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Abstract

In this paper, a topology incorporating the DC-link type quasi-switched boost network with the traditional three-level neutral point clamped
inverter is presented. The third harmonic injection method is proposed to provide some benefits such as: enhancing the modulation index or
improving the voltage gain. Moreover, the stress voltage on power devices like capacitors, diodes, and switches is decreased, significantly.
The mathematic analysis is detailed to produce the output voltage equations for the proposed converter. The comparison between the proposed
topology to conventional quasi-switched boost neutral point clamped inverter topology is carried out. Simulation and experimental results

are conducted to verify the accuracy of the inverter.

Keywords: PWM strategy; Quasi-switched boost inverter, Shoot-through, Three-level inverter, T-type inverter.

Symbol

Symbol Unit Meaning

Vi A% Input voltage

io A Output current

m Modulation index

Vag A% Output phase voltage

Vao Vv Pole voltage

Vab A% The line-to-line voltages

Dy Duty cycle

d The duty cycle of the two

switches impedance network

Nomenclature

PWM Pulse width modulation

DSP Digital signal processing

IGBT Insulated-gate bipolar transistor

DC Direct Current

AC Alternating Current

THD Total Harmonic Distortion

ST Shoot-through
Tém tit

Trong bai bio nay, mot ciu hinh két hgp mang ting ap tua
khéa chuyén mach dang DC-link véi nghich luu diode kep
ba bac truyén thong duoc trinh bay. Phuong phap tiém hai
bac ba duoc dé nghi dé tao ra mot sb loi ich nhu: tang cuong
chi s6 diéu ché hodc cai tién do loi dién ap. Két qua, dién ap
dat trén cac phﬁn tor cong sudt nhu: céc tu dién, cac diode va
cac khoa chuyén mach dugc giam mach cach dang ké. Phan
tich toan hoc dwoc chi tiét hoa dé tao ra cac phuong trinh
dién 4p ngd ra cho nghich luu dé nghi. Su so sanh giira ciu
hinh dé nghi véi cAu hinh nghich luu ting 4p ba bac truyén
thong dugc thuc hién. Két qua mo phong va thyc nghiém

dugc thyc hién dé xac minh tinh chinh xé4c ctia Iy thuyét hoat
dong bo nghich luu.

1. Introduction

Recently, the multilevel voltage source inverter (VSI) is
used in a wide range of applications like photovoltaic (PV)
systems, wind power, hybrid electric vehicle (HEV), fuel
cell, uninterrupted power supply, etc [1]-[3]. However,
traditional VSI topologies behave as a buck converter which
produces a smaller peak-to-peak output voltage than the DC-
link voltage [4]. To overcome these limitations, the Z-source
(ZS) topology was explored in [5]. By using one more diode,
two additional inductors, and two additional capacitors, this
configuration is known as a single-state inverter which
provides a buck-boost voltage capability and ST immunity.
The words of literature [6], [7] explored the combination
between the ZS network and the conventional three-level
NPC inverter (TL-NPCI). The literature [8], [9] proposed a
novel type of impedance network called quasi-Z-source
(9ZS) to improve the limitations of ZS network. These
studies connected two identical qZS networks in cascade
form to produce a three-level voltage at the output terminal.
Therefore, it improves the quality of output voltage.
However, it also increases the number of passive
components such as capacitors and inductors. As a result, the
weight, size, and cost of the system are increased
significantly. With using one more active switch, the quasi-
switched boost (qSB) network saves one inductor and one
capacitor compared to qZS topology whereas the boost
factor is maintained [10]. The literature [11] presented a
pulse with modulation (PWM) scheme based on the phase
shift carrier method to reduce the inductor current ripple and
enhance the boost factor of the converter. The three-level
quasi-switched boost NPC inverter in [12] uses two more
extra switches but reduces a large number of passive
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components. Although the three-level boost NPC inverter in
[12] has good performance in terms of reducing passive
components and providing continuous input current, it uses
two inductors and two DC voltage sources or a single split
DC voltage source, which increases the volume and price. In
the literature [13], a combination of the three level T-Type
inverter (3L-T?I) with the qSB network was discussed. In
this study, two identical qSB networks were connected in
cascade form with one inductor less to create a three-level
voltage at output voltage. Moreover, a PWM strategy to
reduce the inductor current ripple as well as enhancing the
boost factor of the converter was also presented.

¥
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Fig.1 Modified gSB-NPC inverter.

Fig.2 Operating states of the three-level MgSBNPCI. (a) NST
mode 1, (b) NST mode 2 and (c) ST mode.

TABLE |
SWITCHING STATES OF THE PROPOSED INVERTER
(X=A, B, C)
Mode Triggered ON Diodes Vx
Switches
T, 1o, Sx1, Sxz +Vpn/2
NST mode 1 T1, Tz, SY_?, SXj D_7, D3 0
Ty, T2, Sxs, Sxs -Vpn/2
Sx1, Sxz +Vpn/2
NST mode 2 St St b 0
N
Sxs, Sy -Ven
ST Sy, Sxz, Sys, Sys D,, D, 0

In this paper, a combination of the modified gSB (MqSB)
network with a three-level neutral point clamped (NPC)
inverter is introduced. A third harmonic injection method
and modified phase-shift (PS) carrier control method is
considered to control the introduced topology to obtain high
voltage gain with low voltage stress on capacitors and diodes
as well as high modulation index. The output voltage is also
regulated by applying a PI controller. The simulation and
experimental results are shown to validate the effectiveness
of the proposed structure.

2. Main content

2.1. Three-level quasi-switched boost NPC inverter
topology

As illustrated in Fig. 1, the introduced topology consists of
the MqSB network which is formed by two identical
impedance networks including two inductors (Li, L), two
capacitors (Ci, (), four diodes (D1, D2, D3, Ds), two active
switches (71, T») and the traditional NPC structure.

2.1.1 Operation principles

Similar to other single-stage inverters, this structure also
operates under two main modes: non-shoot-through (NST)
mode and shoot-through (ST) mode. In NST mode, the
inverter is able to produce three-level voltage at the output
terminal by triggering corresponding switches. To simply, in
non-ST modes, the inverter side is considered as a current
source, Iac as shown in Table I. When Sx; and Sx, are
switched “ON”, the output of the inverter is achieved
+Vpn/2, where Vpy is the DC-link voltage generated by the
MqSB network. While the output voltage obtains -Vpn/2
when Sy3 and Sxs are turned “ON”. The zero value is
produced at output voltage when Sx, and Sx3 are triggered
“ON”. The NST mode consists of two sub-mode which are
NST mode 1 and NST mode 2, as presented in Table I. The
ST mode is achieved when all switches of inverter leg are
triggered “ON”, simultaneously. As a result, the output load
voltage in this time interval is zero. Therefore, the ST state
is generated in the zero vector in order not to cause the
distortion at output voltage.

2.1.1.1 NST mode

In NST mode 1, the switches 7} and 75 are turned on, as
shown in Fig. 2(a). The diodes D; and D are reverse-biased,
while the diodes D, and D5 are forward-biased. The inductor
Ly and L, currents are kept constant. The voltage across
inductors L and L, are obtained as following equations:

i

v, =L, :;t‘ -0 (1)
di

V,=L —=0 2

L2 2 d[ ()

Similarly, the current through the capacitors C; and C; are
expressed as:

dv,. )

6Ny, 3)
dv )

¢, # =l “4)

In NST mode 2, the switches 77 and 75 are turned off, as
shown in Fig. 2(b). The diodes Di, D>, D3 and D4 are
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forward-biased. The capacitors C; and C; are charged from
Ly and L. The voltage across inductors L; and L, are
obtained as:

di
o ®

di
s ©
Similarly, the current through the capacitors C; and C; are

calculated as:

L

1

2

av,., )

o d;l =l Tl (7
dv ) .

G, d;z =l T e (8)

2.1.1.2 ST Mode

During the ST mode, the switches Sy1 to Sxs of the NPC
inverter are turned on at the same time, while the switches
T\ and T are turned off, simultaneously. The equivalent
circuit for this mode is shown in Fig. 2(c). The diodes D; and
Dy are forward-biased, while the diodes D, and Ds are
reverse-biased. The inductors L; and L, are stored energy
from the input power source. The voltage across inductors
Ly and L, are obtained as:

di, v,

G _ Ve 9

Ydr 2 ©)
di V

L L2 — dc 10
P odr 2 (10)

Similarly, the current through the capacitors C; and C; are
found as:

dv
C 2 11
Ut (b

dv,,

e 12
o (12)

2.1.2 Third harmonic injection control method
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Fig. 3 PWM control strategy for the three-level MgSBNPCI
for the phase-A switch.

With the operating principle of 3L-MqSBNPCI mentioned
above, the active switches of the MqSB network are turned
on when the ST signal of the 3L-NPCI circuit is zero.
Moreover, the switches 77 and 75 should be triggered off

when the ST control signal of the inverter leg is generated.
Fig. 3 shows the PWM strategy for 3L-MqSBNPCI based on
the third harmonic injection scheme. Similar to the
conventional PWM strategy based on a phase-shift
technique for 3L-NPCI, this control method also uses two
reference waveforms (V5 and -V, x=a, b, ¢) with one carrier
(Vwn) to generate a three-level voltage at output pole voltage,
as illustrated in Fig. 3. This carrier waveform is combined
with Vsr and -Vsr to create the ST signal of the inverter leg.
Whereas, the control signals of two switches of the MqSB
network are generated by using Vj» compared with two

control signals Veo, and —Von.
The three-phase reference signals are defined as:

1 2
V,=2/ \/gm sin(@) + g x —=m sin(36)

5

1 2
V, =2/[3msin(0 + 27 /3) + —x —=msin(30) (13)
6 3
) 1 2 .
V.= 2/\/§msm(9—2ﬂ'/3)+ —x —=msin(30)
6 3
where m is the modulation index, and V,, V» V. are the

three-phase reference signals

2.1.3 Steady-State
MqSBNPCI

In one period of switching (7), the time interval of ST state
1s Do.T, while d.T is the time interval of NST mode 1.
Therefore, the value (1-Do-d).T is the time interval of NST
mode 2. Applying the volt-second balance for two inductors
L; and L, with the note that (Vei=Ve=V¢), the voltage
across these capacitors and can be calculated as:
-y, (14)

2(1-D, - d)

Analysis for the Three-Level

Ver =Ves
Applying charge-second balance in steady-state equilibrium

across the capacitors C; and C; are found as:

(I_Do)

1 R (15)

n=1,=

where Dy is ST duty ratio, d is duty cycle of T and 7. iac 1s
the equivalent output current.
The peak value of DC-link voltage (Vpy) is identified as:

1-d
Vey =Vae +2V = D, " (17)
The peak value of output phase voltage is identified as:
2 7V, 1-d

Voot = M= T (18)

’ B2 31-D,-d
The boost factor of inverter 1s calculated as:

ey 1-d (19)

V, 1-D,-d

The voltage gain (G) of the inverter is expressed as:
G = Vx,peuk :i 1-d
Vae \/5 1-D,-d

(20)
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The relationship between modulation index, the ST duty
ratio, and the duty cycle of MqSB’s switches are presented
as:

m+D; <1
D,+d <1

2n

2.1.4 Parameter selection
The inductor current ripple and capacitor voltage ripple is
calculated based on equations (9) — (12) as equation (22).
Noted that the inductor L; and L, are considered as L; = L, =
L, and capacitor C) and C; are considered as C; = C; = C.

( 1

Al, =—V,D,T
! " (22)
lA Ve = iucdl

where A/, and AV¢ are inductor current ripple and capacitor
voltage ripple, respectively.

The inductor and capacitor are selected in term of Al; <
Y%x.1I1, and AVc < %y.Vc, where %x and %y are maximum
percentages of inductor current ripple and capacitor voltage
ripple. Thus, the inductor and capacitor are calculated as:

( , D,(-D,-d)T-V,

b=tz 4%x(1-D,)i .

| d(1-D, —d)T -i,. )
{Cl e 2%yD,V,,

The maximum inductor current is Selected as:

L1+ A;L - % ot é—VwDOT 24)

The maximum capacitor voltage is expressed in equation
(14).

The switches and diodes of quasi-switched boost network
(Th, T, D1, Da, D3, Ds) are selected in term of that the voltage
stress of these devices is equal to capacitor voltage and
current stress of these devices is equal to maximum inductor
current.

2.1.5 Overall of output voltage regulation

Sla T 2
TR
v, _Vsr _
M— 'D 0
Ret:erence Vh PWM [
Signal .
A Generation
0 — Generation V.
= s
SEN
I/rlc—’ . ;
1 — DC-link voltage
Vo— control
.
| 1 ffumierfE—.

Fig. 4. Output voltage control block.

As shown in equation (18), the output voltage can be
regulated through modulation index m and DC-link voltage.

In this work, the modulation index is fixed, and the DC-link
voltage is controlled to obtain the desired output voltage. To
do that, the input voltage and capacitor voltages are
measured to calculate the actual DC-link voltage. The error
between the desired DC-link voltage and actual DC-link
voltage feeds to PI controller to calculate the coefficient d.
Noted that, only coefficient d is adopted to regulate the DC-
link voltage. The ST duty ratio Dy is kept constant in this
work. When the DC-link voltage is regulated, the output
load voltage is achieved the desired value with a very mall
error [13]. The overall of output voltage control is shown in
Fig. 4.

2.1.6 The comparison to other configurations.

Fig. 5 shows the investigations about the voltage gain versus
modulation index for this topology and PWM method, and
it is noted that the modulation index is set to (1 — Do) to
achieve the highest voltage gain. As presented in Fig. 5, the
voltage gain of the 3L-MqSBNPCI depends on the boost
factor in (19) while the boost factor based on two
coefficients which are the duty cycle of the MqSB network’s
active switches d and the ST duty ratio Dy. With the increase
of d, the boost factor of the 3L-MqSBNPCI is increased,
whereas the boost factor of other topologies is just up to the
Dy. When the d value is 0.5, the 3L-MqSBNPCI produces a
similar boost factor to the other configurations. However, by
applying the third harmonic injection method, the qZSNPCI
in [7] and the 3L-MqSBNPCI has the larger voltage gain
which is 2/v/3 times larger than the others, as illustrated in
Fig. 5. The 3L-MqSBNPCI just provides superior voltage
gain when d > 0.5. For that reason, in this paper, the value
0.6 was selected for coefficient d as an example to analyze
the effectiveness of the proposed topology.

i < MqSBNPCI with d=0.7
o5 MqSBNPCI with d=0.6
) +--qZSNPCl n [7],
, MqSBNPCI with d=0.5
31 w—w qSBNPCl in [12] l
o]
g25F 1
.§I)
(]
g 2
G
=4
1.5+ .
1 - -
0.5 . . . :
0.5 0.6 0.7 0.8 0.9 1

Modulation index. m

Fig. 5. Investigation about voltage gain versus modulation index.

Fig. 6 shows the investigations of voltage stress on power
components such as diode voltage stress, capacitor voltage
stress, and switch voltage stress. The proposed inverter is
superior in diode voltage stress, capacitor voltage stress and
switch voltage stress compare with [12]. The 3L-
MqSBNPCI will reduce 30% voltage stress of Dy, D4, Cy, C,,
T1, and T, compare with [12] when voltage gain is 5.
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voltage which has three-level: 160 V (+Vpn/2), 0 V, and -160
10 R /VI P P V (-Vpa/2). The output phase voltage has seven-level and its
o % TE 'amc{Tz 5 ;S];Npél a [121]' id peak-peak values are varied from -2/3Vpy to +2/3Vpy, as
g | === Vb, Vg Vs/Vy of Dy, Dy, Cy ] shown in Fig. 7. By using 0.85 for the modulation index, the

C, T, and T, of 3L-

7 L MqgSBNPCI with d=0.6

Diode voltage stress (Vp/Vy.), capacitor voltage
stress (Vc/Vy), and switch voltage stress (Vs/Vy)

0.5 1 15 2 25 3 35 4 45 5
Voltage gain, G

Fig. 6. Investigation about diode voltage stress, capacitor
voltage stress and switch voltage stress versus voltage gain.

2.2. Simulation and Experimental Results
2.2.1 Simulation results

TABLE Il
PARAMETERS USED IN SIMULATION AND EXPERIMENT
Parameter/Component Attributes
Input voltage Ve 200V
Desired output phase voltage Vx 110 Vrms
Output frequency fy 50 Hz
Carrier frequency fy 5 kHz
ST duty ratio Dy 0.15
ST duty ratio of the two
switches T; and T, d 06
Modulation index M 0.85
Boost inductor L =1, 1mH/20 A
Capacitors Ci=C 2200 pF/400 V
Three-phase LC filter Lyand C¢ | 3 mH and 10 pF
Three-phase resistive load Rioad 40 Q

The accuracy of the proposed inverter is validated by
simulation results with the help of PSIM software. The
parameters used for simulation are listed in Table II. Before
feeding to three-phase resistor load, the three-phase low pass
filter is used to mitigate the magnitude of high-frequency
harmonics. By applying 3 mH and 10 pF for LC filter, the
cut-off frequency of this filter is 1 kHz, approximately. The
duty cycle of 77 and 7> is set to 0.6.

Fig. 7 shows the simulation results for input voltage,
capacitor voltages, output pole voltage, output phase
voltage, and harmonic spectrum. By using 0.6 for d and 0.15
for ST duty ratio Dy, as shown in Table II, the voltages of
capacitors C; and C; are boosted to 60 V from 200V of the
DC input source, as illustrated in Fig. 7. Therefore, the peak
value of DC-link voltage can be identified as 320 V by
summing the capacitor voltages and the input voltage. The
peak-peak value of output pole voltage is the DC-link

peak value of output load voltage is 156 V, approximately.
The THD value of output phase voltage is 55.3%, which is
measured by using the harmonic spectrum in Fig.7.

Fig. 8 shows the simulation results for DC-link voltage,
line-line voltage. By using the full ST insertion, the DC-link
voltage is varied from zero to the peak-value of DC-link
voltage which is 320 V achieved in NST mode. The peak
value of output line-line voltage is equal to DC-link voltage,
so the top part of Vyp is varied from zero to 320 V, as
illustrated in Fig. 8.

Fig. 9 shows the simulation results of the inductor currents,
three-phase output load voltage, and three-phase output load
current. The currents on inductors L; and L; are equal to each
other. The average value of inductor currents is found to be
12.2 A and 12.1 A for I;; and I1», respectively. Because of
applying the low-pass filter before the resistor load, the
output load voltage, as well as the output load current, have
good quality. The RMS value of output load voltage and
output load current are measured as 110 Vrus and 2.8 Arpws.

194 195 1.96 1.97 1.98 1.99

Time (s)

\'_;_(_, 1
200V [==--s=—=~rrrmamressmescsrn s s s s e e e A e e
150V [rommmm e e e e e b e s
100V

11| e i
ov l l A .lj. ey
0 20000 40000 60000 80000 1000(¢

Frequency (Hz)
Fig. 7. Simulation results of input voltage (Vac), capacitor voltages
(Vei, Vea), output pole voltage (Vao), output phase voltage (Vag),
the harmonic spectrum for Vag.



Measurement, Control and Automation

29

300V

200V

100V

ov

V
400V
200V

ov

-200V

-400V
1.94 1.95 1.96 1.97 1.98 1.99 2
Time (s)

Fig. 8. Simulation results of dc-link voltage (Vrn), line-line
voltage (VAB), common-mode voltage (CMYV).

12A

10A

8A

200V

4A
0A
-4A ‘
1.94 195 196 197 198 199 2
Time (s)

Fig. 9. Simulation results of inductor current (ILi, 112), three-
phase output load voltage (Va4, Vs, V), three-phase output load
current (14, I, Ic).

Fig. 10 shows the simulation results of DC-link voltage,
inductor current, active switch voltage stress, diode voltage
stress. The inductor L; stores energy in ST mode which
appeared when the diode D, is reserved bias, as illustrated in
Fig. 10. In this time interval, the current through L; is
linearly increased.

The inductor current ripple is measured as 1.44 A for L. The
inductor current is kept constant when 77 is turned on and
the diode D; is reserved bias. As all switches of the inverter
branch are triggered on, the DC-link voltage is zero in ST
mode, whereas it achieves maximum value in NST mode, as
presented in Fig. 10.

The conduction loss of semiconductor devices of quasi-
switched boost network has been measured with the help of
PSIM software. The result is shown in Figure 11.

2.2.2 Experimental results

A 1 kW prototype based on the DSP TMS320F28335
microcontroller is built in the laboratory to verify the
effectiveness of the three-level MqSBNPCI with the

proposed PWM control strategy. Fig. 12 shows a photograph
of the laboratory prototype. The prototype uses the same
parameters as those in the simulation in Table II. The input
voltage is 200 V. The desired RMS output load voltage is
110 V. The output frequency is 50 Hz. The switching
frequency of the MqSBNPC inverter circuit is 5 kHz. All
FGL40N150D IGBTs in the prototype are controlled by
TLP250 amplifiers. The four power diodes are DSEI60-12A.
The boost inductors L; = L, are 1mH/20A. The two
capacitors C; and C; are 2200 pF/400 V. The output voltage
is filtered by a three-phase low-pass filter. The modulation
index and ST duty cycle in the proposed PWM control
strategy are 0.85 and 0.15, respectively.

Vpx

300V
150V |-

60V
30V
ov

ov
30V |-
60V |-
90V L

ov
=75V -
-150V

1.86185
Time (s)

18617 1.86175 1.8618 1.8619 1.86195 1.862

Fig. 10. Simulation results of dc-link voltage (Vpn), inductor
current (I.1), MgSB network’s active switch voltage stress (V11),
Diode voltage stress (Vpi, Vpz).

T2 D1 D2 D3 D4

Fig. 11. Conduction loss of semiconductor devices of quasi-
switched boost network.
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Fig. 13 shows the experimental results of the three-level
MqSBNPCI with the proposed PWM control method when
Vie =200 V and d = 0.6. The voltages of the capacitors C;
and C; are boosted to 52 V, respectively, from the 200 V
input voltage. The measured peak value of the DC-link
voltage is 305 V, as presented in Fig. 13(c). The waveforms
of output load voltage and output load current are sinewaves
which are achieved by applying LC filter before feeding to
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the load, as illustrated in Fig. 13(b). Their RMS values are
105 Vrums and 2.55 Arws, respectively.

Fig. 12. 4 laboratory prototype of the three-level MgSBNPCI.
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Fig. 13. Experimental results for the three-level MqSBNPCI
when Vac = 200V and d = 0.6.
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Fig. 14. Experimental results for DC-link voltage control and
output load voltage control. (a) input voltage decrement, (b)input
voltage increment.

While, when not applying the thrid harmonic injection, the
modulation index m, ST duty ratio Dy and coefficient d are

calculated as 0.8069, 0.1931 and 0.6 to generate 110 Vrums
at output voltage. The capacitor voltage is boosted to 93 V.
It can be seen that the third harmonic injection can reduce
the voltage stress of devices significantly. The pole voltage
has three levels: -153 V, 0,+153 V. The harmonic spectrum
of V4 and I, are shown in Fig. 13(e) and 13(f). It can be
seen that the peak-value of harmonic spectrum of output
phase voltage is achieved at first-order harmonic (50Hz),
which is 105V, which equals to the RMS value of output
load voltage. The magnitude of the first harmonic of Iy
equals to RMS value of output load current which is 2.55,
approximately. Based on the harmonic spectrum of output
voltage and current in Fig. 13(e) and (f), the THD values of
these waveforms can be calculated as 64.5% and 3.92%
compare to first-order harnomic.

The DC-link voltage control and output load voltage control
are also implemented in two cases: 1) the DC input source
decreases from 200 V to 160 V, and 2) the DC input power
source increases from 200 V to 240 V. In both cases, the
voltages on capacitors V¢i and V¢, are maintained as 60 V
with a very small difference between them. The output load
voltage is kept at 110 Vrus without the variation of DC input
power supply.

3. Conclusions

A novel three-level MqSBNPCI and its PWM control
strategy are proposed in this paper. The main features of the
three-level MqSBNPCI with the proposed PWM technique
are as follows: 1) enhanced modulation index, 2) improved
the voltage gain, and 3) reduced the voltage stress on power
components. The circuit analysis, operating principles, and
simulation results of the proposed three-level MqSBNPCI
are presented. A laboratory prototype has been constructed
to verify the operating principle of the proposed inverter.
Simulations and experimental results confirmed the
accuracy of the theoretical analysis. The proposed three-
level MgSBNPCI is suitable for high-power and medium-
power applications such as photovoltaic systems, fuel cells,
motor drives, etc.
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