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Abstract—According to the number of segments, the space vec-
tor modulation (SVM) can divide into conventional SVM sequence
(CSYMS) and special SVM sequence (SSYMS). It is well known
that SVM can be equivalently realized by carrier-based pulse width
modulation (CBPWM) with a zero component injection in both
two-level and three-level inverters. For eight segment CSVMS
in three-level inverters, many papers have ever got the injected
zero component equation. But similar approach does not work for
SSVMS, which has more than eight segments, e.g., 10, 12, or 14.
What more, the accurate injected zero component has never been
achieved so far. To solve above problems, therefore, a generated
decomposition method of modulation wave has been proposed in
this paper. By strict theoretical derivation, the same correlation
can be extended to SSVMS and the corresponding zero component
expression can be acquired. Based on this method, this paper puts
a lot attention on the essential feature explanation, mathematical
proof, and gives a detailed process to get the zero component equa-
tion, using it can realize SSVMS by CBPWM. The simulation and
experimental results illustrate that the generated decomposition
method of modulation wave is correct, and the unified theory of
CBPWM and SVM is verified.

Index Terms—Carrier-based pulse width modulation
(CBPWM), inherent correlation, space vector modulation (SVM),
three-level voltage source inverter.

1. INTRODUCTION

MONG numerous pulse width modulation (PWM) tech-
A niques, carrier-based pulse width modulation (CBPWM)
and space vector modulation (SVM) are the most popular modu-
lators. It is well recognized that SVM can function equivalently
to CBPWM by adding zero-sequence component or common-
mode injections in two-level inverters [1]-[4] and three-level or
even multilevel inverters [5]-[7]. Compared to CBPWM, SVM
has several benefits, such as producing the highest available fun-
damental output voltage, low-harmonic distortion in the output
current, and suitable for digital implementation. It also can be
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Fig. 1. (a) Main circuit of three-level NPC inverter. (b) Space vector diagram
of three-level NPC VSL. (c) Space vector diagram of Sector 1.

used for balancing dc neutral point by chosing the proper redun-
dant vectors, but SVM will be very complicated when applied
to three or more high-level inverters. By injecting the zero-
sequence component, superior performance such as the neutral
point voltage balance, switching frequency reduction, switch-
ing losses, and the linear modulation range can be achieved by
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Fig. 2. (a) Eight segment SVM switching sequence in three-level inverters.
(b) Fourteen segment SVM switching sequence in three-level inverters.

TABLE I
SSVMS WITCHING SEQUENCES

Triangle  Total number of switching states Segments
A 7 6,8,10, 12, 14
C 5 6,8,10
Band D 4 6,8

(c)

Fig.3. Two decomposing cases of modulation wave and the combined pulse.
(a) First decomposition case. (b) Second decomposition case. (¢) Combined
pulse synthesized by the two submodulation waves.

CBPWM with the same effect as SVM [2], [8], [9], and it can
be easy realized.

Fig. 1(a) shows the main circuit of three-phase neutral-point-
clamped (NPC) voltage source inverter (VSI). The space vector
diagram of this inverter is showed in Fig. 1(b). Relevant de-
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TABLE II
AMPLITUDE VALUE OF MODULATION WAVES IN TWO DECOMPOSITION CASES

Modulation wave The first case The second case

\4 a a
Vi b —b
Vs a—b a+b

tail conception and operation steps can refer to the literature
[10]-[12].

Redundant state of the space vector is one of the most re-
markable feature of SVM. [13] has indicated that different dis-
tribution of zero vectors or the placement of the small vectors
can generate totally different results, the balance of neutral point
voltage can be achieved by adjusting the redundant states dura-
tion proportion. In addition, [ 14]-[17] have shown that arranging
the redundant states of zero vectors or small vectors properly
can have many benefits, such as du/dt reduction, low switching
frequency and voltage stress, the balance of the neutral point
voltage in NPC, and the current harmonic distortion. Center-
pulse double-edged seven segments SVM sequence, sometimes
also called eight segments sequencesis depicted in Fig. 2(a). De-
fined this conventional SVM sequences as CSVMS. There are
also some SSVMS, which include more than eight segments,
named as SSVMS in this paper.

SSVMS is a special PWM sequences, which is more than
eight segments, e.g., 10, 12, or 14, widely used in the practical
PWM modulation process. Numerous researchers have verified
that SSVMS can optimize the control effect of the three-level
NPC inverter. Lin er al. [18] research the issues of neutral-
point voltage control from point of view of SSVMS in detail.
A simple neutral-point voltage balancing control method for
three-level NPC inverters is proposed. Based on the SSVMS,
the small vectors that will move the neutral point voltage in
the direction opposite from the direction of unbalance can be
selected. The experiment results illustrate that the performance
of the proposed approach is satisfactory. In [19], the SVM of
the three-level NPC inverter is analyzed. Based on the SSVMS,
the PWM sequences are mended in order to reduce the total
harmonics distortion of inverter output. Due to many switching
state redundancies, the selection and arrangement of the SSVMS
for the three-level NPC inverter still seem to be ambiguous
and complicated. In [20], a general method for the selection
of modulation sequences is established, which is suitable for
the three-level NPC inverter. The advantages of the SSVMS are
optimizing the output voltage and current and balancing the dc
power, reducing the THD, controlling the neutral point voltage,
and other respects in NPC [18], [19]. The disadvantage of the
SSVMS is more complicated and more power loss than the
CSVMS [20].

Taking Section I as an example, the four triangles in
this section are A, B, C, and D as shown in Fig. 1(c).
As mentioned in [21], the maximum sequences in trian-
gle A is achieved by making use of all these seven states:
(-1-1-H—O0—-1-1)—00-1)—(000)—(100)—(110)—
(11 1). Thus, the number of segments of this longest switching



CHEN et al.: COMPREHENSIVE STUDY ON EQUIVALENT MODULATION WAVEFORMS OF THE SVM SEQUENCE

Fig. 4. Way to obtain the submodulation waves.
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Fig.5. Relationship between full-switching SSVMS and carrier-based PWM.

sequence is 2 X 7 = 14 as shown in Fig. 2(b). Table I shows
the number of all the optional SVM sequences in Section I.

The relationship between CSVMS and CBPWM has been
studied adequately, the zero sequence has been acquired in many
papers, but it does not get too much attention compared to the
case of SSVMS and CBPWM. These preceding ways cannot
calculate the zero component injection related to the SSVMS
and the solution has not been seen in any literature.

The ultimate distinction between CSVMS and SSVMS is that
each phase of the former can only output at most two voltage
states like —1, 0 or 0, 1 as shown in Fig. 2(a), but each phase
of the SSVMS can at most output three states as illustrated in
Fig. 2(b). Some phase outputs three output states —1, 0, and I in
one carrier cycle, which obviously cannot be obtained from the
carrier-based PWM by using the same way as mentioned above.
In [21], referring to the popular way of realizing multilevel SVM
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Fig. 6. Relationship between 12-segments SSVMS and carrier-based PWM.
TABLE III
MODULATION DECOMPOSING SYSTEM
Number of Sub-modulation waves Post-modulation
Segment (define : Vipax > Vinia = Vinin) Waves
ifV, >0z € (a,b,c) . .
8 then V5 = V, + V., V7, = 0; O
else Vi =0, V5=V, +V. T z
Vit = Viax + Ve, Vi =00 Vi = Vinax + Vi
10 midl = Vmidl; Viiaz = Viniazo mid = Vinia + V2
minl = 0,* Vinin 2 = Vinin tVz min = Vmin + V2
max1 :V{?axl’ *maxz :Ymax’l'r max = Vimax + V2
12 midl = Vmid1> Ymid2 = Ymid2> mid = Vmia +V2
““*i“l = :* min 2 *: min +* z "2“] = Vmin + V:
maxt = Viaxis Viaxe = ‘/*m;\XZV max = Vinax + V2
14 widl = Ymiat Ymiaz = Vwia2 mid = Vinia + V2
=Viimt Vaime = Ve Viin = Vin + V2

min 1

by decomposing the modulation wave into several two-level
SVM, the author uses several carrier-based PWM modulation
wave to synthesise the multilevel SVM successfully. However,
the decomposition principle and the deduced implementation
can’t be used in the paper. In [10], a detail operation proce-
dure and the resulting waveforms have been given for unifiing
CSVMS and CBPWM with the injection of zero sequence, but
this approach cannot apply to SSVMS as the reason explained
above, hence a solution is needed.

In this paper, a decomposing technique has been revised so
it can be applied to solve the aforementioned problems. Con-
ception of “virtual modulation wave” (VMW) is proposed for
the principle. Owing to this, then the accurate values of zero
components, which is added into CBPWM to achieve SSVMS
are obtained in the end; hence, the unified theory between
CBPWM and SVM is improved in three-phase three-level in-
verters. The rest of this paper is structured as follows. Section II
presents the decomposition principle and gives a strict theoreti-
cal proof for the principle of the new decomposition modulation
wave method. An example of getting the relationship between
CBPWM and SSVMS is shown in Section III. Amodulation
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Fig. 7. Simple flowchat of CBPWM+Vz.
TABLE IV
SWITCHING STATE PATTERN OF TEN SEGMENTS SSVMS IN TRIANGLES
D7-D12

Triangle in Fig. l(b) V() V1 VQ Vn V1 V1 VU Vg Vl Vg

D7 0 0 1 1 1 1 1 1 0 0
—1 0 0 0 1 1 0 0 0 —1
-1 —1 -1 0 0 0 0 -1 -1 —1

D8 —1 0 0 0 1 1 0 0 0 -1
0 0 1 1 1 1 1 1 0 0
—1 —1 —1 0 0 0 0 —1 —1 —1

D9 —1 -1 —1 0 0 0 0 —1 —1 —1
0 0 1 1 1 1 1 1 0 0
—1 0 0 0 1 1 0 0 0 —1

D10 —1 —1 —1 0 0 0 0 —1 —1 —1
—1 0 0 0 1 1 0 0 0 —1
0 0 1 1 1 1 1 1 0 0

D11 —1 0 0 0 1 1 0 0 0 —1
—1 —1 —1 0 0 0 0 —1 —1 —1
0 0 1 1 1 1 1 1 0 0

D12 0 0 1 1 1 1 1 1 0 0
—1 —1 —1 0 0 0 0 —1 —1 —1
—1 0 0 0 1 1 0 0 0 -1

/2 /2

decomposition system and some rules during the procedure are
also put forward in this section. The simulation and experimental
waveforms are described in Section IV. Finally, the conclusions
are given in Section V.

II. DECOMPOSITION PRINCIPLE
A. Modulation Wave Decomposition

In order to sovle the above mentioned problem, a modified
decomposition that can generate three-level output states in
one switching cycle is presented theoretically in this section.
Generally, the decomposition of every modulation wave into
two submodulation waves is done by the rule that the sum of
these two submodulation wave values must be equivalent to the
value of the original modulation wave, thus this results in 2
cases. Both of the cases are shown in Fig. 3(a) and (b), and
all the amplitude values included in the figure are shown in
Table II.

The original modulation wave is V and its amplitude is larger
than the two carrier waves during time . V| and V5 are two

seguence

submodulation waves. Two triangle carrier waves are V .; and
V .9 and their amplitudes are smaller than the two submodula-
tion waves amplitudes V'; and V5 during the time ¢; and %o,
respectively. The carrier cycle is V. The decomposition rule is
based on a simple summation, i.e., V =V + V.

From one aspect it can be verified that the sum of intersec-
tion areas of the two submodulation waves (V1 and V'5) with
the zero axis is equal to the intersection area of the original
modulation wave V with the zero axis, mathematically shown
as aty = (a — b)ty + bty = (a + b)ts + (—b)is.

From another aspect, the modulation wave is the sum of the
two submodulation waves also been proved by the “Equal Area

Theorem,” which is depicted as follows:

b —b
Case 1 [see Fig. 3(a)]: t1 +to = —t + CL—t =1
a a

a+b

Case 2 [see Fig. 3(b)]: t1 + to = —bt + t=1t.

Therefore, both of above mentiongd proofsaindicate that the
sum of the two submodulation waves functioning equivalently
to the original one. As illustrated in Fig. 3(c), a combined three-
level switching sequence can be obtained more easily by syn-
thesizing two submodulation wave in the second case shown in
Fig. 3(b) than the first case. The synthesizing rule is that the
combined pulse in Fig. 3(c) should have the exact same out-
put performance as the modulated pulse of V in Fig. 3(b). Vis
called as postmodulation wave. Defining the CBPWM modu-
lation wave of this three-level switching sequenceas “VMW”.
According to the carrier-based PWM characteristics, the VMW
exists theoretically but not exist practically; therefore, the way
to get three levels in one carrier cycle is found, and the new
concept of the VMW is put forward that can be used for the
theoretical analysis in the next paragraph.

B. Acquiring Submodulation Wave

As for SSVMS, to achieve the unified theory, the most im-
portant part is to get zero sequence of CBPWM going through
the derivation reversely can help to get the corresponding two
submodulation waves and the logical relationships. This process
is presented as follows.

Taking a single-phase three-level SVM sequence (—1—0—
1—1—-0——1) in Fig. 4 as an example. The three-level
SVM sequence can be divided into two two-level SVM
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Fig. 8. (a)Waveforms of line voltage output V,}, and phase voltage output V,
when m = 0.7. (b) Zoomed capture of (a).
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Fig. 9. Switching state comparison of phase A.

sequences: (0—0—1—1—0—0) and (—1—0—0—0—0—-1).
Using those two CBPWM modulation waves V; and Vs,
the two CSVMS can be easily achived by CBPWM,
respectively.

In order to get the equivalently CBPWM postmodulation
wave to three-level SVM sequence, getting the two CBPWM
submodulation waves of the two two-level SVM sequences is
foremost. According to those two two-level SVM sequences
in Fig. 4, the value of two CBPWM submodulation waves
Vi and V; can be obtained.The logical process between the
CSVMS wave and these two submodulated SVM wave in ev-
ery sampling period as describes in next paragraph, making
sure the logical calculated result of these two submodulated
SVM is exactly the same as the original three-level SVM
sequence.

The purpose of finding the logical relationship is that the total
output performance of these two modulated square waves should
be equivalent to that of the original SVM sequence. The summa-
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Fig. 10.  (a) Switching pulse comparison of S, ; . (b) Switching pulse compar-
ison of S,1 (zoom in).

TABLE V
MODULATION INDEX AND ITS PASSING AREA

m = Modulation area

Viet /Uac/2

Passed through
triangle area

Segments
included

0.5 A inner Case 1: eight
segments Case
2: 12 segments
Case 2: 14
segments
eight segments
with ten
segments
eight segments
with ten
segments

0.7 AandC middle and outer

1 B,Cand D middle and outer

tion logics are expressedas —1 +0=—-1;0+0=0;14+0=
1. If the three output states are expressed with 2, 1, 0 instead of
—1, 0, 1, then the corresponding logical relationshipsare will be
changedtobe 0 +1=0;1+1=1;2+ 1 = 2. Owing to this
logic, the three-level output can be produced by combing the
outputs of two submodulation waves.

III. UNIFIED THEORY BETWEEN CBPWM AND SVM
A. Theoretical Derivation of a 14-Segment SVM Sequence

Taking the full-SVM switching sequence, for example,
which is shown in Fig. 5. Different switching state intervals are
marked in the diagram, because of the symmetrical characteris-
tics, the analysis can be concentrated on the half carrier period
(T = t;/2) only. Ty, T1, and T are the half duration of V{, V7,
and V5 in one switching period, respectively. The distribution
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coefficients K1, Kyq2, Ky, K1, K> designate the percentage of
every redundant switching state that corresponds to the same
space vector in a half carrier period T,. V", V¥, V" are the
postmodulation waves of each phase,using the decomposition
method of modulation wave, submodulation waves of them

., V2 (x =a,b,c) can be acquired, the Vi, V)5 are the
carrier waves. The relationship derivation can be made out as
follows.

According to the principle of volt—second balance
(1—-K)Th + KiTh|Vie /2 = TV
{ (1= K2)Ty + Ko T3|Vac /2 = T V.
Therefore
Ty = To{1 = [Vae/(Vac/2)]}
Ty = Ty Var /(Vac/2) ©))
Ty = TsVhe/(Vac/2).

According to the Fig. 5, every submodulation wave can be
written as

. (1= Ko — Ko2)To + (1 = Ko)Th + (1 — K1)T Ve
al — Ts Y
. _ KTy [ Vac

a2 T, 2
v = (1 — Ko — Ko2)Tp + (1 — K2)T» Vg

b1 = -

T. 2

Ve KT + Ko1 Ty Ve

b2 = T | T

T 2

. (1= Ko — Ko2)Tp Vye

cl T, 2

DL+ KT A+ KTy (- Vae

c2 Ts 2 .

(3)
Substituting (2) into (3), submodulation waves V,/;, V.5 (x =
a, b, ¢) can be obtained by
Vi = (Ko + Koo — K1)V, + (K — Ko)W+
(K — Ko1 — Ko2)Ve + (1 — Koy — Ko2) Vi /2
Vi = KnVa— Ko1 Ve — Ko1Vae /2
Vi = (Kot + Koo — D)V + (1 — K2)Wi+
(K — Ko1 — Ko2)Ve + (1 — Ko — Ko2)Vae /2
Viy = (Ko — K1)Vo + KiW, — Kpn Ve — K()lVdC/Q
o = (Ko1 + Ko — 1)Va + (1 = Ko1 — Ko2) Vet
(1 - Ko — Ko2)Vac/2
Viy = (Ko — K1)V + (K — Kp) W+
(K3 — Ko1)Ve — Ko1Vae /2.

“)
According to V) = V| + V5 (z = a, b, c), three postmodu-
lation waves are

V=Vt V,
Vi =W+,
V=Vt

V, = (K1 +1—-2K¢ — Ko2)Va + (K1 — K2)W+
(K — 2Ky — Ko2)Ve + (1 — 2Ko1 — Ko2)Vae /2.
(5
Note that
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Fig. 11. (a) m = 0.5, V}.s passing throng inner modulation area with eight
segments SVM. (b) m = 0.5, V;o¢ passing throng inner modulation area only
including 12 segments SSVMS. (c) m = 0.5, V¢ passing throng Inner mod-
ulation area only including 14 segments SSVMS. (d) m = 0.7, V;¢ passing
throng middle and outer modulation area including eight and ten segments
SSVMS. (e) m = 1, V;of passing throng middle and outer modulation area
including eight and ten segments SSVMS.
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TABLE VI
COMPARISON OF CSVMS AND SSVMS

switching
segments THD commutation switching
numbers in three frequency
phase
CSVMS 8 2.6% 12 2.4kHz
SSVMS 14 1.7% 24 2.4 kHz

Va, Vi, V. are three standard sine modulation waves without
adding anything else, named premodulation waves.

V., Vi, V' are three modulation waves related to the SSVMS,
named postmodulation waves.

V. is zero sequence component.

Observing the above equations, it can be seen that V) =
V. + V. (x = a, b, ¢). Hence, it reach the same conclusion as in
CSVMS that the three-phase CBPWM modulation wave with
zero component injection equals the SSVMS modulation wave.

B. Modulation Decomposition System

From the above, the following conclusions can be made:

1) the SVM sequence including three output states need two
submodulation waves;

2) the SVM sequence with two output states only has one
modulation wave, which is same as that of CSVMS;

3) the 14 segment sequence is the extreme case, in which
each of three phases has two submodulation waves. The
eight segment sequence is the least case in which each of
three phases only has one submodulation wave. Ten and
12 segment sequences lay between the extreme cases.

‘;‘;\«"MQ (4\«" dl\)

| CBPWM#Vz
o e O e O g o

time (0.2 ms /div)

Fig. 13.  Experiment waveforms of three switching pulse comparison.

In order to unify the derivation process for the sequence,
which does not have two submodulation waves, consider one
of the two submodulation waves is a zero amplitude wave, and
another one is the original modulation wave. Take a 12 segments
SVM sequences, as an example, as showed in Fig. 6. The ten
segments sequences can also be obtained by the same calculation
steps.

By strict derivation, the postmodulation wave of three phases
and the added zero sequence component are

Vi=Va+V,
Vi=W+V,
Vi=Ve+V, (6)
V, = (Ko — K1)V, + (K — Ko)Vi+
Ve

(Ko + Ky = 1)V — Ko =5

Also, the amplitudes of V., = V.5, (z = a, b, ¢) are

= (1= K)Vi+ (K — Ko)W, + (Ky = 1)V,

Vae

o = KoVa — KoV — Ko

Vi =0 - K)W, — (1 - Ky)V,
W = (Ko — KVa + KiVi — KoV — Kot ()
Vi = (Ko — K1)Va + (K — K9)Vi+
(Ko + Ko)Ve — Koot
5 =0.

For SVM with different segments sequence, the whole mod-
ulation decomposition system is shown in Table III. Before de-
composition, the first step is to detect the value of three phases
in each sampling period and grade to Viyax, Vinid> Vinin, Which
are the maximum, middle, and minimum value of phase voltage,
respectively, and V,,, 1, V;,,2 (m = max, mid, min) are their two
submodulation waves, respectively. The related data during the
decomposition method is shown in the Table III. The procedure
of CBPWM+Vzis shown in the process schematic Fig. 7 below.
Process 1 and 2 stand for the way by which V. and V|,
can be obtained, respectively, from the premodulation waves
V. (z = a, b, c). Take the aforementioned equations as an ex-
ample, the fourth equation in both (5) and (6) can on behalf of
Process 1, (4) and (7) can on behalf of Process 2.

From the (5) and (6), the inherent relationship between
SSVMS and CBPWM has been proved. More importantly,
the zero component (V) has been obtained. The conclusion
develops the unified theory between three-level SVM and
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Fig. 14. m = 0.5, Vi¢r passing throng Inner modulation area with 12 seg-
ments SSVMS. (a) Experiment waveforms of V;,, V>, and V,*. (b) Experiment
waveforms of V', V.7, and V,.

¥y (Vidiv) |

Hime (10 ms /div)

(b)

Fig. 15. m = 0.5, V,¢ passing throng inner modulation area with 14 seg-
ments SSVMS. (a) Experiment waveforms of V;, V-, and V,*. (b) Experiment
waveforms of V', V.5, and V).

the carrier-based PWM. It also affirms the feasibility of the
decomposition modulation wave method. The distribution
coefficients K1, Koo, Ky, K4, and K5 are flexible. Altered
distribution coefficients can produce different SSVMS and
also different V.. The submodulation waves can be calculated
easily if the coefficients are given, which contribute to realizing
SSVMS by CBPWM in practice.

Additionally, all the deduction above can be applied to any
other area of the entire space vector diagram.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 30, NO. 12, DECEMBER 2015

IV. SIMULATION AND EXPERIMENTAL RESULTS

A. Simulation

The three-level NPC VSI in Fig. 1 has been simulated us-
ing MATLAB. The expression of modulation index is m =
Viet/ Ué‘“ . All the redundant switching statesis assumed to share
equivalent interval time. The dc voltage is set as 600 V with
resistive load. Switching frequency is 10k Hz, and the stan-
dard modulation wave frequency is 50 Hz. SSVMS design is
the first task for simlation or experimen. For simplicity, all the
SSVMS studied in the simulation and experiments distribute
their redundant states averagely, namely Ky = Ko = 1/3,
Ky =K, = Ky = 1/2. As the switching pattern for 14 and
12 segemtns SSVMS have already been listed in Figs. 5 and 6,
Table IV shows the switching state pattern including ten seg-
ments SSVMS in triangles D7— D12 clearly. After the SSVMS
determination, the zero component (V) and every submodula-
tion wave V1|, V., (z = a, b, ¢) can be acquired easily by using
the modulation wave decomposing approach which presented
in this paper.

The main purpose of the simulation and experiment is to
verify whether the two modulation strategies, i.e., CBPWM
with zero component injection (CBPWM+Vz) and SSVMS
have the exact same effect. To see this obviously, CBPWM
without the zero injectionis considered as a comparison. The
output voltage waveforms of the NPC VSI modulated by SVM
and CBPWM+Vz when m = 0.7 are shown in Fig. 8. V,,y, is the
line to line voltage between phase A and B and V/, is the phase A
voltage. Fig. 8(b) is zoomed capture of Fig. 8(a), which displays
the overlap more clearly. So the output voltages of SSVMS and
CBPWM+Vz are the same ones. The same condition can be
seen in phase voltage V.

Fig. 8 shows the waveforms of line voltage output V,;, and
phase voltage output V, modulated by SVM and CBPWM+-Vz
when m = 0.7.

Fig. 9 shows the switching state of phase A under three
modulation strategies. At each moment, the switching state of
CBPWM+Vz behaves the same as SSVMS but completely dif-
fers from CBPWM. Similar behavior can be noticed when ob-
serving the switching pulse of a certain switch, as shown in
Fig. 10(a) and (b). Fig. 10(a) shows the switching pulse of S,
under three modulation strategies. Fig. 10(b) is the zoomed fig-
ure of Fig. 10(a).These results verify the correctness that the
zero sequence component of CBPWM+Vz is correct and have
the same effect as SSVMS. All above conclusions from Figs.
8-10 keep valid for different m cases and SSVMS.

Additionally, the cases of m = 0.5,0.7 and 1 are choosed to
test in the simulation and expenriment process. Take Table I and
Fig. 1(c) into accout, the connection between modulatoin index
and sequence segments are listed in Table V. Different wave
forms combination in CBPWM+Vz corresponding to different
SSVMS are shown from Fig. 11(a) to (e). All the wave values
are between —1 and 1 due to the normalization.

Note that:

V,—is the pre-modulation wave of phase A;

V,—is the zero sequence component wave;

V.*—is the postmodulation wave of phase A;
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Fig.16. m = 0.7, V,¢ passing throng middle and outer modulation area with
eight and ten segments SSVMS. (a) Experiment waveforms of V,, V;, and V,*.
(b) Experiment waveforms of V., V., and V5.

Va1, Vao—is two submodulation waves;one is larger than or
equal to O; the other is lower than or equal to 0.

The above figures indicate that different SSVMS and different
modulation index cause different Vz injected into CBPWM. But
all of them satisfy the eqution V) =V, + V', (x = a, b, c),
which verifies the rightness of decomposition method of modu-
lation wave.

B. Experiments

An experiment platform used for verifying the proposed uni-
fied theory has been set up. Retated experiment parameters are
listed as following: DSP (F28335) of TI Company, FPAG (Cy-
clone II series EP2C35F484C8) of Altera Company, Dc-bus
voltage Ud = 120 V, Cdcl = Cdc2 = 4700 uF, Rload = 5.3
Q, load = 5.4 mH, and switching frequency of the inverter is
chosen to be 2.4 kHz. The comparison experiments to illustrate
the pros and cons for using such SSVMS has been done at first.
When m = 0.3, as can be seen from Fig. 12 where phase volt-
age V,,, and load current ¢, are shown for two PWM techniques
in the three-level NPC inverter. Fig. 12(a) is CSVMS method
which outputs 8 segments sequence and two voltage level in
each switching cycle. Fig. 12(b) is SSVMS method which out-
puts 14 segments and three voltage level in each switching cycle.
By analyzing the THD of load current, the 14 segments SSVMS
is 1.7%; that is much better than eight segments CSVMS which
is 2.6%. As shown in Table VI, when the switching frequencies
are the same, the switching commutation numbers of SSVMS
is double than CSVMS in one switching cycle, which obviously
means more power loss. In a summery, it can be seen that the
advantages of SSVMS are optimizing the output current and
reducing the THD. The disadvantage of the SSVMS is that the
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Fig. 17. m =1, V¢ passing throng middle and outer modulation area with
eight and ten segments SSVMS. (a) Experiment waveforms of V,, V., and V.
(b) Experiment waveforms of V., V., and V5.

switching commutation is much more than CSVMS, the power
loss is bigger than the CSVMS.

Fig. 13 shows the experimental results for switching pulses of
three strategies. Comparing the results, the switching pulses of
S.1 under SSVMS and CBPWM+Vz have the identical wave-
forms. Whats more, Figs. 14—17 shows different modulation
waveforms of CBPWM+-Vz corresponding 8,10,12, and14 seg-
ment SSVMS when m = 0.5,0.7 and 1, respectively, which
reflect completely similar as the simulation results depicted in
Fig. 12(b)—(e). Therefore both simulation and experiment can
achieve the same conculsion that SSVMS function equivalently
to CBPWM with corresponding zero component injection.

V. CONCLUSION

This paper improves the unified theory between CBPWM
and SVM in three phase three-level VSI. It deeply concentrates
on acquisition of the zero sequence component and the rela-
tionship between CBPWM and SSVMS which has not been
proposed before. The strict theory, simulation and experimental
results verify the proposed idea and all the results are found
to be correct and similar. Moreover the new idea of VMW has
also been proposed which is specially used to correlate carrier-
based PWM with SSVMS. In addition the procedure of get-
ting the submodulation waves and their logical relationship has
been put forward. Finally, the conclusion that the SSVMS can
also be equivalently realized by the CBPWM with an accurate
zero component addition is demonstrated and this decomposing
method can be extended to verifythe unified theory of CBPWM
and SVM with any other segments sequences.
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