IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received October 26, 2017, accepted December 18, 2017, date of publication December 28, 2017, date of current version March 9, 2018.

Digital Object Identifier 10.1109/ACCESS.2017.2787669

A Simplified Modulation Strategy of Nine-Switch
Inverter to Cut Off Half of Switching Modes

XIANGFENG LI, LILI QU', BO ZHANGZ, GUIDONG ZHANG 3, AND HUI LIAO*
IColle:ge of Automation, Foshan University, Foshan 528000, China

2School of Electric Power, South China University of Technology, Guangzhou 510641, China

3School of Automation, Guangdong University of Technology, Guangzhou 510006, China

#Guangzhou Vocational College of Technology & Business, Guangzhou 511442, China

Corresponding author: Lili Qu (e-mail: qulili313@163.com).

This work was supported in part by the National Natural Science Foundation of China under Grant 51277030, in part by the Natural
Science Foundation of Guangdong Province under Grant 2016A030310241, in part by the Science and Technology Innovation Project of
Foshan under Grant 2016AG101442 and Grant 2016AG10011, in part by the Foundation for High-level Talents in Higher Education of
Guangdong under Grant 2050205-194, and in part by the Scientific Research Innovation Group Project on modern power electronics
technology in the education system of Guangzhou City under Grant 1201610009.

ABSTRACT Nine-switch inverters were designed by sharing three-switches to realize dual-outputs, which
are normally realized by two three phase inverters with 12 power semiconductors. Therefore, its modulation
strategy is very complex and hard to implement. For this reason, a simplified modulations strategy for the
nine-switch inverter is proposed. Based on the switched system model, m-modes controllability of the nine-
switch inverter is first proposed to design a simplified space vector pulse width modulation (SVPWM)
strategy. Compared with the conventional SVPWM strategies, the newly proposed switching scheme cannot
only reduce half of the operating modes but also reduce the switching frequencies. It is significant since it
can simplify the control, increase power efficiency and reduce economy cost. Finally, a prototype is designed

to verify the proposed modulation strategy.

INDEX TERMS Controllability, nine-switch inverter, switched linear system, SVPWM.

I. INTRODUCTION
By sharing three switches of two three-phase inverters, a
nine-switch inverter was presented with reduced number
of semiconductors. It is a promising converter that has
been studied in many engineering applications, such as the
multiple-generator drivetrain [1], motor drive system [2]-[4],
grid-connected power sources [5], [6], uninterrupted power
supply (UPS) [7] and hybrid power filters [8]. Modulation
strategies of the nine-switch inverter is complicate, in order
to achieve superior performance of the inverter, modula-
tion strategies, such as the sinusoidal pulse width modu-
lation (SPWM) [9]-[11] and the space vector pulse width
modulation (SVWPM) [12]-[16], also have been studied in
numerous research papers. Due to the inherent features of
nine-switch inverter topology, its control and modulations
strategies presented in aforementioned papers are very com-
plicated, which will result in high switching frequencies and
switching losses. In order to solve this problem, a novel mod-
ulation for simplifying the modulation is eagerly required.

It is considered that the switching frequencies of the power
semiconductors can be reduced if less operating modes are
involved in the switching sequence. Therefore, the purpose

of this paper is to design a novel SVPWM strategy by mini-
mize the number of the operating modes and semiconductors
switching of the inverter used in the SVPWM strategy from
the aspect of controllability theory.

Though it is of great significance both in applications
and in theory, researching on controllability issues of power
converters is scanty. One of the main reason is that power
converters are inherent strong nonlinearity, it is difficult
to study its controllability issues systematically without an
accurate mathematical model [17]. Hence, a novel modeling
theory is used to model the power converters as a hybrid
system, namely, switched linear system model [18], there-
after, controllability of the power converters based on hybrid
systems model are studied, such as the controllability and
reachability of the boost converter, the periodic controllability
and, output controllability of DC/DC converters [19], [20],
and the controllability of three-phase inverter [21]. However,
the controllability of the nine-switch inverter has not been
concerned. More importantly, the switching sequence of the
system is not a primary concern in aforementioned papers.

In order to achieve a better performance of the SVPWM
strategies of the nine-switch inverter, this paper investigates
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the state controllability and m-modes controllability of the
nine-switch inverter based on the switched system model,
consequently, develop a new design methodology for design-
ing new switching sequences for power converters.

The rest of the paper is organized as follows. Section II
describes how to model the nine-switch inverter as a hybrid
system, namely switched linear system. In section III,
the controllability feature of the proposed hybrid system
model of nine-switch inverter is studied. Main results of
this paper is presented in section IV, in where a novel
SVPWM scheme is proposed to control the nine-switch
inverter. In section V, a prototype is designed to verify the
proposed modulation strategy. Finally, Section VI draws the
conclusions.

Il. A SWITCHED LINEAR SYSTEM MODEL

In terms of modeling methods of hybrid system theory,
a power converter can be described by the following differ-
ential equations:

X(t) = Ag(yX(t) + Bo(ryu(t)
() = Conx() (D
o(t) = @, u(t), x(t)/y1))

where x(t) € R" is the state vector, u(t) € RP is the input
vector, y(t) € R is the measured output, o (¢) is the switching
signal which is decided by the specific control algorithm, and
o(t) € {1,2,---k}, where k is the total number of operating
modes of the converter.
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FIGURE 1. Circuit of the dual output nine-switch inverter.

The circuit diagram of the dual output nine-switch inverter
is shown in Fig. 1. Therein, the nine-switch inverter can be
divided into two parts, namely, the upper part consisting of Sy,
S2, 83, 84, Ss, S6, and the lower one consisting of S4, S5, Se,
S7, S3, So, particularly, the switches Sy, S5 and S are shared
with the upper and the lower inverters.

The conventional SVPWM scheme consists of 14 vec-
tors (also named 14 modes) as shown in Table 1.
Denote the state variables of the nine-switch inverter
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TABLE 1. Operating modes, switching state and vectors of SVPWM.
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*“1” means the power semiconductor turns on; “0” means the power
semiconductor turns off.
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asx = {x XZ}T, where x1 = {igu, ipu, icu» Uau> Ubus ”cu}T
and xy = iab, ipbs ichs Uab, Upb, Ucp}! , therein, iau, ipu icus
Uqy, Upy, Uey are the currents through the inductances Ly, Ly,
L. and the capacitor voltages on Cy1, Cp1, C¢1 of the upper
inverter, iup, ipbs Lebs Uab, Ubh, Uep are the inductor currents
and capacitor voltages of the lower inverter,. For convenience,
assuming the capacitance value of C,;, Cp; and C¢; equal
Cu, Ca, Cp2, and C¢ equal Cr; the inductance value of
La1, Ly1, and L¢y equal Ly, Ly, Lyz and Ly equal Ly ; the
resistance value of Ry1, Ry1, and R¢1 equal Ry, Ra2, Ry and
Ry equal Ry ; the resistance value of the wire equivalent
impedance r1, 2, 13, 14, 5 and rg equal r. Hence, the switched
linear system model with the aforementioned 14 operating
modes (14 vectors shows in Table 1) can be described by
equation (1), where k = 14, and
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IIl. CONTROLLABILITY OF NINE SWITCH INVERTERS

The nine-switch inverter shows in Fig. 1 has many redundant
operating modes due to numerous switching states (switch
on or switch off) of the nine power semiconductors. Appar-
ently, not all the operating modes are required to generate the
desired output, it is decided by different control algorithms,
for instance, the normal SPWM algorithm uses 12 operat-
ing modes to generate desired sinusoidal waveforms while
14 operating modes are normally adopted in the SVPWM
technique, therefore, it is of great significance to study the
problem of how many operating modes are required indeed to
generate any desired output voltage, i.e. how many operating
modes are required indeed to make the system be state con-
trollable. In order to study this problem, we give the definition
of m-modes controllable as follows.

Definition 3.1: A power converter is m-modes controllable,
if and only if its controllable set or nested subspace is the
full space, i.e., w, = R", while only m operating modes are
adopted in the switched linear system model.
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If the nine-switch is m-modes controllable, it means that
the inverter can generate any desired output voltage using
only m(m < 14) operating modes to modulate the inverter.
It also means that the inverter will not be state controllable
(can not generate specific desired output voltage or current)
if only p(p < m) operating modes are used in the modula-
tion. Therefore, the key point of the problem is to find out
which m(p < m < 14) operating modes are necessary to
make the switched linear system model be completely state
controllable.

The m-modes controllability of the nine switch inverter can
be investigated as following.

Given a coefficient matrix A € R™" and a linear subspace
w € R"™" denote

(Alw) =D A™w (7
i=1

where (A|w) is a minimum A-invariant subspace that contains
coefficient matrix A.

In terms of the feature of minimum invariant subspace,
the rank of controllability set of the nine-switch inverter can
be described as w; = (A1|B1) + (A2|B2) + - - - + (A14|B14),
letA =A; =Ay) =--- = A4, then we have

wi = (A|B1) + (A|B2) + - - + (A|B14)
= span{By,--- ,B14,ABy, -~ ,AB14, A’By, - -,
A’Byy,---A"By, -+, A"By4) (®)
Then, the nested subspace sequence is obtained as
w2 = (Alwi), w3 =(Alwa)---, wig = (Alw13) (9)

Plug matrices (2), (3), (5), (6) in equations (7), (8) and (9),
it is not difficult to notice that the rank of the matrix wy is
dim(w;) = 12, consequently,

dim(w,) = dim(w3) - - - = dim(w13) = 12 (10)

which means w, = R'2, ie. the nested subspace is the
full space. The nine-switch inverter has only twelve state
variables, therefore, in terms of controllability criterion, the
nine-switch inverter is completely state controllable Then,
restudy the nested subspace sequences, it is noticed that

wi = span{By, Ba, Bs, B, By, B11, AB2, AB4, ABs,

AB7,ABg,AB11}  (11)
or

wy = span{B1, B3, Bs, Bs, B1o, B12, AB1, AB3, ABy,
ABg, AB1o, AB12}  (12)
It shows in equation (11) and equation (12) that the lin-
ear independent vectors of the system are only related to
operating modes @, @, ®, D, @ and @; or related to
operating modes (D, ®), &, ®), @, and @. Obviously, only
6 operating modes are required to make the nested subspace
be full space, i.e., the system is m-modes controllable where
m = 6, namely, 6-modes controllable. It implies that the nine-

switch inverter can generate any desired outputs using only
6 operating modes rather than 14 operating modes.

VOLUME 6, 2018
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FIGURE 2. Operating modes and space vectors used in conventional
SVPWM algorithm of a nine-switch inverter.

TABLE 2. Conventional switching sequence used in SVPWM algorithm.
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FIGURE 3. Diagrams of space vectors with corresponding operating

modes @), @, ®, @, ®, @. (upper inverter Ugy19, Ug101: Ugo11 lower
inverter Up1g0: Upo10- Uboot)-

TABLE 4. Proposed switching sequence with operating modes @, @, ®,
@, ®, @ (switching sequence in the odd cycle).

sectorl  @-D-Q-B-@-O-®-O-©-B-6-0-® 12

sectorll  (@)-0)-@-B-@-0-W-9©-6-B-6-9-® 12
sectorll  @-3)-@-B-@-0)-®W-9©-10-B-10-O-@ 12
sector IV )-6)-@-B-@-0-®-@-1-B-©-1D-04 12
sectorV 18-6-6)-13-6-6)-00-1D-©@-B-@-@-@ 12
sector VI~ @)-D-©-B3-©-0-6-0-@-B3-©-0- 12

Total 72

TABLE 3. Switching sequence with lower switching frequency.

Sector Switching sequence Number of switching
sector | -@-®-®"®--®' 8
sector 11 -@-@-@--@--@- 8
sector 111 -@-@-@"@--@' 8
sector [V -@-@-@-'®"®' 8
sector V. @-®-0-©-0-W-@-0-® 8
sector VI -@-@-@--@-@-@- 8
Total 48

IV. THE PROPOSED SVPWM

A. CONVENTIONAL SVPWM ALGORITHM

For the conventional SVPWM algorithm, the 14 operating
modes used in the algorithm are shown in Fig. 2, therein, each
arrow indicate two operating mode.

Table 2 shows the commonly used SVPWM strategy
for the nine-switch inverter. Therein, the corresponding
modes (D, @, - - - @ are described in Table 1.

It shows that the operating modes must change 12 times in
every carrier wave period, it will result in high switching fre-
quencies of the power semiconductors. Therefore, SVPWM
strategy with reduced number of semiconductor switching
was proposed, such as switching scheme presented in Table 3.
It shows that the switching scheme uses fourteen operat-
ing modes and still changes 8 times in every carrier wave
period.
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upper . lower switching sequence “““,“be? of

inverter inverter switching
sector I sector IV ®-@-w-2-@ 4
sector 11 sector V @--@-®-@ 4
sector I11 sector VI @--@-@-® 4
sector IV sector | @-@“@-@ 4
sector V sector 11 @-@“@-@ 4
sector VI sector IT1 ©-9-®-@-1 4
Total 24

TABLE 5. Proposed switching sequence with operating modes @, &, ®,
@, ®, @ (switching sequence in the even cycle).

upper . lower Switching sequence Nu{nbgr of
inverter inverter switching
sector | sector [V @—@—-@-@ 4
sector II sector V @-@--@-@ 4
sector 111 sector VI @-@-W--@ 4
sector IV sector [ @-@--®'@ 4
sector V sector II ©-6-W--® 4
sector VI sector 111 -@-®-9©-6 4
Total 24

B. THE NOVEL SVPWM ALGORITHM
In terms of the definition 3.1 equation (11) and equation (12)
the switch linear system model of nine-switch inverter is
completely state controllable with only 6 operating modes,
namely operating modes @), @, ©®, @D, (® and (), or operat-
ing modes @, ®), ®, ®, @ and @. Therefore, new switching
sequences, with only 6 operating modes, can be constructed
to achieve a lower switching frequencies of the power semi-
conductors. As it is shown in Fig.3, a rotating vector is formed
with 6 operating modes, namely, @), @, ©®, @, ©® and @).
The novel SVPWM algorithm (switching sequences) are
presented in Table 4, Table 5, therein, only 6 non-zero vectors
are used. Apparently, a lower switching frequencies of the
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TABLE 6. Proposed switching sequence with operating modes (), G, G,
®, @, @ (switching sequence in the odd cycle).

upper lower Switching sequence Number of
inverter inverter & sed switching
sector IV sector [ @-@-W-®-6G 4
sector V sector 11 ®-6--0-O 4
sector VI sector 111 ©®-6--10-O 4
sector I sector IV 0-O-@-12-® 4
sector 11 sector V 0-O-@-12-® 4
sector IT1 sector VI @-G-@-®-® 4
Total 24
upper inverter lower inverter
T
>
/2 T/2
(@
upper inverter
/1\
{NEEENEREAE
x__ X L ?

BNV

lower inverter
(b)

FIGURE 4. Alternative control of nine-switch inverter. (a) conventional
control. (b) alternative control.

power semiconductors can be achieved since the operating
modes only change four times in every carrier wave period.

In order to further reduce the switching frequencies of the
power semiconductors, the switching sequences in odd car-
rier cycle and even carrier cycle are constructed respectively,
i.e. the counter-clockwise switching sequences adopted in
odd cycle and clockwise switching sequences adopted in
even cycle respectively. For instance, consider the first row
in Table 6 and Table 5, the switching sequence is set as
@-O--®@-@ in the odd carrier cycle, meanwhile, a dif-
ferent switching sequence is constructed as 7)-@-@-O-©@
in the even carrier cycle. Apparently, by using the counter-
clockwise sequences and clockwise switching sequences, the
number of power semiconductors switching will be reduced
by half and two-thirds respectively compared with the switch-
ing sequences show in table 3 and Table 2.

In addition, alternative control effect was adopted by
the novel SPWM strategy as shows in Fig.4. It shows in
Fig.4 (a) that the operating modes of each inverter (upper
inverter, lower inverter) will not work in half period. While
in Fig.4 (b), the operating modes of upper inverter and lower
inverter will work alternatively, this will fast the response
time, also reduce the total harmonic distortion.
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TABLE 7. Proposed switching sequence with operating modes (), G, ),
®, @, @ (switching sequence in the even cycle)

upper lower Switching sequence Number of
inverter inverter & sequ switching
sector IV sector I ®-®-W-@-1©@ 4
sector V sector 11 O-0-1@-©-® 4
sector VI sector I1I O-0-1@-6-® 4
sector I sector IV ®-1)-1@-®-O 4
sector IT sector V ®---©-0 4
sector 111 sector VI ®-@--3-1© 4
Total 24
TABLE 8. Circuit parameters of the nine-switch inverter.
R L C frequency(kHz) frequency frequency
(Q) (mH) (pF) carrier wave upper (Hz) lower (Hz)
0.5 1.0 250 10.0 50.0 25.0

In terms of the aforementioned analysis results, the oper-
ating modes D, @), ®, ®, @ and @ also can be used to
modulate the system. The corresponding space vectors of the
operating modes shows in Fig.5.

The switching sequences are shown in Table 6 and Table 7,
which clearly shows that the number of semiconductors
switching is also reduced by two-thirds compared to nor-
mal SVPWM, hence, verified the feasibility of the proposed
method for constructing the simplified switching sequence.

V. EXPERIMENTS

Experiments are conducted and the experiment results of the
proposed SVPWM strategy using operating modes @), @, ©,
@, ©® and () are given in this section. The experimental set-
up is depicted in Fig. 6.

Therein the control IC is TMS320F28335, driver IC is the
HCPL 332J and the MOSFET model is SPW47N60S5, and
the circuit parameters of the nine-switch inverter are shown
in Table 8.

The line voltage and phase voltage for the upper inverter
of the nine switch inverter are depicted in Fig. 7 and Fig. 8§,

VOLUME 6, 2018
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FIGURE 7. Output voltage of the dual output nine-switch inverter (line
voltage, upper inverter, without LC filter).
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FIGURE 8. Output voltage of the dual output nine-switch inverter (phase
voltage, upper inverter, without LC filter).
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while Fig. 9 depicts the phase voltage for both upper inverter
and lower inverter of the nine switch inverter with the
LC filters.

For the designed 10kHz carrier frequency, the number of
switching and switching frequencies of each power semi-
conductor for nine-switch inverter using different SVPWM
strategies (Table 2, Table 3 and proposed modulation strategy
shows in Table 4 ~ Table 8) in a fundamental period (T =
0.02s) are calculated as shows in Table 9.

As is seen in Table 9, number of switching is considerably
reduced using proposed SVPWMs (Table 4, Table 5 and
Table 6, Table 7).

It is shown in Fig. 10 (b) that the efficiency of the system
is improved, meanwhile, as shows in Fig. 10 (a), the total
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FIGURE 9. Output voltage of the dual output nine-switch inverter ((phase
voltage, upper inverter 50Hz, lower inverter 25Hz ).

TABLE 9. Number of semiconductor switching.

SVPWM SVPWM Proposed
(Table II) (Table I1I) SVPWMs
Number of switching 200 133 67
Switching frequencies 10kHz 6.67kHz 3.33kHz
6 - —=— SVPWM(Upper output)
—e— SVPWM(Lower output)
4 —4a— Novel SVPWM(Upper output)
—v— Novel SVPWM(Lower output)
5 —
S 4
a
jas)
= ]
3 —
2 T T T T T T 1
0 1 2 3 4 5 6 7
load Current(A)
@
095+ —a— Traditional SVPWM
—e— Novel SVPWM
0.90
-
g
£
= 0.85
0.80 T T T T T T |
0 1 2 3 4 5 6 7
load Current (A)
(b)

FIGURE 10. THD and the efficiency of the conventional SYPWM and the
proposed SVM. (a) Total harmonic distortion. (b) Efficiency.

harmonic distortion (THD) is increased due to the lower
switching frequencies of the power semiconductors which
is reduced by two-thirds compared to the normal SVPWM
strategy. Generally, the experiment results proved that three-
phase output voltage can be generated by the proposed
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simplified pulse width modulation algorithm with only half
number of the operating modes and one third of the switching
frequencies of the power semiconductors (using the same car-
rier frequency for both conventional and proposed simplified
SVPWM strategy). Apparent, experiment results correspond
to the theoretical analysis, therefore verified the correctness
of the m-modes controllability theory and feasibility of the
proposed simplified pulse width modulation strategy.

VI. CONCLUSIONS

A novel concept, named m-modes controllable, has been pro-
posed in this paper based on the switched linear system the-
ory. As a consequence, the m-modes controllable of the dual
output nine-switch inverter has been investigated. Theoretical
analysis shows that only half number of the operating modes
are required to keep the dual output nine-switch inverter
being state controllable, namely, 6-modes controllable.
Accordingly, anovel SVPWM strategy was designed with the
specific six operating modes. It is proved by the theoretical
analysis and experiments that, the switching frequencies of
the power semiconductors is as low as 3.3kHz (with a carrier
frequency of 10kHz) when the proposed simplified SVPWM
algorithm was used, while the lowest switching frequencies
is 6.67kHz for existing normal SVPWM algorithms. It is
forwarded that the concept and design methodology pro-
posed in this paper is also applicable to other power con-
verters to construct novel modulation strategies with better
performance.
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