zero-sequence com-
ponent can be obtained as follows:

Ul = Uy + U.
Uf = Uy + U,
U =Ue+ U, ®)

U,
UZ=(K—1)an—KxUC+(1—K)x%

So, this zero-sequence component U, connects those two
kinds of modulation methods. In the other district, suppos-
ing Unaxs Unids Unin are the maximum, median, minimum
value of the original three-phase modulation waves. Then
we can get the zero-sequence component in any district as
follows:

Uac
U;=(K —1) X Unax — K X Upjin + (1 — K) x

®

B. THEORY OF MODULATION WAVE DECOMPOSITION
For the conventional CBPWM, after comparing with the
triangle carrier wave, each modulation wave can only out-
put two voltage states in one switching cycle and the
modulation wave is usually an 8 segments sequence, but
for the longest complex SVPWM modulation sequence
as mentioned above, each phase contains n voltage states
which cannot be achieved by the conventional CBPWM. So,
it cannot output any modulation sequence which is more
than 8 by using the conventional modulation method in
reference [29].

To solve the problem mentioned above, a modified
CBPWM modulation method that decomposes the mod-
ulation wave is proposed in this part. It can generate
more than two voltage states in one switching cycle.
Here decomposing each modulation wave into (n — 1)
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sub-modulation waves, then summing the output volt-
age states of each sub-modulation wave by CBPWM,
each phase can get n voltage states in each switching
cycle.

As shown in Fig. 5, the initial value of modulation wave
in phase A is U}, when n = 5, the decomposed four
sub-modulation waves are U}, UY,, U¥ and U}, each
sub-modulation wave just output two voltage states O or 1,
when compared with the four triangle carrier-based waves
Vt’j, Vt*z, V;g, and th, if the sub-modulation waves are
bigger than triangle wave, the output voltage state is 1,
otherwise, the output voltage states is 0, actually, the sum
value of those four sub-modulation waves is equal to the
value of original modulation wave U}. From another point
of view, in Fig. 5, the area of conventional CBPWM in
one switching cycle is equal to modified CBPWM which
decomposing the modulation waves, i.e. S, = S; —
2842, so the proposed method has the equivalent effect
with the conventional CBPWM. By comparing with triangle
carrier wave, four sub-modulation waves can output sin-
gle phase sequence (0—0—0—0—1—1—-0—-0—0—0),
0—-0—-0—-1-1-1-1-0—-0—-0),0->0->1>1—>1—
1-1-1-0—-0) and O—1—-1->l—>l—>l>1>1—
1—0) respectively, then summing the value of those
output voltage states, the five-level SVPWM sequence
0—-1-2—-3—->4—->4—-3—->2—2—0) can be obtained,
though the strategy of decomposing the modulation waves,
it can output O, 1, 2, 3 and 4 five voltage states in one
switching states. This cannot be achieved by conventional
CBPWM.

C. THE RELATIONSHIP BETWEEN TWO MODULATION
STRATEGIES

To obtain the relationship between CBPWM and SVPWM,
taking the above-decomposed method, here the sum of all
those four sub-modulation waves in one fundamental cycle
is equal to the sine modulation wave which is injected the
zero-sequence component in each phase. Here taking the
n = 5 as an example, if the reference voltage located in
the innermost triangle D1, Ko1, Ko2, Koz, Kos, K11, K12,

104922
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FIGURE 6. Relationship between 26 segments SVPWM sequence and
CBPWM

K13, K21, K22, Kp3 are duty cycle allocated coefficient of
three synthesized voltage vectors Vo, V1 and V, respec-
tively which range between [0,1], in Fig. 6, each origi-
nal modulation wave Uy, Uy, U is decomposed to four
sub-modulation waves, after comparing with the four triangle
carrier waves, it can output five voltage states in one switch-
ing cycle. Thus, using the conventional CBPWM method to
modulate those decomposed sub-modulation waves, the same
SVPWM modulation sequence can be achieved. Next, it will
give the detailed process to obtain the zero sequence which
connects the two modulation methods, i.e., CBPWM and
SVPWM.

According to Fig. 6, using the voltage-second balance
principle, the following relationship can be obtained:

[(1 =Ky — K12 — Ki3)T1 + Ki Ty + Ki2Th
Udc

+K13T1]T = TUan

(1 — K21 — K22 — K23)T2 + K01 T2 + Ko T
Udc

+K23T2]T = TsUp

(10)

In one switching cycle, T1 4+ T, + Top = Ty, the duty cycle
of each voltage vectors can be got:

Ty =Ts(1 — )
4U Ve
Ty = T~ (11)
Udc
4Upc
T, =T
Udc

According to the geometric principle of similarity trian-

gle, then we can get the equation of U}, UY,, U, and
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Uy (x =a, b, ¢) as follows:

Y = {[(1 — Ko — Koo — Koz — Koa)To

al —
+( =K1 — Ko — Ki3)Th1/Ts

1 —-Kri — Kop — K»3)T> U, U,
+( 21 2 23)2}%+£

T 4
© = [(1 — Ko1 — Koo — Koz — Ko4)To + KosaTo
+( =K1 — Ko — Ki3)Th 1/ T (12)
Ki3T1 + (1 — Kp1 — K2 — K23)T2 + K312 Uge
+ T )T
« KoiTo+ KT +SK21T2 + KTy, Uqe
3 = (=—>)
T, 4
. _KoTo Ui Ui
a4 T, 4 4

Up; = [(1 — Kot — Koo — Koz — Koa)To + (1

Ud Ua
— K7 — Ky — K23)T2]/TsTC + =

(1 — Ko1 — Koz — Koz — Koa)To + KoaTo

Uy, =
b2 =1 .
+[(1 = K11 — K12 — Ki3)T1 + (1 — K21 — K22
Uq
—Ko3)Ts + K3 To )/ T} —— (13)
«  KoTo+ KT+ K2 T> + KoTo + K12Ty
Ups =
U Ts
d
(=)
o T, 4 4

*

1 = T, 4 4
N (1 — Ko1 — Koz — Koz — Koa)To + KoaTo
2= { T.
S
+[(1I - K11 — K12 — Ki3)T1 + (1 — K21 — Ko
—K23)T2]/Ts}Uqc /4
Ul = (KoiTo + KTy + Ko Tr + Ko To + K127
+ K»T2)/Ts(—Uqdc/4)

« _ KoiTo+ KT +K21T2(_%)_ Uqgc

o4 ™ T, 4 4

(1 — Ko1 — Koz — Koz — Koa)To Uqc n Ugc

(14)

Then substituting equation (9) into (10), (11), (12), the

value of sub-modulation waves can be obtained as follows:

¥ = (Koi + Koz + Koz + Kos — K11 — K12 — Ki3)
X Uy + (K11 + K12 + K13 — K21 — K22 — K23)
x Up + (K21 + K22 + K23 — Ko — Koz — Ko3
— Ko4) x Ue + (2 — Ko1 — Koz — Koz — Koa) x Ugc/4
© = (Kot + Ko2 + Koz — K11 — K12) x Uy + (K11
+ K12 — K21 — K22) X Up + (K21 + K22 — Koi
— Koz — Koz) x Uc + (1 — Ko1 — Koz — Ko3) x Uqc/4
5 = (Kot + Ko2 — Ki11) x Uy + (K11 — K1) x Up
+ (K21 — Koi — Koz) X Ue — (Koi + Koz2) x Uqc/4
Uqay = Kot x Ug — Kot x Ue — (1 4 Ko1) x Ugc/4
(15)
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Uy = (=14 Koi + Koz + Koz + Koa) x Ua
+ (1 — K21 — K2p — K23) X Up + (K21 + K22
+ K23 — Koi1 — Koz — Koz — Koa) x Uc

+ (2 — Ko1 — Koz — Koz — Kog) x Ugc/4

U, = (Koi + Koz + Koz — K11 — K12 — K13)
x Uy + (K11 + K12 + K13 — K21 — K22) x Uy
+ (K21 + K22 — Ko1 — Koz — Ko3) x Ue (16)
+ (1 — Ko1 — Koz — Ko3) x Ugc/4

Ugs = (Kot + Koo — K11 — K12) x Vo + (K11
+ K12 — K1) x Up + (K21 — Koi — Ko2)

x Uc — (Kor + Ko2) x Ugc/4

Ugy = (Kor — K11) x Uy + K11 x Up — Ko1 Ue
— (1 + Ko1) x Udc/4

& = (=14 Ko1 + Koz + Koz + Koa) x U,
+ (1 — Ko1 — Koz — Koz — Koa) x U + (2
—Ko1 — Koz — Koz — Ko4) x Ugc/4

& = (Ko1 + Ko2 + Koz — K11 — K12 — K13)
x Uy + (K11 + K12 + K13 — K21 — K22 — K23)
x Up + (K21 + Koo + K23 — Ko1 — Koz — Ko3)
x U + (1 — Ko1 — Koo — Ko3) x Uqc/4

&5 = (Ko1 + Ko2 — K11 — K12) x Ua + (K11
+ K12 — K21 — K22) X Up + (K21 + K22
— Kor — Ko2) x Ue — (Ko1 + Ko2) x Ugc/4

o = (Kot — K11) x Uy + (K11 — K21) x Uy
+ (K21 — Ko1) X Ue — (1 + Kop1) x Ugc/4

7)

According to equation Uy = U, + U, + U+ Ul (x =a,
b, ¢), finally, the zero-sequence component can be obtained
as follows:

Uf = U, + U,
Uf =Up+ U,
Ut =Uc.+ U,

U, = (4Ko1 + 3Ko2 + 2Ko3 + Kosa — 3K13

—2Kpp — K13 — 1) x Uy + (3K11 + 2K12

+ K13 — 3K21 — 2K — K23) x Uy + (3K
+2K22 + K23 — 4Ko1 — 3Ko2 — 2Ko3 — Koa)

X Uc + (2 — 4Ko1 — 3Kz — 2Ko3 — Koa) x Ugc/4

(13)

According to the above analysis, after comparing with the
four triangle carrier waves, the four sub-modulation waves of
three phases U;], U;‘z, U;3 and U;‘4(x =a, b, ¢) can output
five voltage states in one switching cycle, in this case, three
phases can output 26-segment SVPWM modulation sequence,
so modulating the four sub-modulation waves by CBPWM
which is equivalent to inject the zero sequence component
in equation (16) to the three original sine modulation waves,
it can get the same effect as 26 segments modulation sequence
output by SVPWM. This is the longest modulation sequence
in a five-level inverter since each phase outputs five volt-
age levels, and if the voltage reference vector located in
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the outermost side in the space vector diagram, it can only
output 8 or less than 8 segments modulation sequence. Any
other modulation sequences between 8 and 26 segments,
the three modulation waves are not completely decomposed,
it means each phase output less than five voltage level, for
example, if each phase just has four voltage states, the out-
put SVPWM modulation sequence are 20 segments if each
phase has three voltage states, the output SVPWM sequence
are 14 segments. So, the other situations can be considered
as the special case for the longest 26-segment modulation
sequence of SVPWM, it means some of the modulation waves
are not completely decomposed to four sub-modulation
waves. Similarly, the zero-sequence component can also be
got.

If each phase just outputs 4 switching states, that
means each modulation wave only decomposed to three
sub-modulation waves, and the other one sub-modulation
wave never intersects with the triangle waves, here setting
the value of this sub-modulation wave U; 1 = Ugc/4(x =a,
b, ¢). Then the output modulation sequence can be arranged
as (000)—(100)—(110) - (111)—211)—(221)—(222)—
(322) —-(332)—>(333) —(333) —(332) —(322) —(222)
—(221) —-(211) —(111) —(110) —(100) —(000), which
is 20 segments SVPWM sequence. The sub-modulation
waves as shown in Fig. 7.

(=K, — K1
(=K, — K7, (1=K, —Kn - K7,
N
Vi [ T T
| [ T
| [ R T
2
U
4
u
il “
; 0
4 . _ Ui
= 4
i T A ]
| |
| . .t W [ A
T .
2
L 2 12
[ . 1
0 A
A —l‘ 2 5 l_m
! |
ol falsl -0 |,
B i N 2 )
T [
L 1 ] 1 [
L | ﬁ‘ 1 e
C | —
|
Alo 1t 4 af 8l alal o] |
Bloio P 33| s | | o
Clojojopapap 1 2f 4 20 3] 3 2] 2] 2 1 1 q

FIGURE 7. Relationship between 20 segments SVPWM sequence and
CBPWM.

Similarly, the injected zero sequence component is:

U:ZUa+Uz
U = Up + U,
Uf=U, + U,

U, = (3Ko1 + 2Ko2 + Koz —2K11 — K12 — 1) (19)
x Uy + (2K11 + K12 — 2K21 — K22) x Up

+ (2K21 + K22 — 3Ko1 — 2Ko2 — Ko3)

x Ue + (1 — 3Ko1 — 2Ko2 — Ko3) x Uqc/4

104924

Meanwhile, the sub-modulation waves U*

1 U, Ul and
U;‘4 (x =a, b, ¢) can be obtained as follows:

;1 = Udc/4
5 = (Ko1 + Ko2 + Koz — K11 — K12) x U,

+ (K11 + K12 — K21 — K22) x Up + (K21

+ K2 — Koi1 — Koz — Koz) x Ue + (1

— Ko1 — Koz — Koz) x Udc/4 (20)
3 = (Kot + Koz — K11) x Uy + (K11 — K21)

x Uy + (K21 — Ko1 — Ko2) x Uc — (Koy

+ Ko2) X Uqgc /4

U:4 = Ko1 x Uy — Ko1 x Uz — (1 4+ Kp1) x Ugc/4

Uffl = Uqc /4

Ug, = (Kot + Koz + Koz — 1) x Uy + (1 — K2

— K22) x Uy + (K21 + K22 — Ko1 — Ko2

—Ko3) x Ue + (1 — Kor — Koz — Ko3) x Uge/4

Ups = (Koi + Koo — K11 — K12) x Uy + (K11 (21

+ K12 — Kz1) x Up + (K21 — Ko1 — Koo)

X Uc — (Ko1 + Ko2) x Ugc/4

Upy = (Kot — K11) x Uy + K11 x Uy

— Ko1Uc — (1 + Ko1) x Ugc/4
:1 = Udc/4
5 = (Koi + Koz + Koz — 1) x Uy

+ (1 — Ko1 — Koz — Ko3) x Uc + (1 — Ko

— Koz — Ko3) X Udc/4
& = (Ko1 + Koz — K11 — K12) X Uy + (K11 (22)

+ K12 — K21 — K22) X Up + (K21 + K22

— Kor — Ko2) x Uc — (Ko1 + Ko2) x Udc/4
o= (Kot —K11) x Uy + (K11 — K1) x Up

+ (K21 — Ko1) x Ue — (1 + Ko1) x Uqgc/4

Similarly, if each phase just decomposed to two sub-

modulation waves, each phase only output three-voltage

states, the output modulation sequence is 14 segments, and
the zero-sequence component is:

Ui =U,+ U,
Uy =Uy+ U,
U =U.+ U, (23)

U, =@2Ko1 +Kpp— K1 — 1) x Uy +(K1 —K2) x Uy
U,
+ (K2 —2Ko1 —Ko2) x U —(14-2Ko1 +Ko2) % %

As can be seen from above, the zero-sequence com-
ponent equation format of 14-segment sequence and 20-
segment sequence is similar to 26 segments, actually, any
segments sequence between 8—26 segments are the special
case of 26 segments sequence.

For the n-level inverter, each phase can output n voltage
states, in the innermost modulation triangles D in Fig. 2,
zero voltage vector Vj have (n — 1) switching states, V
and V, each have (n — 2) switching states, it can output
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TABLE 2. Output current and voltage of three-phase 5-level
diode-clamped NPC.

Current Voltage
methods Amplitude/ THD/  Amplitude/  THD/
A % \ %
CBPWM 7.243 1.01 120.7 91.83
8 segments 7.244 0.95 120.9 91.80
CBPWM
W 20 segments 7.249 0.90 120.9 91.76
? 26 segments 7.253 0.87 121.0 91.69

Hints: the max frequency used for THD computation is 1000Hz.

(6n — 4) SVPWM segments sequence ultimately, by the
same way, each modulation wave is decomposed to (n — 1)
sub-modulation waves, then the zero-sequence component
can be obtained as follows:

U:=Ua+Uz
Uf = Up + U,
Ut = U, + U,

U, = ((n— DKo1 + (n — 2)Ko2 + - - - + 2Kon—2)

+ Kopn—1) — (n —2)K11 —(n —3)Kjp — - -

—2K1(n-3) — Ki(n—2) = 1) X Umax + ((n — 2)K7;
+(n—=3)Ki2+- - - +2K1(n3) +Ki(n2) — (n—2)K>1 (24)
—(n—3)Kp — - = 2Ky(n-3) — Ko(n-2))

X Unig + ((n — 2)K21 +(n —3)Koo + - - -

+2K2(n-3) + Ko(n—2) — (n — DKo1 — (n — 2)K

— -+ —2Ko;n—2) — Kou—1)) X Umin

+((n—1)/2 — (n— DKo1 — (n — 2)Ko2

Ua
—_— e e — 2[(0("72) — K()(nfl)) X " _C

1

The (n — 1) sub-modulation waves can be obtained as
follows:

Urax1 = (Kot + Koo + - - - + Ko—1) — K11
—Ki2 =+ = Ki(n-2)) X Umax
+ K1+ K2+ -+ Kin—2) — K21
— Ky — - = Ky(u—2)) X Upia
+ (K21 + K+ -+ - + Koin—2) — Kot
— Koz — -+ - — Kou—1)) X Unin
+((n—1)/2 — Ko1 — Koz — - - - — Kon—1))
X Uge(n—1) -+
;axi = (Ko1 + Ko2 + - - - + Ko—i) — K11 25)
—Ki2— - — Kin—i-1)) X Umax
+Kn +Kip+ -+ Kig—i—1) — K1
—Kp — - = Koyn—i—1)) X Unia
+(K21 + Koo + - - - + Kogu—i—1) — Kot
— Koz — -+ - — Ko@—i)) X Unin
+((n—2i+1)/2 — Ko1 — Koz — - - - — Kon—i))
x Uge/(n—1)----
U;;klax(n_l) = Ko1 X Umax — Ko1 X Unin
+(—(n—3)/2 = Ko1) X Uge/(n — 1)
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Vrflim = (Ko1 + Ko2 + - - - + Ko(n—1) — 1) X Umax

+ (1 — Ko1 — Koz — - - * = Ko—1)) X Umin
+((n—1)/2 — Ko1 — Koz — - - - — Ko@u—1))

X Udc/(n — 1) ......

Vi = (Kot + Koo + - - - + Kom—iy — K11
—Kip =+ = Kin-i)) ¥ Umax

+(Kn + K2+ -+ Kin—i) — K21

— Ky — - = Ky(u—iy) X Upia (26)
+(Ko1 + Koo + - - - + Ko—iy — Kot

— Koz — -+ — Kou—i) X Unin
+((n—2i+1)/2 — Ko1 — Koz — -+ - — Kon—i))
X Udc/(’l — 1) ......

Vaningi—1) = (Kot — K11) X Umax + (K11 — K21)

X Unid + (K21 — Ko1) X Unin
+(—=(n—13)/2—=Koy1) X Uge/(n— 1)
Voiar = (Kot + Koo + - - - + Kon—1) — 1) X Umax

+(1 =K1 —Ki2 — -+ - = Ki(n—2)) X Upia
+(K21 + Koo + - - + Ko(u—2) — Kot

—Kp2 — -+ — Ko—1)) X Unin

+((n—1)/2 — Ko1 — Koo — - - - — Ko(n—1))

x Uge/(n—1)-+ -

Viai = (Kot + Koz + - - - + Ko—iy — K11
—Kip — - = Kin=i=1)) X Umax

+(Ki1 +Kip+ - -+ Kijn—iy — K21 27
—K»n — - = Kyn—i-1)) X Unia

+(K21 + Koo + - - - + Kou—i—1) — Kot

— Koz — - - — Kon—i)) X Unin
+((n—2i+1)/2 — Ko1 — Koz — - - - — Kou—i))
X Uge/(n—=1)-++ -+

anid(n—]) = (Ko1 — K11) X Umax

+ K11 X Upia — Kot X Unin
+(=(n—3)/2 — Ko1) x Uge/(n — 1)

where the Ko1, Koz ...Kon—1) refer to (n — 1) duty
cycle allocated coefficient of zero voltage, Ki1, K2, ...,
Ki(n—2) and K71, K»1, ..., K2(,—2) are the duty cycle allocated
coefficient of two small voltage vectors, Uuaxs Unmid, Unin
mean the maximum, median, minimum value of the original
three-phase modulation waves. Any modulation sequence
between 8 and (6n — 4) can treat similarly as the five-level
inverter mentioned above, some modulation waves are not
completely decomposed, then the zero-sequence component
can be deduced, so the zero-sequence component realizes the
unification between CBPWM and any level any SVPWM
segments sequence. It completes the relationship between
SVPWM and CBPWM.

IV. SIMULATION COMPARISON AND ANALYSIS
Based on the previous theoretical analysis, we set up a
simulation model on MATLAB/SIMULINK to verify the
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FIGURE 8. Simulation model.
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FIGURE 9. m=0.2, Output waveforms for 8 segments modulation
sequence.

equivalence between CBPWM and SVPWM, as shown in
Fig.8. There are three control models in the simulation that
are SVPWM, CBPWM+-Uz, and CBPWM. The equivalent
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FIGURE 10. m=0.2, Output waveforms for 20 segments modulation
sequence.

relationship mainly verified by the output switching sequence
of CBPWM and SVPWM, i.e., if they output the same
switching sequence that means they are equivalent. So, for
the control system of the three-phase n-level diode-clamped
NPC, the open-loop control is enough. Here, taking the
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m=0.2, Output waveforms for 26 segments modulation
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FIGURE 12. m=0.2, Modulation waveforms of CBPWM and 26 segments
CBPWM+Uy.

three-phase 5-level diode-clamped NPC as an example, tak-
ing n = 5, the modulation ratio m = 2V, /Uy (V, represents
the command voltage, Uy, represents the DC side voltage),
assuming that all the redundant switching states have the
same working time, for example, if the SVPWM modulation
sequence is 26 segments as shown in Fig 6, the switching
states 000, 111, 222, 333 and 444 with the working time
Ko1To, Ko2To, Ko3To, KoaTo and (1-Ko1-Ko2-Ko3-Ko4)To are
the same, so, Ko = Koo = Ko3 = Koa = 0.2, similarly,
Kii = Kip = K13 = 025, K31 = Ky = Krz = 0.25;
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FIGURE 13. m=1, Output waveforms for 8 segments and 10 segments
modulation sequence.

if the SVPWM modulation sequence is 20 segments, Ko =
Ky = Koz = 0.25, K11 = K12 = 1/3, Ka1 = Ky = 1/3;
if the modulation sequence is only 8 segments, there is only
one duty cycle allocated coefficient K = 0.5. The longest
and difficult 26-segment switching sequence is realized, the
switching sequences from 8-segment to 26-segment can also
be realized. The switching frequency is 10kHz and the stan-
dard modulation wave frequency is S0Hz. The resistance and
inductance of the load with the star connection are 1.771€2
and 30mL respectively. And the DC side voltage is 700V.
Fig 9, 10, 11 shows m=0.2, the Output waveforms
for 8-segment, 20-segment, and 26-segment modulation
sequences, respectively. In Fig.9, to output 8 segments mod-
ulation sequence, only one of the four sub-modulated waves
needs to inject the zero-sequence component, and the other
three modulated waves keep constant that means the same
states can be output when compared with the carrier. Simi-
larly, when output 20-segment modulation sequence, there is
a sub-modulated wave that keeps constant, and when output
26-segment modulation sequence, there is no sub-modulated
wave that keeps constant. The final output on-off switch-
ing states show that the same output switching sequences
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FIGURE 14. m=1, output line-line current and line-line voltage of
three-phase 5-level diode-clamped NPC.
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FIGURE 15. Output waveforms for 8 segments SVPWM modulation
sequence under CBPWM+Uz strategy.

as SVPWM can be realized by injecting the zero-sequence
component into the modulation waves under CBPWM mod-
ulation.

The output line-line current and voltage of three-phase
5-level diode-clamped NPC between CBPWM+Uz and
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FIGURE 16. Output waveforms for 26 segments SVPWM modulation
sequence under CBPWM-+Uz strategy.

CBPWM are shown in Table 2. It can be seen that the THD
of output current and voltage of CBPWM+Uy is better than
CBPWM. And the more segments of switching sequence
is, the better output current and voltage are. The ideal out-
put line-line voltage and current values are 121.2436V and
7.2995A respectively. Also, the voltage of CBPWM+-Uz is
closer to the ideal value than CBPWM that means the former
has better tracking performance. And the more segments of
switching sequence is, the better tracking performance is.

Fig.12 shows the modulation waves of CBPWM
and 26 segments CBPWM+Uz, with the same com-
mand voltage, the amplitude of the modulated wave of
CBPWM+Uz decreases to 0.866 of the commanded voltage
after injecting the zero sequence component, while the ampli-
tude of the modulated wave of CBPWM remains unchanged,
which means that through CBPWM+-Uz, the diode clamped
multilevel inverter can output higher line-line voltage.

Fig 13 shows m = 1, the Output waveforms for 8-segment
and 10-segment modulation sequences. In Fig.13 (a), U,
and Uz represent the zero-sequence voltage and command
voltage respectively, U,* represents the modulation wave
with zero-sequence component injected. It can be seen that
after zero-sequence component injected, the amplitude of
the modulated wave decreases to 0.866 of the commanded
voltage which is similar to Fig.12. Also, Fig.13 (a) (b) show
that the same output switching sequences as SVPWM can
be realized by injecting the zero-sequence component into
the modulation waves under CBPWM modulation. In Fig.3,
set n = 5, when m = 1, reference voltage rotates through
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FIGURE 17. Output waveforms for 20 segments SVPWM modulation
sequence under CBPWM+ Uz strategy.
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FIGURE 18. Switching state of phase A Sa2 by three different modulation
strategies.

sector Dss, Dsg, Ds7, D74 and D75, so in sector Dss, the
reference can be composed by voltage vectors Vig, V31, Va3.
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FIGURE 19. The waveform of phase A under CBPWM strategy.

and three vectors totally have 5 switching states, considering
the symmetry of the modulation sequence, a 10-segment
modulation sequence can be formed. Similarly, in sector D74,
a 8-segment modulation sequence can be formed and other
sectors’ analysis are the same. Fig.14 shows the output line-
line current and line-line voltage of three-phase 5-level diode-
clamped NPC under m = 1, similar to m = 0.2, SVPWM
and CBPWM+ Uz have the same output line-line current and
line-line voltage, and both of them are better than CBPWM.

V. EXPERIMENTAL RESULTS

Theoretic analysis results are necessary to further verify by
the actual circuits. The main controller of the experiment
platform uses DSP and FPGA. DSP is TMS320F28335 of
TI Company, which is dedicated to realizing the control
algorithm of the entire system. FPGA is the Cyclone II series
EP2C35F484C8 of Altera Company, which mainly generates
the PWM gating signals and the other achieves communica-
tions and protections [30].

To verify the relationship between SVPWM and CBPWM
proposed in this paper, taking n = 5, injecting the
zero-sequence component to original sine modulation waves,
the modulation ratio m = 0.2, when the SVPWM modulation
sequence is longest 26 segments, the four sub-modulation
waves can be calculated. All the redundant switching states
are assumed to share equivalent interval time. So, Ky =
Koy = Ko3 = Ku = 0.2, K11 = K2 = K3 = 0.25,
Kyy = Ky = Kyz = 0.25, if the SVPWM modulation
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FIGURE 20. The waveform of phase A under SVPWM strategy.

sequence is 20 segments, Koy = Koo = Koz = 0.25,
K1 = Kip = 1/3, K»1 = Ky = 1/3, if the modulation
sequence is only 8 segments, there is only one duty cycle
allocated coefficient K = 0.5. The switching frequency
is 2.5kHz and the standard modulation wave frequency
is 50Hz.

Fig.15 (a) and Fig.15 (b) show the modulation waveforms
of phase A by CBPWM+-U, which is corresponding to 8 seg-
ments sequence of SVPWM. Fig.15 (a) shows the original
modulation waveform of phase A, the zero-sequence com-
ponent, and the modulation wave of phase A after injected
zero-sequence component. Fig.15 (b) shows the three-phase
modulation waves after injecting the zero-sequence compo-
nent. Fig. 16 (a) and Fig. 16 (b) show the output wave-
forms for 26 segments SVPWM modulation sequence under
the CBPWM+Uz strategy, Fig. 16 (b) shows the four
sub-modulation waves of phase A. Fig. 17 shows the output
waveforms for 20 segments SVPWM modulation sequence
under CBPWM+-Uz strategy, in this situation, the value of the
first sub-modulation wave equals to Ug./4.

Fig. 18 shows the on-off state of switching state S,
in phase A by three different modulation strategies, i.e.
SVPWM, CBPWM with zero-sequence component injected
CBPWM+U,, and CBPWM without zero-sequence compo-
nent injected. It can be seen that the on-off state of Switching
state S,» between the SVPWM and CBPWM+-U, is totally
the same, but totally different from CBPWM.
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FIGURE 21. The waveform of phase A under CBPWM+Uj strategy.

Fig.19, Fig.20 and Fig.21 shows the on-off state of switch-
ing states S;1, Sa2, Sa3, Sa4, and output voltage state S,
of phase A under three different modulation strategies, i.e.
CBPWM, SVPWM, and CBPWM+U,. It can be seen that the
output switching sequences of SVPWM and CBPWM+-U,
are almost the same and both of them can output five levels
in each 400us switching cycle. However, the CBPWM can
only output two levels in each 400us switching cycle that
is different from the output of SVPWM and CBPWM+-U,.
In one word, by using the multi-modulation waves with a
zero-sequence component injected to modulate, the CBPWM
can output the same switching sequence as SVPWM that
verifies the equivalent relationship between SVPWM and
CBPWM proposed in this paper.

VI. CONCLUSION

This paper comprehensively analyzes the relationship
between SVPWM and CBPWM in n level NPC inverter.
For general 8 segments SVPWM modulation sequence in the
multilevel inverter, the relationship between two modulation
methods have been many researched, but for much longer
SVPWM modulation sequences more than 8 segments, it has
not been researched before, and it cannot be achieved by
the conventional analytic technique of CBPWM modulation
method. In addition, the previous researches focus on spe-
cific level inverters, the relationship between CBPWM and
SVPWM in an arbitrary level sequence has not been obtained.
In this paper, by the strategy of decomposing the modulation
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waves, The SVPWM in N level with an arbitrary number of
segments sequence can be obtained by the multi-modulation
wave CBPWM method. At last, the experiment results verify
the correctness and validity of the method.
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