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Abstract—This paper suggests an improved basic single-
phase 35-level inverter unit that consists of 4 DC power supplies,
4 capacitors, 10 switch/diodes and 10 gate driver circuits. The
basic unit employs two DC links constructed by two cascaded
capacitors in parallel with VL and Vr DC sources. The use of
capacitors not only has led to increased levels, but also has
reduced the DC sources and converter cost. The voltage
balancing of capacitors is done naturally which eases the control
of proposed topology. Since, the proposed structure is based on
developed H-bridge, it can produce positive, zero and negative
voltage steps. Also, the suggested topology has suitable
performance for resistive (R) or resistive-inductive (R-L) load
types. Based on comparison results, the suggested structure has
more steps per devices than similar configurations. The credits
of suggested topology have been certified by comparisons and
simulations in PSCAD/EMTDC software.

Keywords— blocking voltage, capacitor based multi-level
inverter, number of steps/devices

I. INTRODUCTION

The outstanding properties of Multi-Level Inverters
(MLIs) have gained considerable popularity in research and
industrial centers [1]. The MLIs generally benefit from simple
and modular structure, expandability, suitability for
medium/high voltage/power utilities, increased levels, low
Total Harmonic Distortion (THD), improved quality and so
on [2-4]. But, the MLIs require many devices (such as DC
supplies and power semiconductors) to reach more levels,
which leads to increased volume and cost [5]. Many reduced
device oriented MLI structures have been presented in
literature [6-10]. But, the DC supplies are the bulkiest,
heaviest and most expensive parts of MLIs. So, the main
objective is to replace them with cheaper, smaller and lighter
energy sources such as capacitors [11-13]. Utilization of
capacitors in MLIs can lead to reduced DC sources and/or
increased gain [14-19]. The charge (or voltage) balancing is
the main challenge of Capacitor Based MLIs (CBMLIs) [20].
The voltage balancing of capacitors of MLIs can be realized
naturally or through additional circuits, which increase the
size and complicates control of converter [17, 21]. This study
examines only unity gain CBMLIs.

The CBMLIs presented in [22-27] have unity gain and use
capacitors to reduce DC source count. The CBMLIs presented
in [22, 26, 27] apply developed H-Bridge unit for generating
negative steps, where [24] employs conventional H-Bridge
unit. Since each basic unit of [24] applies an H-Bridge,
numerous switches are required at cascaded versions. The [22,
27] utilize numerous bidirectional switches and accordingly
numerous MOSFETS to achieve increased levels. Also, the
charge balancing of capacitors in 3 or more cascaded capacitor
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versions of [22, 27] is very difficult that demands an extra
control strategy.

This paper proposes a developed CBMLI topology with
enhanced levels per devices that leads to less THD, better
quality, less size and expense. Also, the charge balance of
capacitors are done naturally, which simplifies the control
strategy. In the following sections, the suggested basic
topology and extended versions are discussed. Then,
comparison and simulation results are given. Finally, the
conclusions are presented.

Il. SUGGESTED BASIC CONFIGURATION

A. Configuration

As shown in Fig. 1, the suggested topology is consisted of
4 DC supplies, 4 capacitors and 10 power switches (6
unidirectional and 4 bidirectional). Each switch demands a
driver circuit, so the count of switches and driver circuits are
the same.

Nsource = NCapacitor =4, Ngyitch =N priver =10 (1)
V,
A
Sul '— Bldlrecllfna\ Unidirectional
Switch Switch
Lol S ] e
VL—'_ }S/ /2_1 .V, I\= " ={}\An:
1 vl R i i
o H ! o 1! !
TCz H; S, ° ” CA—l— :} _____ i :\{ _____ i
_'}_Sdl
Vd

Fig. 1. Suggested basic topology.

B. Determination on Size of Power Supplies

To prevent generation of redundant levels and maximize
distinct voltage steps, the size of DC supplies in suggested
topology are selected as (2). Therefore, the variety of DC
supplies is 3.

Vi =V =V Vp =Wy V| =1 2

C. Voltage on Capacitors

The (C1, C2) and also (Cs, C4) are selected the same. The
cascaded (C1, Cy) and (Cs, Cs) have been connected in parallel
with Vi and Vg, respectively. Accordingly, the voltage of Cy,
C,, C3 and C, capacitors are naturally regulated on (V./2),
(VU/2), (Vr/2) and (Vr/2), respectively, as (3).

Ve, =Ve, =V 12)=8/4 Ve, Ve, =Vr 12) =g (3)
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D. Switching States

The switching states of suggested basic configuration have
been shown in Table I. It is seen that the suggested basic unit
can create 17 positive, 17 negative and zero voltage steps.

TABLE I. SWITCHING STATES OF SUGGESTED BASIC TOPOLOGY
NO.[S1]S2|Su1|Suz|Sd1|Se2|H1|H2 |Hs | Ha Vo
ojofof1jofof1]o]1]o
. ojofofojof1jo]1]0]1 0 0
2 |ojojojoj1jofo}j1]O|1| +Vg +Vy
3]0j0f1]O0fO0|JO]|21fO0|1]O0]| -Vg -Vy
4 10j1fofojof1]0])21]0|0|+2V4 +Vg/2
510]2]0]1f0]0]2]0|J0|O0]| -2Vg -Vgrl2
6 |0j2/0JO|1|0]J0]21]0]|0]| +3Vq4 Vg+Vr/2
7101111100 J0]2]0|JO|O] -3Vqg -Vy-Vr/2
8 |0jojOjOJOf1]O0]1]|21]0]| +4Vq4 +Vr
9 |0jojOo|1fOofO]21]OfO|1] -4Vy -Vr
10(0]0]JO]JO|2f0f0O[21]1]0] +5Vq +Vg+Vg
11(0j0]1]0]0fO0|1]0])0]1]| -5V -V-Vr
12(1]0]0]J0O|Of21|0[0]|0]|1] +6Vq +V, /2
1311]0]0]1]0)J0JO|O|1]0] -6Vq4 -V /2
14[1]0]0]J0|2[0f0[0])0O|1]| +7Vq Vt+(Vi/2)
1511]0]110]J0)JO0JO|O|1]0] -7Vq4 -V-(V1/2)
16[(1]1]0]0]|Of1[0[0]0]0]| +8Vq (Vi+VR)/2
171]11]0]212]0f0|0]0])0]O]| -8V4 -(Vi+VR)/2
18[1]1]0]J0|2[0f0[0]0]0]| +9Vq (VL +VR)/2+Vy
1911]1]110]J0)J0J0OJ0O|0]O0] -9Vq4 -(VL+VR)I2-V,
2011]0]0]J0J0])2]0|J0]|21]0|+10V4 Vr+(V1/2)
2111]10]0]21]0]0]J0|0|0O]1]-10V4 -Ve-(V/2)
2211]10]0]0|2])0]J0O0|0O]|21]0|+11V4 Vr+(Vi/2)+Vy
231110110 |JOJOfOfO]O]1]|-11V4 -Ve-(V1/2)-V,
241010100 |O|21f2]0]O0|1]|+12Vq4 +Vo
2510]0]0f21]0J0f0f21]21]0]-12V4 -V
26]0]0]0]0|2])]0]21]0]0]|1]|+13V4 +V +Vy
271010]2]0]0]J0JO|1]21]0]-13V4 -Vi-Vy
2810]11]0]0J0|2]1]0]0]O0|+14Vy +V +(Vr/2)
2910[1]0f2]0|0f0f2]0]0]|-14V4 -V -(Vr/2)
30]0|1]0]0|2]0]1]0]0]O0|+15V4 Vi +(Vr/2)+Vy
31[10[1]1f0|JO0|J0Of0f21]0]0]|-15V4 -V -(VRr/2)-V,
3210J0]0]0J0O|)2]1]0]21]0|+16V4 Vi +Vg
33[10J/0]0f21]0J0Of0Of21]0]1]|-16V4 -V -Vgr
3410J10]0]0|2])0]J21]0]|21]0|+17V4 Vi +Vg+Vr
35[0[/0]1f0|JOJOfOf2]0]1]|-17V4 -Vi-Vi-Vr

Maximum producible voltage of suggested basic topology
is Vomax=17V4e, Which is sum of Vi, Vg and Vy (or Vg). The
number of steps of suggested basic unit can be computed as:

Nistep =24 max Ve ) +1=35 (4)

E. Blocking Voltage on Switches

Blocking Voltage (BV), Normalized Blocking Voltage
(NBV) and Average of NBVs (ANBV) on switches of
suggested basic converter have been shown Table II.

TABLE II. BLOCKING VOLTAGE ON SWITCHES OF PROPOSED
TOPOLOGY
Switch BV NBV [%] |Switch BV NBV [%]
S1 V1 /2=6V 35.3 Sa |Vi+Vy+Ve=17Ve| 100
S2 Vr/2=2V 4 11.76 H, V=12V, 70.58
Sut |Vi+2V,+Ver=18Vy| 105 H, V=12V 70.58
Swz | VitVy+Ve=17Vq 100 H, Ve=4Vg, 23.53
Sar |Vi+2V+Vr=18V4| 105 H, V=4V 23.53
Average of NBVs=
Average of BVs= 2.8Vs1 =11V, YBVsr  =64.706 [%]
switch N switch ><V0,max '

It is observed that the (Sui, Sa1) are imposed to 18V,
which is 5[%] more than Vomax. Also, the BV of (Suz, S¢2) are

equal to Vomax=17Vgc. The BV on other switches are less than
Vomax. The high BV on (Su1, Sq1) is the main drawback of
proposed topology.

I1l. SUGGESTED EXTENDED TOPOLOGIES

A. First Extended topology (P1)

As seen from Fig. 2, the suggested basic structure can be
extended by increment of cascaded capacitors in right and left
DC links, which increases number of steps, while keeping the
number of DC supplies the same. The device count of 1%
extended topology is calculated from (5):

Nsource =% Nswiteh =N priver =2N +6, NCapacitor =2n (5)
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Fig. 2. Proposed 1% extended topology (P:)

n

To create maximum number of steps, the amplitude of DC
sources should be selected as (6). Thus, the variety of DC
sources iS Nvariey=3.

V,, =V =V Vg =20V, Vv, =2n(n+1Vy, (6)

Where, n shows the number of cascaded capacitors in each
DC link. In such arrangement, the voltage of capacitors will
be regulated on values presented in (7):

Vo, =V In)=20+1V Ve, =Vp /)=,  (7)

The peak output voltage and also number of steps of
proposed 1% extended topology can be computed respectively
from (8)-(9).

Vo max = (207 +40 +1V g (8)

Neiep =4n%+8n+3 )

B. Second Extended topology (P-)

The proposed 2™ extended structure is made by cascading
basic units, as shown in Fig. 3. The number of required
devices are as (10), where, n denotes number of cascaded
units. The count of required unidirectional and bidirectional
switches are respectively 2n and 8n.

Nsource = NCapacitor =4n,Ngyich =Npriver =100 (10)

The size of DC supplies should be chosen as (11) to
produce maximum steps, where i=1, 2, -+, n
Vi =12018) Ve, Vi =4(18) Vg
Vi =Vg,; =(18) NV

Based on (11), the variety of DC sources, maximum output
voltage and number of steps of proposed 2™ extended
configuration can be calculated from (12)-(14), respectively.
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Fig. 3. Proposed 2™ extended topology (P2)
NVariety =3n (12)
Vo,max = (18n _1)‘/dc (13)
Ntep =2(18)" -1 (14)

IV. COMPARISON RESULTS

In this part, different features of suggested topology are
contrasted with that of similar structures presented in [23, 24]
and [25-27]. The results have been summarized in Table IlI
and graphically shown in Fig. 4.

TABLE Il COMPARISON RESULTS
Topology | [23] [24] | [25] | [26] [27] P, P,
NLevel 31" 5" |6n+l]| 25" [16"+1]4n?+8n+3|34™+1
ANVs[%] | 51.5 75 |64.3| 51.67 |81.25 64.7 64.7
Nvariety 2n n 2n 2n 2n 3 3n
Vomax/Vac | (31™-1)/2 [ 5-1)/2 | 3n | (25"-1)/2 | 16"/2 | 2n?+4n+1 | 34"/2
Nsource 3n n 2n 2n 2n 4 4an
Nswitch 10n 8n 8n 14n 8n 2n+6 10n
Ncapacitor 5n 2n 2n 4n an 2n an

Ncomponent 28n 19n | 19n 34n 22n 6n+16 28n
Noriver 10n 8n 7n 14n 8n 2n+6 10n

According to Fig. 4a, the proposed 1% extended topology
(P1) can produce increased steps by only 4 DC sources, but at
low/medium number of steps, the [24] and [26] produce
higher Nieve/Nsource than others.

Figs. 4b-4d validates that the suggested 2" extended
topology (P2) can produced more steps than other topologies
by using the same switches/driver-circuits/components. This
can lead to a reduction in volume, expense, loss and
complexity of converter.

Fig. 4e shows that at medium/high levels, the variety of
DC sources of Pi remains constant on 4, but the other
structures require higher varieties, which can lead to increased
cost.

It is seen from Fig. 4f that by using the same capacitor
count, the P, can produce more steps than other
configurations. Also with the same count of devices, the P,
and [27] can produce larger peak output voltages (Vomax) than
others, leading to higher output powers.
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V. SIMULATION RESULTS

The suggested basic unit is simulated in PSCAD/EMTDC
software to assure of its appropriate performance. The
simulation parameters have been listed in Table I1V. The
fundamental frequency methodology has been employed for
generation switching pulses.

TABLE IV. SIMULATION PARAMETERS
Parameter Value
Fundamental frequency (f) 50[Hz]
Modulation index (m) 1
DC sources (Vi,Vr,Vu, Vi) V, =120[V], Vr=40[V],V.=V4=10[V]
Load (R-L) R=170[Q], L=200[mH]

Fig. 5 indicates that the suggested basic topology has
efficiently produced 35 steps (0, £10, £20, -+, £170) with
maximum output voltage of Vomax=170[V]. The load current
magnitude is about lomax=0.94[A].
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Fig. 5. Load voltage and current waveforms.
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The phase difference of A@p=20° (validated by (12))
between load voltage and current waveforms confirms
suitability of suggested topology for supplying R-L load types.

arctan(Lw/R) = 20° (12)

The THD of output voltage is about 2.12[%]. Due to small
THD, the output filter can be removed or downsized, leading
to reduced volume and expense of converter. The harmonic
spectrum of output voltage of suggested configuration has
been depicted in Fig. 6. It is seen that the magnitude of
fundamental frequency order is 100[%], where the magnitude
of other harmonic orders are much less than 0.5[%].

Harmonic Spectrum [%]
1[%)

oo Emliml_Nall_uls_lull_N-0 A0 000 - 0.0 0_. a0 0.0 8.
it [1] 1000 63"

Fig. 6. Harmonic spectrum of output voltage waveforms.

The voltage waveform of switches have been shown in
Fig. 7. This figure indicates that the BV on switches are about
BV51:60[V], BVszZZO[V], BVsU12180[V], BV3u2:l70[V],
BV5d1:180[V], BV5d2:170[V], BVH1:120[V], BVH2:120[V],
BVw3=40[V], BVna=40[V], which are verified by Table II.
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Fig. 7. Voltage waveform on switches.

The current waveform of switches have also been shown
in Fig. 8. The current stress of switches are as follow:
|51=|52=0.94[A], |5u1=|5u2=O.94[A], |Sd1=|Sd2=0-94[A],
lH1=112=0.94[A], Ins=11s=0.94[A]. Since the load current
flows through the switches, the current stress of all switches is
equal to the load current amplitude, which is lomax=0.94[A].
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Fig. 8. Current waveforms of switches.

VI. CONCLUSIONS

This paper has proposed a basic capacitor-based 35-level
inverter topology that can be extended either by increasing the
cascaded capacitors of right and left DC-links or by cascading
of basic unit. Application of capacitors has led to less DC
supplies and consequently less volume and cost. The proposed
basic and extended topologies have larger ratio of steps per
switches, driver circuits, capacitors and total components than
other similar structures. This means that by the same count of
devices, the proposed topologies can produce more steps than
others. Also, it is observed that for generating the same levels,
the proposed topologies utilize less switches, driver circuits,
capacitors and total devices than other topologies, which leads
to reduced size and expense of converter. The proposed 1%
extended structure can produce increased levels only by 4 DC
supplies. Low THD, downsized output filter, natural voltage
balancing of capacitors as well as capability of supplying R-L
loads are other merits of proposed topologies, while the high
blocking voltage on Sy and Sqg: is the main drawback. The
claimed advantages and correct performance of proposed
topologies have been confirmed by comparison and
simulations results.
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