IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received June 9, 2020, accepted July 6, 2020, date of publication July 16, 2020, date of current version July 28, 2020.

Digital Object Identifier 10.1109/ACCESS.2020.3009720

Three-Phase Embedded Modified-Z-Source

Three-Level T-Type Inverters

ANH-TUAN HUYNH', ANH-VU HO2, AND TAE-WON CHUN !, (Member, IEEE)

! Department of Electrical Engineering, University of Ulsan, Ulsan 44610, South Korea
2School of Engineering, Eastern International University, Thu Dau Mot 75115, Vietnam

Corresponding author: Tae-Won Chun (twchun@mail.ulsan.ac.kr)

This work was supported in part by the Korea Institute of Energy Technology Evaluation and Planning (KETEP), and in part by the
Ministry of Trade, Industry, and Energy (MOTIE), South Korea, under Grant 20194030202310.

ABSTRACT Two topologies are designed by combining a modified-Z-source (MZS) network consisting
of three diodes, two inductors and four capacitors to a traditional three-level T-type inverter (3LTI), and
embedding either one or two dc sources in the impedance network, which are named as asymmetrical
embedded MZS-3LTI (AEMZS-3LTI) and symmetrical embedded MZS-3LTI (SEMZS-3LTI). The pro-
posed topologies provide a highly boosted ac output voltage with five voltage levels and ensure a continuous
dc source current by adopting the embedded concept. Operating analysis is performed and a comparison of
the two proposed topologies with five different topologies combining the impedance network and 3LTI or
neutral-point-clamped (NPC) inverter is provided. A novel modulation technique is proposed for effectively
controlling the upper and lower shoot-through states with a simple logic circuit and balancing a neutral-point
voltage. The validity of the proposed topologies and the modulation technique is demonstrated through

simulation and experimental results.

INDEX TERMS Boost capability, embedded dc source, Z-source impedance network, modulation technique,

three-level T-type inverter (3LTI).

I. INTRODUCTION

Nowadays, multilevel inverters have been widely employed
in various industrial applications such as medium-voltage ac
motor drives [1] and wind turbine or photovoltaic (PV) gen-
eration systems [2], [3]. Compared to conventional two-level
inverters, multilevel inverters can provide a staircase out-
put waveform with lower total harmonic distortion (THD)
and decrease the voltage stress on inverter power semicon-
ductor switches. Among the various multilevel topologies,
some popular selections include the neutral-point-clamped
(NPC), flying capacitors (FC), and cascaded H-bridge
(CHB) [4], [5]. The three-level T-type inverter (3LTI), a rel-
atively recent three-level inverter topology, is implemented
by connecting active bidirectional switches between the
dc-link midpoint and three-phase outputs of the conventional
two-level inverter [6]-[15]. Compared to the three-phase
three-level NPC inverter, 3LTI can provide lower conduc-
tion losses and fewer diodes while retaining the benefit of
the three-level inverter such as the stepped output voltage
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waveform. In [6] and [7], the switching and conduction
losses of 3LTI for low-voltage applications were analyzed
and compared to a three-level NPC inverter or two-level
inverter. The fault-tolerant control strategies for a 3LTI under
an open-circuit fault condition are proposed by measuring
the bridge voltage or neutral-point voltage [8]-[11]. The
3LTT can be applied in various industrial applications such
as photovoltaic (PV) generation [12], permanent-magnet
synchronous motor (PMSM) drives [13], [14], and energy
storage systems [15].

However, 3LTI and the three highly popular topologies
perform only a buck dc-ac voltage conversion because they
are unable to output ac voltage greater than the dc source
voltage. Some applications like renewal energy generation
with a low voltage renewal energy source demand 3LTIs with
higher voltage gain to obtain a desired ac output voltage. To
enhance the voltage boosting ability with a single power con-
version stage, the concept of the (quasi-)Z-source impedance
network is introduced to the 3LTI. The Z-source inverter
(ZSI) or quasi-Z-source inverter (qZSI) can raise the dc-link
voltage by shorting any phase leg of the inverter [16]-[18],
which can achieve a buck-boost operation with a single
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power conversion stage. The reliability is improved because
dead-time of the inverter can be avoided due to the possible
shoot-through state.

Several topologies integrating the (quasi-)Z-source
impedance network to the 3LTI have been proposed to
attain the benefits of (q)ZSI as well as those of 3LTIL
The topology and modulation method for the three-phase
or single-phase Z-source three-level T-type inverters
(ZS-3LT?Is), which are implemented by combining a single
Z-source impedance and three- or single-phase 3LTI, are
described in [19], [20]. These inverters have a discontinuous
dc source current. The space vector modulation scheme and
carrier level shifted modulation method of the quasi-Z-source
3LTI (qZS-3LT2I) topology realized by combining two sym-
metrical quasi-Z-source networks and three-phase 3LTI are
proposed to reduce the common-mode voltage by balancing
the neutral-point voltage [21]-[23]. The normal operation
behavior and open-loop failure condition of the qZS-3LT?1
are studied in [24]. An efficiency study to compare the
qZS-3LT?I and qZS-NPC inverter was realized by simula-
tion [25]. The qZS-3LT21 has a continuous source current.
However, it requires a large number of passive components
that results in increased weight, volume, and cost of the power
converter. Although both the ZS-3LT?I and qZS-3LT?I have
a boost capability, their boost factor is not high.

To improve the boost capability while reducing the num-
ber of passive components, the three-level quasi-switched
boost T-type inverter (3L-qSBT?I) topology was introduced
in [26]-[28]. The 3L-qSBT?I topology is designed by replac-
ing the quasi-Z-source impedance network in qZS-3LTI
with the quasi-switched boost network proposed in [29], [30].
The 3L-qSBT?I can provide a high voltage gain and reduce
the number of passive components. However, it requires
two additional switching devices and its modulation tech-
nique is complex. An active impedance-source 3LTI with
reduced component count (RC2-AIS-3LTI) topology has
been introduced to reduce the number of active and passive
switches [31], which can save two diodes and one active
switch compared to the 3L-qSBT?1.

In this paper, three-phase embedded modified-Z-source
three-level T-type inverter topologies are proposed. The
proposed topologies are designed by attaching the single
modified-Z-source (MZS) impedance network proposed
in [32], [33] to 3LTI, and embedding either one or two dc
sources at the MZS network, which are named asymmetri-
cal embedded MZS-3LTI (AEMZS-3LTI) and symmetrical
embedded MZS-3LTI (SEMZS-3LTI), respectively. They can
improve the boost ability and ensure a continuous dc source
current without an extra capacitor or filter by employing
the embedded concept. The operations for the shoot-through
and non-shoot-through states of both the AEMZS-3LTI and
SEMZS-3LTI are analyzed. A novel modulation technique
based on an alternative phase opposition disposition (APOD)
for the proposed topologies is proposed to produce boosted
ac output voltage with five voltage steps and achieve a
neutral-point voltage balance by balancing the two series
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capacitor voltages. The performance of the proposed topolo-
gies and modulation technique is demonstrated through sim-
ulation and experimental results.

Il. OPERATION ANALYSIS OF ASYMMETICAL AND
SYMMETRICAL EMZS-3LTIs

The operation analysis for the proposed AEMZS-3LTI and
SEMZS-3LTI topologies was performed with the assumption
that all components adopted at the proposed topologies are
ideal for simplification. Fig. 1 shows the structures of the
proposed AEMZS-3LTI and SEMZS-3LTI topologies. The
AEMZS-3LTI topology shown in Fig. 1(a) is designed by
combining the MZS network [32], [33] and 3LTI, and placing
a single dc source in series with the inductor L; of the
upper cell in the impedance network [34]. The SEMZS-3LTI
topology shown in Fig. 1(b) is implemented by combining
the MZS network and 3LTI, and placing two dc sources V1
and Vo at the upper and lower cells in the MZS network,
respectively. Therefore, a continuous dc source current can
be achieved without any additional filters or capacitors. The
MZS network contains three diodes, two inductors, and four
capacitors. Three-phase bidirectional active switches are con-
nected between the mid-point of two series capacitors Cj
and C; and the three-phase output bridges of the two-level
inverter.

(b)

FIGURE 1. Proposed three-phase embedded modified-Z-source
three-level T-source inverters: (a) AEMZS-3LTI topology, (b) SEMZS-3LTI
topology.

The proposed topologies, like traditional ZSI, have two
operating states: the shoot-through (ST) state and the
non-shoot-through (NST) state. There are three types of
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shoot-through states available for the proposed topologies,
including a full shoot-through (FST) state, an upper shoot-
through (UST) state and a lower shoot-through (LST) state.
The FST state can be accessed by switching on the upper
and lower switches in any phase leg. Zero output voltage
during the FST state results in a distorted ac output voltage.
Both the UST and LST states can be achieved by switching
on the upper or lower switch while connecting the dc-link
mid-point and output bridge. Because the output voltage can
be generated during both the UST and LST states, the quality
of the output voltage waveform is improved.

The steady-state operations of the two proposed topologies
are analyzed through their equivalents circuits.

A. OPERATING PRINCIPLES OF AEMZS-3LTI

The steady-state operating principle of the AEMZS-3LTI is
explained, assuming V1 = Veg and Vo = V3 due to
symmetry of the MZS network [34].

1) SHOOT-THROUGH STATE

In the UST state shown in Fig. 2(a), the short circuit condition
of the upper impedance cell can be accessed by turning on
switches Siy, Sox, and S3x (x = a, b, or ¢). The diodes D;
and D3 are conducting, whereas diode D, is blocking. Both
the dc input source and capacitor Cy deliver energy to the
inductor L;. Both the inductor L, and capacitor C3 supply
energy to the load side. The voltages across two inductors
and dc-link voltage are given by

vii = Vae+Ver, vio =—Vea (1
Ven = Ve + Ves. ()

In the LST state shown in Fig. 2(b), the short circuit condi-
tion of the lower impedance cell can be instigated by turning
on switches Sy, S3, and S4 (x = a, b, or ¢). The diodes D,
and D, are conducting, whereas diode D3 is blocking. The
inductor L, charges the energy from the capacitor C;. The dc
input source V.1, the inductor L;, and capacitor C4 supply
energy to the ac load side. The voltages across two inductors
and dc-link voltage are given by

vi2 = Ve 3)
Ven = Ver + Ves. “

ver = Vae — Ves,

2) NON-SHOOT-THROUGH STATE

Fig. 2(c) shows the equivalent circuit of the NST state, which
is divided into an active state and a zero state. The AEMZS-
3LTI operates like the traditional 3LTI. The diodes D, and D3
are conducting, whereas diode D is blocking. In the active
state, the switches S, and S,, are turned on at the positive
x-phase reference signal, and the switches S3, and S4, are
turned on at the negative x-phase reference signal. The volt-
ages across inductors and dc-link voltage are given by

ver = Vae — Ves, vz = —Vea (5)
Ven = Vo1 +Vea + Vs + Vea = Ve (6)
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FIGURE 2. Equivalent circuits for the three-phase AEMZS-3LTI: (a) UST
state, (b) LST state, (c) NST state.

The dc-link voltage in the active state, which is a peak
voltage, can be established by adding four capacitor voltages.
When only S», and S3, are turned on, the AEMZS-3LTI
operates in the zero state and the output voltage becomes zero
due to the dc-link open circuit.

3) BOOST FACTOR

The average values of the UST and LST periods are the same
over one period of the inverter frequency due to symmetrical
operation of the modulation technique. Therefore, the period
of UST and LST is represented as Tsr.

By utilizing the volt-second balance principle on the induc-
tors (L1 and L) from (1), (3), and (5) over one switching
period T, the four capacitor voltages are expressed as a
function of the shoot-through duty ratio D, which is defined
asD =Tgsr/T.

1-D
1-2D 1-2D

The voltage across capacitors C; and C4 is lower than
the voltage across capacitors C, and C3 by the value of
the dc input voltage due to embedding the dc source at the
upper impedance cell. By substituting (7) into (6), the boost
factor B, defined as the ratio of the peak dc-link voltage to the
dc input voltage, is given by

v, 2
B=- _ .
Vi 1—2D

Ver=Vea= Vie, Vea=Vez= Vae (7

®)

B. OPERATING PRINCIPLES OF SEMZS-3LTI
The steady-state operating principle of the SEMZS-3LTI is
explained, assuming V1 = Voo = Vez = Vg due to
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symmetry of the impedance network. The equivalent circuits
for the three-phase SEMZS-3LTI in the two shoot-through
states and non-shoot-through state are shown in Fig. 3.
The on/off switching devices and dc-link voltage of the
SEMZS-3LTI topology are the same as those of the
AEMZS-3LTI topology in all of the three operating states.

FIGURE 3. Equivalent circuits for the three-phase SEMZS-3LTI: (a) UST
state, (b) LST state, (c) NST state.

1) SHOOT-THROUGH STATE

In the UST state shown in Fig. 3(a), both the dc input source
Va1 and capacitor Cp delivery energy to the inductor L;. The
dc input source V2, inductor Ly, and capacitor C3 supply
energy to the ac load side. The capacitors C, and Cy4 are
charged. The voltages across two inductors and the capacitor
currents can be written by

vi1 = Vier + Ve, vez = Vaea — Vea ©)

ica = irp —lo,ica +ic3 =ica —ira=—lo (10)

In the LST state shown in Fig. 3(b), both the dc input source

Vac2 and capacitor C; deliver energy to the inductor L. The

dc input source V1, inductor L, and capacitor C4 supply

energy to the ac load side. The capacitors C; and C3 are

charged. The voltages across two inductors and the capacitor
currents can be written by

vet = Vaer — Ve3, vz = Vaer + Ve (1D

ica = —ir, ic3 =iL1 —lo. (12)

2) NON-SHOOT-THROUGH STATE
Fig. 3(c) shows the equivalent circuit of the NST state.
In the active state, the switching states for the x-phase
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four switching devices are dependent on the polarity of the
x-phase reference signal dc-link voltage is a peak dc-link
voltage as in the AEMZS-3LTI topology. The voltages across
inductors and the capacitor currents are given by

vl = Va1t — Vs, vz = Vi — Vea (13)
ic1 =ica=—lo, ic3 =iL1 — Io. (14)

3) BOOST FACTOR

By utilizing the volt-second balance principle on inductors
(L1 and Lp) from (9), (11), and (13) over one switching
period T, assuming V.1 = Vg2 = V., the four capacitor
voltages are expressed as a function of D as follows:

1
Vei=Ver=Ves=Veg=—V 15
cl c2 c3 c4 = T op Ve (15)
By applying the charge-second balance principle to capac-
itors C, and C3 from (10), (12), and (14) over one switching
period T, assuming iz = ir», the averages of two inductor
currents are expressed as

= = 2(1 - D)
=)

By substituting (15) into (6), the boost factor is given by

1,. (16)

_ Ve _ Ve 2
Vier + Vacx  2Vae 1-2D°
The boost factor of the SEMZS-3LTI topology is the same
as that of the AEMZS-3LTI topology.

7)

C. OPERATION OF TWO TOPOLOGIES WITHOUT THE
SHOOT-THROUGH STATE

The operation of the two proposed topologies when a
shoot-through duty ratio D = 0 is different from the oper-
ation in the NST state. Therefore, the four capacitor voltages
derived as (7) and (15) are not valid when D = 0 because the
two topologies do not have a shoot-through state. Fig. 4 shows
the equivalent circuits for the two proposed topologies when
D = 0. Three diodes D1, D, and D3 are conducting and the
switching states for all of switches of the 3LTI are the same
as those in the NST state.

D;Z

(a)

FIGURE 4. Equivalent circuits for two proposed topologies when D = 0:
(a) AEMZS-3LTI, (b) SEMZS-3LTI.
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Based on Fig. 4(a), four capacitor voltages and the dc-link
voltage of the AEMZS-3LTI are given by

Vi Vi
Vel = —TC,VC2=TC,V03=Vdm Vea=0 (18)
Ven = Ver+Vea + Ves + Vea = Ve (19)

From Fig. 4(b), four capacitor voltages and dc-link voltage
of the SEMZS-3LTI are given by

Ver = Ve =0, Vez = Vea = Ve (20
Ven = Ver+ Vea+ Ves + Vea =2V, (21)

Table 1 describes the pole phase voltage V, (x = a, b,
or c) and the turn-on switching devices and diodes according
to the operating states of the two proposed topologies.

TABLE 1. Switching states of the two proposed topologies (x = a, b, or c).

State Type ON switches ON diodes Vo
UST S Sac, Sie D, D; 0
LST Sow S3x, Sx D, D; 0

NST 1 St Sox D,, D,, D; VertVes
NST 2 S3o S D, D, Ds ~(VertVes)
NST 3 Sow Ssx D, D; 0

lIl. COMPARISON WITH OTHER TOPOLOGIES
COMBINING IMPEDANCE NETWORK

AND 3LTI OR NPC INVERTER

The proposed AEMZS-3LTI and SEMZS-3LTI topologies
are compared to other topologies combining the impedance
network and 3LTI such as ZS-3LT?I [19], qZS-3LT?I [21],
3L-gSBT?I [26], RC2-AIS-3LTI [31], and combining the
impedance network and NPC inverter named MZS-NPC
inverter [33].

A. COMPARISON OF THE BOOST FACTOR

Fig. 5 shows the plots of the boost factors of the two proposed
topologies and five different topologies. Both the ZS-3LT?1
and qZS—3LT21 have the lowest boost factor, and the boost
factor of the 3L-qSBT?I varies in the range of the lowest
value and twice the lowest value. The boost factor of the
proposed two topologies is twice as large as that of the three
different topologies, and it is same as the SC2-AIS-3LTI and
MZS-NPC inverter.

B. COMPARISON OF THE NUMBER OF COMPONENTS

Table 2 summarizes the number of passive and active compo-
nents used in the impedance network. The proposed topolo-
gies require two more diodes than the ZS-3LT?1. However,
ZS-3LT?I has a discontinuous dc source current. Compared
to qZS-3LT21, the proposed topologies use two less inductors
and one additional diode and dc source (in case of SEMZS-
3LTI). The 3L-qSBT?I uses fewer inductors and capacitors
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AEMZS-3LTI, SEMZS-3LTI
RC2-AIS-3LTI, MZS-NPC
8 & 3L-qSBT2l (Max)

6 | Z8-3LT2l, qZS-3LT2
& 3L-gSBT2l (Min)

Boost Factor, B

0 0.1 0.2 0.3 0.4
Shoot-Through Duty Ratio, D

FIGURE 5. Boost factor with a variation of D.

TABLE 2. Number of components used at impedance network.

RC*-

Components ZS—2 qZSz— 3L—2 AIS- MZS- AEMZS- SEMZS-
3LTT 3LTT gSBT’I 3LTI NPC  3LTI 3LTI
Inductors 2 4 1 1 2 2 2
Capacitors 4 4 2 2 4 4 4
Diodes 1 2 4 2 3 3 3
Switches 0 0 2 1 0 0 0
DC sources 1 1 1 1 1 1 2

than the proposed topologies. However, 3L-qSBT?I needs
one more diode and two additional active switches. The
RC?-AIS-3LTI topology uses fewer inductors, capacitors,
and diodes, and requires one more active switch. The
MZS-NPC inverter has the same number of components as
the AEMZS-3LTI.

C. COMPARISON OF THE VOLTAGE AND CURRENT
STRESSES

The voltage stress across the capacitors in the impedance
network varies with the boost factor and dc input voltage. For
a fair comparison of the capacitor voltage stresses of the seven
topologies, the ratio of the voltage stress to the root means
square (RMS) value of the ac output voltage is adopted to
consider the cost to produce a desired output voltage.

The dc-ac voltage gain G is defined by

_ \/z Vo(rms)
Vdc/ 2
where vy(,ms) and M are the RMS of the output phase voltage
and modulation index. A simple boost control method is used,
inwhich M = 1—D. Substituting M = 1—D into (22), the dc
input voltage can be expressed as the output phase voltage.

—M-B (22)

24/2
(1-D)B

The ratios of the voltage stress across capacitors and diodes
to the RMS value of the ac output voltage using (23) and the

inductor current stress for the seven topologies are described
in Table 3. The capacitor voltage stress ratio of the proposed

Vie = Vo(rms) (23)
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TABLE 3. Comparison of voltage stress across capacitors and diodes, and the inductor current stress.

ZS-3LT qZS-3LT1 gSBTI | SC*-AIS-3LTI MZS-NPC AEMZS-3LTI | SEMZS-3LTI
V2(1-2D) V2D V2D
. cc | XM7Y 1o, c, | X2 CLC| 2 |c,c| X2
Volige Sures 1D 0 |2 2 D | 2
Ratio ool oz ool I=b P e I/_Lg G| V2 P
Diode Voltage ZﬁD «/5 ﬁ «/E «/5 ﬁ 2\/5
Stress Ratio D b ) [ b ) )
-0,
Inductor Current 1-D 1-D 1-2D°° 2(1-D) I 2(1-D) I 2(1-D) 2(1-D)
Stress 1-2D"° 1-2D"° 2(1- D) 1-2D ° 1-2D ° 1-2D ¢ 1-2D °
1-2D
AEMZS-3LTI is less than qgSBT?I and SC?-AIS-3LTI and
equal to qZS-3LT2I. The capacitor voltage stress ratio of the 1
proposed SEMZS-3LTI is the same as gSBT?I and SC2-AIS- Y A
3LTI. The diode voltage stress ratio of the proposed AEMZS- L0
3LTI (or SEMZS-3LTI) is the same as (or higher than) N 8 N |
qZS-3LT?I, gSBT?I and SC2-AIS-3LTL The current stress on '
the inductors of the proposed two topologies is equal to the

SCZ2-AIS-3LTI, and higher than the ZS-3LT?I, qZS-3LT?I,
and gSBT?1. The voltage stress across capacitors and diodes,
and inductor current stress of the proposed AEMZS-3LTI is
the same as MZS-NPC inverter.

IV. MODIFIED MODULATION TECHNIQUE

A. OPERATIONS OF THE MODIFIED MODULATION
TECHNIQUE

Fig. 6 depicts the modified modulation technique based on
an alternative phase opposition disposition (APOD) [35] for
the a-phase of the two proposed topologies to generate a
boosted ac output voltage. As shown in Fig. 6(a), there
are two carrier signals V41 and Vi with a 180° phase
shift and the shoot-through envelope signal V. From the
three-phase sinusoidal reference signals Vi » (x = a, b,
or c), the three-phase positive and negative modulation sig-
nals V) and V,(x = a, b, or ¢) can be obtained as

1
Vpx = §(|Vref_x| + Vref_x) (24)

Vix = %(|Vref_x| - Vref_x)- (25)

The pairs S1,/S3x, which are switched complementarily,
are generated by comparing the signal V), with a carrier
signal V1. When the signal V), is lower than Vi, the
switch S3, is turned on and switch Sy is turned off. The pairs
S2x/Sax, which are switched in a complementary way, are
generated by comparing the signal V,,, with a carrier signal
Viria- When signal V,, is lower than V>, the switch Sy is
turned on and switch Sy, is turned off. The UST and LST
signals STy and STy, can be produced by comparing the signal
Vin with V41 and Vi, respectively. The UST state is inserted
into the pulse width modulation (PWM) signal of Sj, in the
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S2a
STy - Spa—
ST, — B
Vb —=S1p
v T =53
nb - '_DS4I|
—=S,
STy | Sp— i
s ||
Ve =5
- =S,
Vae S,
B STl T8 =
sl | S |
Vi STy STy

(b)

FIGURE 6. Modified modulation technique: (a) switching patterns,
(b) circuit diagram for PWM generation.

positive reference signal period, and the LST state is inserted
into the PWM signal of Sy, in the negative reference signal
period to achieve a neutral-point voltage balance by balancing
two series capacitor voltages.
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Fig. 6(b) shows a logic circuit for generating 12 PWM
signals from the three-phase reference signal Vs, and the
shoot-through envelope signal V. The signals Sy, and Sy
(x = a, b, or ¢) are utilized to insert the UST or LST state
according to the polarity of the reference signal of each phase.
The proposed modulation technique for the proposed topolo-
gies can be easily implemented by a simple logic circuit.

B. NEUTRAL-POINT VOLTAGE BALACING SCHEME

The dc-link neutral-point voltage balance in the proposed
topologies can be achieved by balancing the two series capac-
itor voltages V1 and Vca. Fig. 7 shows the upper and lower
shoot-through states and two series capacitor voltages V¢
and Vcy. The UST and LST states are evenly distributed
over one switching period. The capacitor C; is only charged
during the UST state and capacitor Cj is only charged during
the LST state, as regarding Figs. 2 and 3. The two series
capacitor voltages V¢ and V2 can be balanced due to the
same charging/discharging time of the two capacitors.

UST LST UST LST

STy &
ST,

Ve ‘—\—\./ \\\\/ -

Vorl o e o T

Switching period

Switching period

FIGURE 7. Neutral-point voltage balancing technique.

The modified modulation technique proposed in this paper
can provide a higher voltage gain with a simple implementa-
tion, and can achieve the neutral-point voltage balance con-
dition by balancing the two series capacitor voltages.

V. SIMULATION AND EXPERIMENTAL RESULTS
The performance of the two proposed topologies is demon-
strated with simulation and experimental results. One or two
dc sources of 40 V are embedded and the switching frequency
of the 3LTI is 5 kHz. The list of the circuit parameters used for
the simulation and experimental verification of the proposed
topologies is given as:

e MZS network: C; = C, = 1000 uF, C3 = C4 =

500 uF, Ly = L, = 1 mH
o Three-phase LC filter: Ly = 0.6 mH, Cr = 50 uF
o Three-phase RL load: Ry, = 5092, Ly, = 1.2 mH

A. SIMULATION RESULTS

The simulations were carried out using the PSIM pro-
gram. Fig. 8 shows the simulation results of the proposed
SEMZS-3LTI topology when the modulation index M = 0.8
and D = 0.2. As shown in Fig. 8(a), the unfiltered ac output
line-to-line voltage has five voltage steps, and the ac output
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FIGURE 8. Simulation results of SEMZS-3LTI when M = 0.8 and D = 0.2:
(a) when Vg¢q = Vo =40V, (b) when Vg4, changes to 20 V.

voltage filtered by the LC filter of 126 Vgrys is generated.
Four capacitors have nearly the same average voltage of 65 V.
The dc-link voltage is boosted to 260 V from the two dc
sources of 40 V. Two inductor currents iz; and iy, which are
identical to the two dc input currents, are continuous. Fig. 8(b)
shows the dc-link voltage and two series capacitor voltages
when the dc input voltage V4 only decreases from 40 V to
20 V. When two dc source voltages are different, the peak
dc-link voltage and relationship between the two series capac-
itor voltages and two dc source voltages for balancing the
dc-link voltage are expressed, respectively, as

Ven = 5 (Vaet + Vaed) (26)
Vac1 + Vo1 = Vaeo + Veo. 27

Therefore, the peak dc-link voltage is reduced from 260 V to
195 V, and the capacitor voltage V¢ is 20 V less than V¢ as
Vicodecreases from 40 V to 20 V.

Fig. 9 shows the simulation results of the proposed
AEMZS-3LTI topology when M = 0.8 and D = 0.2. The
RMS value of the filtered ac output voltage and peak dc-link
voltage are 64 V and 130 V, respectively, which are half of
those of the SEMZS-3LTI topology. The average value of
the two capacitor voltages V2 and V3 is 52 V. The average
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FIGURE 9. Simulation results of AEMZS-3LTI when M = 0.8 and D = 0.2.

voltage of C and Cy is 12 V, which is equivalent to less the
value of dc input voltage (40 V) than the average voltage of
C, and Cs.

Fig. 10 demonstrates the operations of the neutral-point
voltage balancing scheme in conditions of imbalance of the
two series capacitor voltages of the two proposed topolo-
gies, in order to validate the performance of the proposed
voltage balancing scheme. As shown in Fig. 10(a), the two
series capacitor voltages V1 and V¢y of the SEMZS-3LTI
are intentionally changed to 50 V and 75 'V, respectively, at

= 0.2 s while maintaining the voltage balance across the
two series capacitors. After = 0.21 s, the two series capac-
itor voltages converge to the same value as 62 V. As shown
in Fig. 10(b), the voltages across the two capacitors C; and C»
of the AEMZS-3LTT converge back to 12 V and 52 V when
Vc1 and Vp are intentionally changed to 35 V and 40 V,
respectively, at # = 0.2 s. The capacitor voltage V¢, is bal-
anced with the voltage, adding V¢ and dc input voltage V.
(40 V) as outlined in (27).

Ve Vez [V] Ver, Ve [V]
80 7 80 : :
G (VertVige)
60 ; 60 || Nz
Ver :
40 TR, S A 40
20 i 20
0 0
0.19 02 021 022 02 0.22 0.24
() (b)

FIGURE 10. Simulation results for the neutral-point voltage balance
method: (a) SEMZS-3LTI, (b) AEMZS-3LTI.

B. EXPERIMENTAL RESULTS
Fig. 11 depicts an experimental prototype built in the
laboratory to further verify the performance of the

proposed topologies. The prototype consists of a control
board implemented by the 32-bit DSP TMS320F28335, 3LTI
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FIGURE 11. Photograph of the experimental setup.

with 12 insulated gate bipolar transistors (IGBTs), the modi-
fied Z-source impedance network, the three-phase LC filter,
and a resistive-inductive load. Two dc voltage sources are
built using a separate ac voltage source and diode rectifier.
Fig. 12 shows the experimental results of the SEMZS-3LTI
topology at the same operating conditions as the simulation
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FIGURE 12. Experimental results of SEMZS-3LTI when M = 0.8 and

D = 0.2: (a) ac output voltage and current, (b) two series capacitor
voltages and dc-link voltage, (c) two inductor currents and dc-link
voltage, (d) when V4, changes from 40 V to 20 V, (e) ac output voltage
and current at R; = 152 and L; = 8 mH.
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results shown in Fig. 8. The generated line-to-line ac output
voltage is 123 Vgryms and the dc-link voltage is boosted to
245V, which is 3.06 times the two dc input voltages of 80 V.
Two series capacitor voltages V1 and V3 are balanced with
60 V. From Fig. 12(c), the inductor currents iz; and ir»
increase during the UST and LST states, respectively, thus
the charging energy for each inductor. The dc-link voltage
during the two shoot-through states is half of the peak dc-link
voltage. The two dc source currents are continuous. Fig. 12(d)
shows the two series capacitor voltages and dc-link voltage,
when the dc input voltage V.o decreases from 40 V to 20 V.
The capacitor voltage V| becomes 20 V less than V3, and
the peak dc-link voltage is reduced as Vg2 decreases to 20 V,
which are nearly the same as the simulation result shown
in Fig. 8(b). Fig. 12(e) displays two line-to-line ac output
voltages and currents when the load resistance decreases from
50 2 to 15 2 and the load inductance increases from 1.2 mH
to 8 mH for achieving a more inductive load.

Fig. 13 shows the experimental results of the SEMZS-3LTI
topology when M increases from 0.8 to 0.9 and D decreases
from 0.2 to 0.1. Despite the increase of M, the decrease of D
by 0.1 reduces the ac output voltage to 101 Vrys. The bal-
anced three-phase ac output voltages are shown in Fig. 13(b).
Fig. 14 shows the experimental results of the AEMZS-3LTI
topology when M = 0.8 and D = 0.2. Both the ac
output voltage and dc-link voltage are nearly half those of
the SEMZS-3LTI topology under the same M and D shown

VPN
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ol el |
Vac |
0 I [50V/div] i { |
Time [5Sms/div] Time [5ms/div]
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FIGURE 13. Experimental results of SEMZS-3LTI when M = 0.9 and
D = 0.1: (a) ac output voltage, dc-link and dc input voltages,
(b) three-phase ac output voltages.
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FIGURE 14. Experimental results of AEMZS-3LTI when M = 0.8 and
D = 0.2: (a) ac output voltage and current, dc-link voltage, (b) two series
capacitor voltages and two inductor currents.
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in Fig. 12. The average values of V¢ and V¢p are 10 V
and 50 V, respectively. The voltage difference between the
two capacitors C; and C; is identical to the dc input voltage
embedded at the upper shell of the MZS network. The dc-link,
ac output, and capacitor voltages of the experimental results
are slightly lower than those of the simulation results under
the same operating conditions due to the forward voltage
drops of IGBTs and diodes as well as the equivalent series
resistances (ESRs) of the capacitors and inductors.

Fig. 15 shows the experimental results of the two proposed
topologies when D = 0 and M = 1. The capacitor voltages
and dc-link voltage are nearly identical with voltages calcu-
lated from (18), (19), (20) and (21). It can be seen that the
dc-link voltage is not boosted, because there is no ST state.

[
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FIGURE 15. Experimental results of two proposed topologies when
M = 1.0 and D = 0: (a) AEMZS-3LTI (b) SEMZS-3LTI.

Fig. 16 describes the a-phase gating signals with the mod-
ulation signals and UST state. Fig. 16(a) shows the positive
and negative modulation signals and gating signals S, and
Saq. The switches Sy, and S4, are only modulated their pulse
width when a reference signal is positive/negative. As shown
in 16(b), the pairs S1,/S3, are switched complementarily and
the UST state is only inserted at the signal Sy,.
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FIGURE 16. A-phase gating signals: (a) positive and negative modulation
signals and gating signals S;, and S,,, (b) UST state and gating signals
S1q and Sz,.

Fig. 17 shows the spectrum analysis of the filtered ac
output voltage. The total harmonic distortion (THD) of the fil-
tered ac output voltage is calculated as 2.5 %. Fig. 18 depicts
the efficiency of the SEMZS-3LTI topology, which ranges
from 79.5 % to 85.1 % with a variation of the output
power.
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FIGURE 18. Efficiency of SEMZS-3LTI when M = 0.8 and D = 0.2.

VI. CONCLUSIONS

This paper proposed two types of topologies, AEMZS-3LTI
and SEMZS-3LTI, designed by integrating a modified-
Z-source impedance network to the traditional 3LTI, and
embedding either one or two dc sources in the impedance
network. The proposed topologies provide a highly boosted
ac output voltage with five voltage levels, even though there is
not an active switch in the impedance network. Additionally,
they ensure a continuous dc source current by embedding the
dc source(s) without an extra filter. Compared to five different
topologies combining the impedance network and 3LTI or
NPC inverter, the number of components, the boost factor,
and voltage stress ratio on capacitors are kept in an acceptable
range except for a higher voltage stress on the diode of the
SEMZS-3LTI. The upper and lower shoot-through states are
effectively adjusted and two series capacitor voltages are bal-
anced using a modified modulation technique implemented
with a simple logic circuit. An experimental prototype was
built and the experimental results validate the performance of
the two proposed topologies and the modulation technique.
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