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ABSTRACT

This paper presents a new symmetrical switched-capacitor (SC) multilevel inverter topology which can
convert the input DC voltage to a step-up multilevel AC waveform on the load. This proposed multilevel
inverter consists of one T-type and several cross-capacitor modules. The structure of the generalized
multilevel inverter is such that the peak inverse voltage (P1V) remains constant as the number of cross-
capacitor modules increases which leads to reduce the total standing voltage (TSV) of the switches and
cost function compared to other traditional topologies. The introduced structure can inherently generate
the positive, negative, and zero voltage levels on the output without the back-end H-bridge section. The
capacitor’s voltages in the T-type and cross modules are inherently balanced, simplifying the control
system under the nearest level control (NLC) switching strategy. To verify the performance of the
proposed topology, several simulations and experimental results for a type 13-level inverter are provided
by MATLAB and TMS320F28379D DSP, respectively.

doi: 10.5829/ije.2023.36.07a.16

1. INTRODUCTION

Nowadays, multilevel inverters (MLIs) are being
developed for application in renewable energy resources,
high voltage DC (HVDC) systems, electrical vehicles,
microgrid systems, and so on [1, 2]. They can generate a
staircase voltage which leads to reducing the total
harmonic distortion (THD) and size of the passive filter
on the output. The other advantages of multilevel
inverters consist of low voltage stress on the
semiconductor devices (switches and diodes), low dv/dt
stress, and high efficiency [3, 4]. Generally, the MLIs are
divided into three conventional groups: neutral point
clamped (NPC), flying capacitor (FC), and cascaded H-
bridge (CHB). The NPC and FC-type inverters have
many diodes and capacitors in their structures,
respectively. However, some topologies such as active-
NPC and transistor-NPC have been developed by
researchers for overcoming it, but these configurations
still require extra auxiliary circuits for balancing the
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neutral point [5-7]. The CHB-based topologies need
several isolated input DC sources to obtain a number of
high voltage levels on the output. For many applications
such as photovoltaic (PV) systems and wind turbines, it
is necessary that a step-up inverter is applied to increase
the input DC voltage [8, 9]. It must be stated that none of
the three conventional topologies mentioned above can
boost the input DC voltage. So, researchers introduced
several approaches to achieve this purpose. One of the
approaches is to use a coupling inductor or transformer
in a multilevel inverter structure [10-14]. However, in
low frequencies (lower than 50 Hz), the inductors and
transformers make the system drastically bulky and
expensive. Alemi-Rostami and Rezazadeh [10]
introduced a boost multilevel inverter with the presence
of a coupling inductor. Nevertheless, the voltage gain has
not been assessed for various frequency ranges.
Moreover, using an H-bridge as a polarity generation
circuit increases the PIV of switches when the number of
modules is increased. An increase in PIV leads to an
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increase in the voltage rating of switches and thus
increases the volume and cost of the whole system.
Ghanbari, and Tousi [11] presented a boost transformer-
based binary hybrid multilevel inverter which is required
only a single DC source instead of several isolated DC
sources. However, in this scenario, in addition to
increasing the volume of the system, it requires several
H-bridge cells leading to an increase in the TSV. Another
approach to obtain the boost capability of MLIs is to use
circuits based on switched-capacitor (SC) which
inherently have the self-balancing ability [15, 16].
However, there are two concerns about this type of MLIs.
One is the complexity of the system due to a high number
of device counts such as switches and capacitors and
another is the performance in high-frequency (HF)
conditions for many applications such as high-speed
motors, induction heating, and electric vehicles. Several
SC-based MLIs have been reported with a reduction in
the number of semiconductor devices, but with an
increase in the modules, the PIV of switches has been
drastically increased [17-23]. Hussan et al. [17]
introduced an SC topology for smart grid application
with two T-type capacitor modules. The T-type modules
can inherently balance the capacitor voltages. However,
using three isolated DC power sources is the most
important challenge related to this topology. Taheri et al.
[18] presented a 17-level SC multilevel inverter topology
with  several cross-capacitor modules. In this
configuration, the number of switches has been
drastically reduced. Nevertheless, by increasing the
cross-capacitor modules (especially in asymmetrical
mode), the PIV of switches is increased to achieve the
number of high voltage levels. Recently, Khenar et al.
[24] introduced a boost self-balancing SC multilevel
inverter based on combined T-type and cross-capacitor
modules which can keep PIV constant by increasing the
capacitor modules. However, obtaining the 13-level
output voltage, it requires 23 switches, 4 diodes, and 6
capacitors. So, in the number of high voltage levels, the
inverter introduced by Khenar et al. [24] needs a high
number of capacitors. According to the discussion made
above, this paper presents a new structure of SC
multilevel inverter with the following properties,
i Step-up capability without the presence of any
transformer and inductor.
ii. Constant PIV in the switches with increasing the
number of modules.
iii. 13-level topology with single DC bus, 20
switches, 4 capacitors, and without power diode.
iv. Performance in low frequency (LF) and HF
conditions.

Generally, the proposed topology has two important
characteristics. First, it provides a high gain voltage on
the load (as much as 6). Secondly, by increasing the
number of cross-module, the peak inverse voltage (PIV)
remains constant, leading drastically to reduce the total

standing voltage of the switches. The rest of this paper
has been arranged as follows: section 2 introduces the
proposed topology with switching states. Section 3 gives
the comparison of the new SC multilevel inverter with
other conventional topologies. Section 4 elaborates on
the nearest level control as the switching technique. The
calculations of capacitance values and power losses in the
proposed topology are performed in section 5. In section
6, several simulations and experimental results are
conducted to verify the performance of the proposed
topology. Finally, the conclusions are organized in
section 7.

2. CIRCUIT OF THE PROPOSED TOPOLOGY

2. 1. 13-level Structure The circuit structure of
the proposed 13-level inverter is shown in Figure 1.

This figure contains one T-type module and two
cross-capacitor modules. The T-type module includes six
switches (S1S2S3S4S5Ss) and two capacitors (Cy and Cr).
The cross-capacitor modules consist of a non-expandable
part with switches (S758S¢S10S11S12) and capacitor Cr and
an expandable part with switches (S13S14S15S16S17) and
capacitor C. In general, the proposed 13-level topology
consists of 20 switches (with 3 bi-directional switches),
4 capacitors, a zero diode, and one DC bus (V). For
achieving the high voltage gain on the output, the
capacitors C; and Cn can be connected together as
parallel with the sum of the capacitors Cy and Cr. Table
1 and Figure 2 show the switching states and current
commutation paths of the proposed multilevel inverter,
respectively. The current commutation paths are
arranged to obtain the voltage levels £1V ¢, 22Vgc, 3V,
+4V e, £5Ve, 26Vye, and 0Vge. According to states 6 and
8 in Table 1, and Figures (2h) and (2b), the capacitors Cu
and Cyp are charged by T-type throughout switches
S1S4S5S3 and S1S,SsS, respectively, up to 1Vqc in a self-
balancing manner.

On the other hand, referring to states 5 and 10, and
Figures (2g) and (2j), the capacitors Cs and Cr,, can be
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Non-Expandable Expandable
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s Ca = Y X X
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Figure 1. Proposed step-up 13-level inverter topology
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TABLE 1. Switching states for the proposed 13-level inverter. The symbols C, D, and W indicate charge, discharge, and without
change, respectively

Cross-module

T-module
Process States Non-Expandable Expandable CuCpCiCn Vout
S15,53S4S5S6 S7S5659510S11512 S13514515516517

1 011100 001001 01010 D-D-D-D +6Vec
2 001010 001001 01010 W-D-D-D +5Ve
3 011100 001000 10010 D-D-D-W +4V ¢
4 001010 001000 10010 W-D-D-W +3Vec
5 011100 110010 11010 D-D-C-C +2Vye
6 001010 010000 10010 C-D-W-W +1Vec

Switching 7 101111 010000 10010 W-W-W-W 0V

states/capacitor

states/voltage levels 8 110011 010000 10010 W-C-W-W O0Vge
9 001010 100010 01100 D-W-W-W -1V
10 000001 110010 11100 D-D-C-C -2Vge
11 001010 100010 00101 D-W-W-D -3Ve
12 000001 100010 00101 D-D-W-D -4V,
13 001010 000110 00101 D-W-D-D -5Vie
14 000001 000110 00101 D-D-D-D -6Vgc

PIV/1Vq 1-1-1-1-1-2 4-4-4-4-2-2 42222 e e

S

Sug
3

S
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Figure 2. Current commutation paths to generate various voltage levels on the output according to switching states shown in Table
1. (@) 0Vdc, (b) OVdc, (C) +6Vdc, (d) +5Vuc, () +4Vac, (f) +3Vac, (9) 2V, (h) +1Vac, (i) -1V, (j) -2Vde, (K) -3Vac, (1) -4Vac, (M) -

5Ve, and () -6V

simultaneously charged up to 2V through the sum of the
voltages of capacitors Cy and Cp. Hence, the total
voltage of the capacitors is obtained as 6Vqc, which is
equal to the voltage gain and the number of voltage levels
in the half-cycle of the output in the proposed 13-level
multilevel inverter.

2. 2. Generalized Structure According to Figure
3, the proposed SC multilevel inverter can be extended
by several cross-modules consecutively to obtain the
high number of voltage levels on the output. With the
addition of each expandable module, the PIV of the
switches remains constant. Table 2 shows the number of
device counts and blocking voltage of switches for the N-
level proposed topology.

As shown in this table, the switches (S1S2S3S4Ss) and
(SeS10) have the lowest (1Vq) and the highest (4Vqc)
blocking voltage, respectively. So, the PIV of the
switches in the proposed multilevel inverter is 4Vc.

3. COMPARISON WITH OTHER TOPOLOGIES

In this section, the proposed SC multilevel inverter is
compared with other topologies [20-24] in view of the
number of switches, number of diodes, number of
capacitors, TSV, and cost function (CF). According to
Table 3, which lists these parameters, the proposed
topology has the lowest number of capacitors and TSV.
For instance, in the 13-level case, the number of
capacitors in the literature [20-24] is 5, 5, 5, 5, and 6,
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Figure 3. Generalized proposed SC multilevel inverter
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TABLE 2. characteristics of proposed SC multilevel inverter
for N level and Nsw switch

Parameter Value

Number of switches (Nsw) 1.5N+0.5  (N=9,13,17,21,...)

Number of gate drivers (Ng) 1.25N+0.75 (N=9, 13,17,21,...)
Number of capacitors (Nc) 0.25N+0.75 (N=9, 13, 17,21, ...)

Blocking voltage for T-
module

1V for all switches expect Sg
(2V4e)

Blocking voltage for Non-
Expandable module

4V for all switches expect S3; and
S12(2Vee)

Blocking voltage for
Expandable module

2V for all switches expect (Nsw-
4)-th switch (4Vqc)

respectively while it is equal to 4 in the proposed

topology. Now, lets the CF be defined as follows:
TSV PIV

+ﬂXT

de dc

CF=N +N¢ +ax

)

semiconductor
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where Nsemiconductor IS the number of switches and diodes.
Moreover, o and f are the weight of TSV and PIV against
the number of device counts (Nsemiconductor + Nc),
respectively. a and B are selected more than 1 when the
TSV and PIV are more important than the device counts.
On the other hand, a and B are selected less than 1 when
the TSV and PIV are less important than the device
counts. For a more detailed review, Figure 4 is shown
graphically the comparison of the proposed multilevel
inverter with others. As shown in Figure 4(b), the PIV for
[24] and proposed topologies remain constant with
increasing the number of levels.

Moreover, according to Figure 4(d), the proposed
multilevel inverter has the lowest CF than other
topologies whether with 0=p=0.5 or with a=p=1.5. In a
general view, it seems that the introduced inverter has
close competition with the literature [24]. However, the
number of capacitors and the CF in the proposed
topology are more favorable.

TABLE 3. Comparison of the proposed multilevel inverter with other topologies for an N-level output voltage

Parameters [20] [21] [22] [23] [24] Proposed
. 3N -1 2N +6 N+7 3N -1 3N +7 3N +1
number of switches — —
2 2 2 2 2 2
. N-3 N-3 N-3 N -3 N-1 N+3
Number of capacitors e e _— E—
2 2 2 2 2 4
Number of diodes 0 N-1 N-3 0 0 0
N-1 N -1 N -1 N -1
PIV for H-bridge switches TVdc V. TVdc TVdC No need No need
N-1 - N -1 -
Maximum PIV for switches Ve u'Vdc — V. u'Vdc 4V, Ay,
2 2 2 2
7N -13 2 2 2 - 7N -11
TSV(x1V0) Nian-2 N3y 7 N"+18N -19 3N
2 4 4 4 2 4 8 2
25 / 25 T T /
S0 /A/ 20 ~
§_ s [20],[21],122].[23] A/ 3 s [20],121),122],[23] //
a 15 — > 18
Z 124 P — T
°10 - o =10 ~
= \%/ — z / [24] and Proposed
= P L == \
E S éé"'l proposed 4
= 0 — 0 / |
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
number of levels number of levels
(a) (b)
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Figure 4. Comparison of the proposed topology with others.
(a) number of capacitors, (b) PIV, (¢) CF for 0=B=0.5, and
(d) CF for a=p=1.5

4. NEAREST LEVEL CONTROL

There are two general switching techniques for the
multilevel inverter which are called as high switching
frequency (HSF) and fundamental switching frequency
(FSF) [25]. In the HSF switching techniques such as
multi-carrier pulse width modulation (MC-PWM), one
full sinusoidal wave is compared with several sawtooth
waves with switching frequencies higher than 2kHz. This
technique is used mostly for closed-loop control systems
[26]. On the other hand, switching techniques based on
FSF cause lower power losses on the inverter than HSF
techniques. The most famous of the FSF techniques are
nearest level control (NLC) and selective harmonic
elimination (SHE). In the SHE scheme, by solving
several non-linear equations using the Newton-Raphson
method, the switching angles for generating gate pulses
are obtained. However, at a high number of voltage
levels, solving equations becomes very complicated and
boring [27]. In the NLC switching technique, a full
sinusoidal wave as the reference signal (V) is compared
with a multi-step signal so that the output voltage is close
to a multilevel wave, leading to simplifying the control
of the switches. For this purpose, first, the reference
signal is normalized by the maximum voltage level factor
(Vomax) then it is quantized in form of a multi-step wave.
Finally, the quantized wave decides which switch to
activate [28, 29]. Figure 5 shows briefly how to

implement the NLC switching technique which has been
considered in this work. In this figure, t; is the switching
time of the i level, and it is described as follows:
1. ,(2i-1) . N-1
t==—sin"| ——|, 1=123,..,—.
(N 1] 2 @)

i
[0

where o is the reference angular frequency and it is
formulated as ®=2xfs.

5. CAPACITANCE AND
CALCULATIONS

POWER  LOSSES

In this section, the capacitance and power losses are
calculated for a type 13-level proposed topology. In all
cases, it is assumed the load is purely resistive.

5. 1. Capacitance Calculation As shown in Figure
1, there are four capacitors in the proposed 13-level
inverter which can be charged and discharged at various
instant intervals. The capacitors Cu, Cr, Ct, and Cr are
charged up to 1V, 1Vac, 2Vae, and 2V, respectively. To
charge these capacitors at the mentioned voltages, it is
necessary to know the optimal value of the capacitance
values.

For this purpose, the largest discharging cycle (LDC)
of the capacitors is considered. Using Table 1, it can be
depicted the charging and discharging time intervals of
the capacitors which are shown in Figure 6. As shown in
this figure, the LDC of the capacitors Ci, Ci, Ct, and Cn,
is between (t; to T/2-t1), (t2+T/2 to (T-t1), (t3 to T/2-t3),
and (ts to T/2-ts), respectively. It should be noted that the

1/Vomas
. itchi Gatin,
Vet quantizer Sw1tcl_1mg | a 1g
logic | signals
(@)

Vomay= (N-1)/2 Vg,

-

(b)
Figure 5. NLC switching technique for the pulse generation
in the proposed multilevel inverter (a) block diagram (b)
graphical presentation
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V(1)

Bl chassing state [l Discharsing state [l Without change state
+

+6Vie a=T/2-ts
b=T/2-t5
c=T/2-t4
4V =d L d=T/2-t5
+ [ e =T/2-t;
=T/2-t:

£1Vaef- P T

LDC of Cy and Cg [ti--==(T/2-t1)] LDC of Cs [tz--=-(T/2-t3)] LDC of Cu [t5----(T/2-t5)]

Figure 6. Charging and discharging time intervals of the
capacitors Cu, Ctz, Cr, and Cm used in the proposed topology

LDC of the capacitors Cy and Cy, is equal to each other,
leading to equalize of capacitances Cu and Cp (i.e.
Cu=Cxt). So, the calculation of the capacitance is only
performed for one of them.

The expression for the discharging states of the
capacitors Ci, Cr, Cys, and Cr, in the LDC time interval
are described as follows:

Ti2-t

AQ. =AQ,, = j i, (t)dt ®)
T/i2-t,

AQ, = [ (Dt @
Ti2-t

AQ = [ i ()t ®)
ts

where i(t) is the instantaneous load current and it can be
written as,

i, (t) =i, sin(at) (6)

where in is the peak of the load current. From Equations
(3) to (5), the values of the Cy, Ce, Cr, and Cy can be
formulated as,

Ti2—

cnctzﬁcu J i, (t)dt @
1 TR

cszVC' tj i, (t)dt ®)
1 TR

Cm:Ach t{ i, (t)dt 9)

where AVci1, AVcr, and AVcm are the permissible voltage
ripple of the capacitors Ci, Ct, and Cr, respectively. By
considering the value of V4 =20v (to achieve the
maximum output voltage level Vomax=120v), the
capacitors Cy, Ci, Cr, and Cr are charged up to 20v, 20v,
40v, and 40v, respectively. Hence, the values of AVcy,
AVcs, and AVem, Which are usually considered as 10% of
the corresponding capacitor voltage, can be obtained as:

AV =AV,, =2V
AV =4v (10)
AV, =4v

The solution of Equations (7), (8), and (9) leads to appear
the values of C1=Cy,, Ct, and Cr, which are expressed as:

_ 2xi, cos(at))

C.=C, =
G f, XAVCU (11)
2xi, cos(at
f _ Zxin cos{aty) (12)
27 f x AV,
2xi,, cos(wt
c, = Zdn cos(et) (13)

2wt x AV,

By using Equation (2), for N=13 and fs=50Hz, the
switching times are obtained as t1=0.00026s, t,=0.0008s,
t3=0.0014, t,=0.002s, t5=0.0027s, and t¢=0.0037s. Using
these switching times and Equation (10), for in=2A, the
final solution of Cy, Cy, Ct, and Cn come out to be
6300uF, 6300uF, 2900uF, 2100uF, respectively. The
available values of the capacitors in the laboratory are
2200uF and 4700puF. For this reason, in the experimental
setup, the capacitors Cu, Cr, Cr, and Cn are equally
chosen as much as (3x2200uF), (3%x2200uF), 4700uF,
and 2200pF, respectively.

5. 2. Power Losses Calculation Generally, power
losses in the proposed SC multilevel inverter are
classified into three groups consisting of switching
losses, conducting losses, and capacitor losses which are
described as follows.

5. 2. 1. Switching Losses The switching losses are
created due to delays in turning on and turning off the
switches and reverse recovery time on the diodes. when
the pulse reaches the gate of a switch, it takes a to, of
seconds for the collector-emitter voltage and collector
current to reach their final values. In addition, when the
pulse is removed from the gate, it takes a tofr Of Seconds
for the switch to turn off. These delays ton and toff cause
switching losses on the switches. The switching losses
during the on (Pswon) and off (Psw,ofr) States of a typical
switch are calculated by Equations (1) and (2),
respectively [30].
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sw,on

P :% fs ><Voff x Ion ><ton (14)

P

1
sw,off = g fs XVoff X Ion ><toff (15)
where to, and to are turning on and off time of switches,
fs is the switching frequency, Vo is the voltage rating of
the switch and lqn is the average load current. Moreover,
the switching losses on the diodes are calculated as
follows:
1
PSW,D = g fs XNVem X lgm X1 (16)
Where Vrm and Irm are the maximum voltage and current
of the reverse recovery, respectively. In addition, tg is the
delay time of reverse current. The total switching losses
are formulated as follows:

Ny

Non Nt
Psw,total = Z(Z( I:)sw,on,ij ) + 21 Psw,oﬁ Jj J
j=

-1\ ja

Where Ngw and Np are the numbers of the switch and
diode, respectively. Moreover, Non and N are the
numbers of the on and off states of the switch and diode
during a fundamental cycle (1/Ts).

(17)

5. 2. 2. Conducting Losses Conducting losses are
created in the proposed SC topology due to the resistance
and voltage drop on the switches and antiparallel diodes
during turning on. The average conducting losses for the
transistor (Pcr) and antiparallel diode (P.p) can be
expressed as [31]:

PCT :VCEO Ic ave + Rclc rms2
' ' 18
P, =Vl +Ry 1,2 (18)

cD = DO "D,ave 'd " D,rms

where lae and lims represent the average root-mean-
square (RMS) values for the collector current. Moreover,
Vpo and Ry are the forward voltage drop and on-state
resistance of the antiparallel diode, respectively.
Equation (18) elaborates on the conducting losses for
each switch and diode. In another approach, it can be
described by each output voltage level. For this purpose,
consider Figure 6 in which there are six non-repetitive
voltage levels (level 1: £+1Vg, level 2: £2Vq, level 3:
+3Vy, level 4: +4V ., level 5: £5Vq, and level 6: £6V )
for a 13-level output. Here, the zero level is not
considered because it does not produce the conducting
losses. By assuming the pure resistive load, the average
conducting losses in transistors (Pcr) and their
antiparallel diodes (Pcp) for mentioned six non-repetitive
voltage levels can be formulated as follows:

— 2
I:)(:T,Ieveli - (kTi )|:VCEO Ic,ave,leveli + Rclc,rms,leveli ]

— 2
I:>(:D,Ieveli - (kDi )[VDO I D,ave,leveli + Rd I D,rms,leveli ]

Ky and Kp coefficients are the numbers of switches and
diodes, respectively. For each voltage level, these
coefficients have been shown in Table 4.

Eventually, the sum of the conducting losses can be
formulated as follows:

(19)

6
Pc,total = z (PcT,IeveIi +PcD,IeveIi) (20)
i=—6

5.2. 3. Capacitor Losses In a capacitor, there are
two types of losses. One is conduction losses (Pc) due to
inner resistance (R¢) and another is voltage ripple losses
(Peripple). The capacitor voltage ripple losses are created
by the difference between the DC bus voltage and the
voltage across capacitors in charging mode. These losses
are formulated as follows [32]:

27 fy i L2
R, ==Y [Rig’dt (21)
7T all,
fref S 2
PC,rippIe: 2 (CiAVCi ) (22)
i=1

where (ta, thi) are LDC intervals for the ith capacitor.
Thus, capacitor losses are given as follows:

P

loss,cap

= Pc,r + F)C,ripple (23)

using Equations (18), (21), and (24), it can be written the
efficiency of the proposed topology as:

TABLE 4. Coefficients of Kr and Kb in each voltage level for
a 13-level output

Output level Kr Kp
+1Vge 4 3
+2V¢c 6 2
+3Vge 4 2
+4Vqe 6 1
+5Vge 5 1
+6V e 7 0
-1V 4 3
-2Vge 4 2
-3Ve 5 2
EAVAN 5 1
-5Ve 5 1
-6Vgc 5 0
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It should be noted that the switching losses in the
proposed multilevel inverter can be ignored due to the use
of the NLC switching technique. Therefore, for
calculating the efficiency, it can be modeled a switch
IGBT on the simulation environment which is shown in
Figure 7.

Figure 8 depicts the efficiency curve in term of

multiple load powers. To bring the results of simulation
and experimental efficiency closer, three types of
switches with specifications listed in Table 5 are
considered.
According to Figure 8, the efficiency of the proposed
multilevel inverter with the switch IRG41BC30 is higher
than the other two switches. This is because the Vceo and
Rc in the IRG4IBC30 are lower than others. For this
reason, in this work, the switch IRG4IBC30 is used in the
laboratory setup. Moreover, its model is applied to the
simulation results.

6. SIMULATION AND EXPERIMENTAL RESULTS

To validate the proposed SC multilevel inverter topology,
several simulations and experimental results are
performed for a type 13-level inverter under various
impedance loads and LF and HF conditions.

C C
Ip(t
1) + —kvcm | o0

= Vpo
Ic()
G .T| Vex(t) E Re Ry

V()

E

Figure 7. The equivalent circuit of a switch IGBT with an
antiparallel diode to calculation of the efficiency

6. 1. Simulation Results In the simulation
environment, the DC bus and capacitance parameters are
set at (Va=20v) and (Cu=6300uF, Cy=6300uF,
Ci=3300uF, Cnm=3300uF), respectively. Moreover, the
frequency of the reference signal is set at two values
f=50Hz and 500Hz. To achieve high-precision
processing, the sample time is regulated at 10us. Figure
9 shows the output voltage and its harmonic spectrum
under frequency fs=50Hz. As shown in this figure, the
THD of output voltage is 6.33%, which is less than 8%
complying with the IEEE-519 standards. Figure 10
depicts the output parameters under pure resistive load
(Zz=60Q) and f;=50Hz. Firstly, considering that the
voltage gain in the proposed topology is equal to 6, the
maximum voltage level Vomax is close to (6x20=120)
volts according to Figure 10(a). Secondly, as shown in
Figure 10(b), the peak of load current agrees with ohm
law (120v/60Q=2A).

TABLE 5. The parameters values of the three types of switches IGBT for assessing the efficiency of the proposed topology

Switch IGBT Antiparallel diode External antiparallel diode Veeo (V) Rc () Vbo (V) R4 (Q)
STGH20N50FI No MBRF20100CT 25 0.125 0.85 0.085
IRGP35B60 Yes e 1.85 0.084 2 0..075
IRG41BC30 No MBRF20100CT 1.4 0.077 0.85 0.085
92 According to Figures 10(c), 10(d), 10(e), and 10(f),
90 YaRTT TR T the voltage of capacitors Cy, Ci, Cr, and Cy are close to
IRG4IBC30 ]
-~ 88 [ A — 20v, 20v, 40v, and 40v, respectively to product a 13-level
s 86 T~ output voltage. Figure 11 shows the output parameters of
784 Al a 13-level inverter with a change in load impedance from
58 va Z=60Q to Z=30Q at t=1s under f;=50Hz. As shown in
2 gg | STGH20NSOFL |/ this figure, the peak of output current has been increased
= 260 IRGP35B60 7 approximately from i=2A to 4A with a fast dynamic
) A N N S SN N SR N S behavior. From Figures 11(c), 11(d), 11(e), and 11f, it
| [ seems that, with increasing the load, the voltages of the

72 : : :
100 150 200 250 300 350 400 450 500 550 600
output power (w)
Figure 8. Efficiency curve of proposed topology for three
types of IGBT switch

capacitors have been slightly decreased. This is because
of the increase in voltage drop on the IGBT switches.
Figure 12 depicts the output parameters with a change in
impedance load from Z=60€2 to Z=60Q+100mH at t=1s
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Figure 9. Simulation results for (a) output voltage, and (b)
harmonic spectrum of output voltage with fs=50Hz under
NLC switching technique
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under fs=50Hz. For an inverter, the inductive load act as
a low pass filter. So, it is expected that the output current
is close to a pure sinusoidal waveform. This phenomenon
has been clearly seen in Figure 12(b). To evaluate the
proposed topology in HF conditions, a simulation result
has been performed according to Figure 13 with
f;=500Hz. In this frequency, the output current is strongly
diminished when the load is changed from pure resistive
to induction case, as shown in Figure 13(b). This is
because of the increasing the induction reactance from
zero to X =Lo=(Lx2x1x500) Q. In other words, in
f;=500Hz, the inductive load impedance is higher than
the resistive load.

Moreover, in HF conditions, according to Figures
13(c), 13(d), 13(e), and 13(f), the voltage ripple of
capacitors is less than the LF conditions. This issue is
compatible with Equations (11), (12), and (13) by
considering the capacitances as constant.

6. 2. Experimental Results According to Figure
14, a laboratory system has been provided to implement
the  proposedl3-level inverter topology. The
experimental setup contains a DSP, a gate driver circuit,
several capacitor banks, the proposed multilevel inverter,
multiple power supplies for gate driver circuit, several
resistive loads, an inductive load, a current sensor and a

5 1 L L 1 1
0 1 1 1 1 1
1 1.01 1.02 1.03 1.04 1.05 1.06
time (s) (d)

f(v

[u—y
w
T

1 1.01 1.02 1.03 1.04 1.05 1.06
time (s) (e)

(
g

1 1.01 1.02 1.03 1.04 1.05 1.06
time (s) (D

Figure 10. Simulation results for constant pure resistive load (Z=60€Q2) under fs=50Hz. (a) output voltage, (b) output current, (c)
capacitor voltage Cu, (d) capacitor voltage Cr, (€) capacitor voltage Cr, and (f) capacitor voltage Cm
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Figure 11. Simulation results under change in pure resistive load from Z=60Q to Z=30Q at t=1s under fs=50Hz. (a) output voltage,
(b) output current, (c) capacitor voltage Ct, (d) capacitor voltage Cr, (e) capacitor voltage Cy, and (f) capacitor voltage Cm
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Figure 12. Simulation results under change in impedance load from Z=60Q to Z=60Q + 100mH at t=1s under fs=50Hz. (a) output
voltage, (b) output current, (c) capacitor voltage Cu, (d) capacitor voltage Ct, (e) capacitor voltage Cr, and (f) capacitor voltage Cm
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Figure 13. Simulation results under change in impedance load from Z=60Q to Z=60Q + 100mH at t=1s under fs==500Hz. (a) output
voltage, (b) output current, (c) capacitor voltage Cu, (d) capacitor voltage Ct, () capacitor voltage Ct, and (f) capacitor voltage Cm

Figure 14. The experimental setup

resistive voltage sensor. The details of the whole system
have been listed in Table 6. In the gate driver circuit,
there are two groups ICs for transferred pulse gates from
DSP to the multilevel inverter. One is 74HC245 buffer
and another is HCPL-3120 as the main IGBT driver. The
buffer IC is created an infinite impedance between DSP
and multilevel inverter which prevents more currents
from by the DSP. The most important of the HCPL-3120
is that it acts as isolator and driver, simultaneously. In this
study, it has been used a ZMCT103C as the hall-effect
current sensor. A prominent feature of this sensor is that
its output is isolated from other parts of the setup.
Moreover, to measure the load current, it does not
need any interface circuit. Figure 15 shows the

experimental results for the output voltage and current
under pure resistive load at f;=50Hz. Generally, when a
resistive load is used, the voltage and current have no

TABLE 6. The parameters and devices applied to the

laboratory setup

Parameter/ Device Value/ Type
DSP TMS320F28379D
Ve 20v
Maximum expected voltage level 120v
Output voltage frequency 50Hz and 500Hz

Cu=C=6300uF and

Capacitors C=Cri=33004F
IGBT IRG4IBC30
Antiparallel diode MBRF20100CT
Driver HCPL-3120
Buffer 74HC245
Resistive loads 50Q and 300Q
Inductive load 500mH
Current sensor ZMCT103C (1:4)

Output voltage sensor

Capacitor voltage sensor for V¢
and Ve

Resistive divider (1:15)

Resistive divider (1:1.5)
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Figure 15. Experimental results for output voltage (yellow)
and current (blue) with pure resistive load at fs=50Hz. (a)
with constant impedance Z=300€2. (b) with changing the
load impedance from Z=300Q to 50€Q. To obtain the actual
voltage and current values, the vertical axis must be
multiplied by factors 15 and 4, respectively (see Table 6).

phase difference from each other and the waveform of the
output current is a multilevel form same as the output
voltage. Considering table 6, the peak value of the output
voltage is about (3.5x2x15=105v).

However, this value is slightly different from the
maximum expected voltage level (120v) because of the
voltage drop on the IGBTs and diodes in the laboratory
setup. As shown in Figure 15(b), the load impedance has
increased six times. For this reason, the output current
peak has been reached from (0.15x0.5x4=0.3A) to
(0.9x0.5x4=1.8A).

Figure 16 depicts the experimental results with a
purely inductive load as Z=500mH under fs=50Hz. In
relation to this figure, there are two outstanding points.
First, the output current is close to a sinusoidal waveform
same as in Figure 12(b). secondly, a 90-degree phase
difference has been shown between the output voltage
and current.

Figure 17 shows the capacitors voltage waveform of
the Cu, Cr, Cm, and Cs under output frequency f=50Hz.
According to Figure 6, because the discharging time of
the capacitors Cy, and Cy, is more than the capacitors Cy,
and Cn, the voltage ripple of the capacitors Cy; and Cy is
more than others which can be seen in Figure 17. From
the view of the voltage range, the capacitor’s voltages of
Cu and Cy, are equal to V1=15v as shown in Figure 17(a).

& AW W 4.00ms
2.000ms

Z VB8 A .| CH S 440Kk 455
Figure 16. Experimental results for output voltage (yellow)
and current (blue) with pure inductive load Z=500mH at
fs=50Hz. To obtain the actual voltage and current values, the
vertical axis must be multiplied by factors 15 and 4,
respectively (see Table 6)

Moreover, according to Figure 17(b), the capacitor’s
voltages of Cr and Cy, are about V,=37v. The V; and V:
must be 20v, and 40v, respectively but the voltage drop
of the switches and diodes has caused such an issue. For
assessing the HF condition, an experimental result is
performed at fs==500Hz which is shown in Figure 18. In
this figure, with horizontal zoom, it can be shown that the
13-level waveform is well produced at the output without
the voltage levels going out of order.
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©RefB
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(b)
Figure 17. Experimental results for capacitor voltages under
pure resistive load at fs=50Hz. (a) capacitors voltage V.t and
Verz (b) capacitors voltage Ver and Vem. To obtain the actual
voltage value of capacitors Cr and Cm, the vertical axis must

be multiplied by factor 1.5 (see Table 6)
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Figure 18. Experimental results for output voltage under
pure resistive load at fs=500Hz

7. CONCLUSION

A new switched-capacitor multilevel inverter based on
combined T-type and cross modules without H-bridge
was introduced in this work. The proposed topology has
the ability to boost as well as modularity with only one
DC-link source. In the case of 13-level conditions, the
proposed multilevel inverter includes 20 switches and 4
capacitors to produce a voltage gain of 6. In modularity
conditions, the PIV of switches remains constant as the
number of cross-modules increases. Hence, the TSV and
CF can be drastically decreased compared to other
topologies. Under the NLC switching technique, the
THD of output voltage in the proposed multilevel
inverter is 6.33% which conforms to the IEEE standards.
The simulation and experimental results confirm the
validity of the proposed topology under steady state and
transient conditions as well as performance in HF and LF
domains.
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