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A Hybrid Nine-Level, 1-¢ Grid Connected Multilevel
Inverter With Low Switch Count and Innovative
Voltage Regulation Techniques Across
Auxiliary Capacitor

Chamarthi Phanikumar

Abstract—A 1-¢ hybrid nine-level inverter (H9LI) topology has
been proposed in this paper. The proposed HILI topology uses a
simple phase disposition pulsewidth modulation strategy to gener-
ate nine-voltage levels in the output. The main advantage of this
topology is that it has a low switch count (ten switches) compared
to the existing nine-level inverter topologies. To regulate the voltage
across auxiliary capacitor, two innovative control techniques are
proposed, which are integrated with the inverter modulation tech-
nique itself. Hence, it does not require any extra voltage balancing
circuits to maintain the voltage across the auxiliary capacitor and
input dc capacitors. A major advantage of these control techniques
is that they eliminate the sensing of the coupled inductor current.
Another significant advantage of HILI is that loss distribution
among all the power switches is more uniform compared to exist-
ing nine-level inverters. Due to low part count and absence of ex-
tra voltage balancing circuits, the HILI achieves higher efficiency
(n = 94.5%) and lower cost. Furthermore, the requirement of
filter size reduces due to the presence of coupled inductor in
HILI. The proposed 1-¢ grid connected HILI is verified through
MATLAB/Simulink simulations and validated through experi-
ments on a laboratory prototype of 400-VA rating.

Index Terms—Auxiliary capacitor, hybrid nine-level inverter
(HI9LI), multilevel inverter (MLI), phase disposition pulsewidth
modulation (PDPWM).

1. INTRODUCTION

N RECENT years, the multilevel inverter (MLI) technology
has become very popular. Generally, the MLIs are preferred
for medium voltage and high-power applications [1]. The major
applications of MLIs are electric drives, traction, HVdc, utility
interface for renewable energy systems, and STATCOM [2], [3].
Even though the MLIs comprise several devices and components
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and need elaborate circuits, they are important and useful due
to the following features.

1) Low total harmonic distortion (THD) in output voltage

due to stepped output waveform.

2) Lower dv/dt stresses across devices, which result in re-

duced EMI/EMC problems.

3) Lower switching losses due to lower switching frequen-

cies.

4) Lower common mode voltages.

The traditional MLI topologies include the neutral point
clamped (NPC), flying capacitor (FC), and cascaded H-bridge
(CHB) MLISs [1]. In traditional MLIs, as the number of levels in-
creases, the requirement of power components (power switches,
input dc capacitors, and auxiliary dc capacitors) also increases.
For example, the traditional five-level diode clamped MLI re-
quires eight switches, four input dc capacitors, and six power
diodes [4]. However, the traditional nine-level diode clamped
MLI requires 16 power switches and 8 input dc capacitors [5],
which is a significant increment in the number of power com-
ponents over the five-level NPC configuration. The increased
number of power switches increases the requirement of driver
circuits and their maintenance. The increased number of input
dc capacitors requires extra voltage balancing circuits, which
reduces the efficiency of the system and adds to its weight, bulk-
iness, and complexity. However, from the performance point of
view, it is always desirable to use an MLI with as many levels
in the output voltage as possible. This is the reason why there
have been consistent efforts by the researchers to optimize the
number of levels in the output vis-a-vis the number of compo-
nents used. Novel configurations and control schemes have been
proposed to reduce the part count in MLIs with high levels in
the output.

In this context, the researchers have been investigating new
optimized nine-level MLI topologies [6]-[24] to maximize
the number of levels with minimum requirement of power
components (i.e., switches, capacitors). In these topologies,
the main objective has been to produce higher quality power
with minimum possible power component count and simpler
modulation/control strategy. Waltrich and Barbi [6] proposed
a nine-level MLI topology with eight input dc sources and
16 power switches. The presence of more number of power
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components in this MLI makes hardware implementation a bit
difficult. To reduce the power component count, Babaei [7]
proposed a nine-level MLI. It consists of 14 power switches and
four input dc sources. Among the power switches, some are bidi-
rectional. To reduce the number of power components further,
Ebrahimi et al. [8] also proposed a nine-level MLI topology,
which uses fewer power switches. This nine-level MLI topology
requires 12 power switches and four input dc sources. Peng [9]
has come up with a generalized MLI topology with single input
dc source, but this topology uses several auxiliary capacitors and
the voltage regulation of all these capacitors is a cumbersome
task.

Some other researchers have also proposed MLI topologies
that accommodate auxiliary capacitors to generate multilevel
output voltage [10]-[18]. These include nested neutral point
clamped (NNPC) MLI [10], [11], FC-based active neutral point
clamped (FC-ANPC) MLI [12], [13], and FC-based hybrid ac-
tive neutral point clamped (FC-HANPC) MLIs [14]-[17]. The
FC-ANPC MLI consists of many switches and auxiliary capac-
itors, due to which complex control is required to regulate the
voltage across auxiliary capacitors. The NNPC and FC-HANPC
MLIs also use many auxiliary capacitors similar to FC-ANPC
MLI, which increases the complexity of hardware implementa-
tion. Some authors have worked on modular multilevel convert-
ers (MMC) for medium voltage and high-power applications,
but they also require many auxiliary capacitors [18]-[21]. In
fact, MMCs also need complex algorithms to regulate the volt-
age across auxiliary capacitors. Some researchers have proposed
coupled inductor based MLI configurations [22]-[24], which
require fewer power switches, but these configurations require
extra voltage balancing circuits to balance the voltages across
the input dc capacitors.

To overcome the disadvantages, such as high count of power
switches, auxiliary capacitors and dc sources in the existing
MLI topologies, this paper proposes a new hybrid nine-level
inverter (H9LI) topology. The main objective of HOLI is to pro-
duce ac output voltage of minimum or negligible distortion with
low component count. The nine-level output voltage is gener-
ated with fewer power switches leading to simple control, low
maintenance, and most importantly, enhanced reliability. The
proposed topology combines the advantages of diode-clamped
ML, capacitor clamped MLI, and coupled inductor based MLIs.
The major advantages of the HOLI are summarized as follows.

1) Ituses fewer power switches (only ten switches per phase
leg).

2) It requires only one auxiliary dc capacitor and two input
dc capacitors.

3) Ituses a coupled inductor for reducing the requirement of
dc capacitors. The dc capacitors are known to have a low
lifespan.

4) The topology is capable of inherent regulation of the aux-
iliary capacitor voltage. No extra current sensors are re-
quired.

5) The loss distribution (especially conduction losses)
among all the high-frequency power switches and low-
frequency switches are uniform.

6) Lower common mode voltage.
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Fig. 1. Proposed 1-¢ HILI topology.
TABLE I
INPUT AND OUTPUT VOLTAGES OF COUPLED INDUCTOR
Van Vbn Van
+4Vp/8 +4Vp/8
+2Vpe/8 +4Vpc/8 +3Vp/8
0 +2Vp/8
+4Vp/8 + 2Vp/8
+2Vp/8 0 + Vpc/8
0 0
—4Vpc/8 —4Vpc/8
—2Vpe/8 —4Vpc/8 —3Vpe/8
0 —2Vpc/8
—4Vpc/8 —2Vpc/8
—2V,./8 0 —V,./8

7) It can provide reactive power support to the grid, which

makes it (low voltage ride through) LVRT capable.

The reduction in the number of switches and auxiliary capac-
itors is achieved by incorporating a coupled inductor. Though
a coupled inductor is not always preferable in all types of ap-
plications, it is advantageous from the reliability point of view.
The capacitors are considered as the weak link of an electrical
circuit and the switches are the most sensitive part of the circuit.
Every single switch needs a separate control circuit along with
the protection circuit which again increases the maintenance as
well as the overall cost of the circuit. Reduction in the number
of controlled devices helps the topology to be robust and cost
effective.

II. DESCRIPTION AND THE WORKING PRINCIPLE OF HILI

Fig. 1 shows the proposed HILI topology. It generates a nine-
voltage levels in the output with only ten power switches, one
auxiliary capacitor (Cy ), and two input dc capacitors (C;, Co).
It has joint features of diode clamped, FC, and coupled in-
ductor based MLIs. The HILI has a single dc source at the
input, which is divided into two halves with the support of
C; and C,. The three-level NPC voltages are divided into five
voltage levels by using an auxiliary capacitor, C,, which is
regulated at a voltage of V¢ /4. A coupled inductor is incor-
porated in the HILI, whose two ends experience five voltage
levels (+4Vp¢/8,4+2Vpe /8 and 0) and three voltage levels
(+£4Vpc /8 and 0), respectively, due to which the HILI gen-
erates nine different voltage levels at the midpoint “c” of the
coupled inductor, as listed in Table I. The nine voltage levels pro-
duced by HOLI are +=4Vpc /8, £ 3V /8, £2V /8, & Vp/8
and 0, as shown in Fig. 2. Each switch used in HILI is a



PHANIKUMAR et al.: HYBRID NINE-LEVEL, 1-¢ GRID CONNECTED MULTILEVEL INVERTER WITH LOW SWITCH COUNT

Van
+4Vpe / ] ke
+3Vpe /8 ==
+2Vpc /8F=
+Vpe / 8 ot
0 >
Vpe B ——=———-
Wpe B = ——————
3Vpce / S ———————
AVpefp—————————
Fig. 2. Synthesized output voltage waveform of the HOLI.
TABLE I
ALL 16 SWITCHING STATES OF THE H9LI
SWITCHES CONDITION (1=ON, 0=OFF) Van Switche switches
states | conductin,
Si |Sz [S3 |Sa |Ss [Se |S7 |Sg |Se |Sio
1 [o [t Jo J1 Jo [t Jo J1 Jo +4Vpc/8 |1 5
1 0 |1 0 |1 [0 |JO |1 1 |0 +3Vpe/8 |2 5
1 [o [t Jo Jo [t [t Jo J1 Jo +3Vp/8 |3 5
1 Jo [t Jo Jo 1 o |1 |1 Jo +2Vpo/8 |4 5
1 0 |1 0 |1 [0 |1 [0 |0 [1 +2Vpe/8 |5 5
1 [o [t Jo J1 Jo Jo J1 Jo J1 +Vpc/8 6 5
1 0 1 0 |0 |1 1 0 [0 |1 +Vpc/8 7 5
1 0 |1 0 |0 [1 |0 [1 |0 |1 0 8 5
0 [t Jo [t J1 Jo [t Jo J1 Jo 0 9 5
0 1 0 1 1 10]0 |1 110 -Vpc/8 10 5
o[t Jof[rJoJi[t]o]1]o -Vpc/8 11 5
ot fofrfoJifof1]1]o 2Vpe/8 |12 5
0 1 0 1 101 [0]O0]1 -2Vpc/8 13 5
o[t Jof[t]J1iJofo]1]o]1 3Vpe/8 |14 5
o [1[oJirJo[t]Jt]Jo]olt 3Vpc/8 |15 5
0 1 0 1 (0|1 [0]1]0]1 -4Vpc/8 16 5

combination of a fully controlled switch and an antiparal-
lel diode, which allows the current to freewheel through the
switches.

Section I of Fig. 1 represents the supply block where the
single input dc supply is divided into two equal parts by using
two input dc capacitors (C;, Cq) to provide the advantage of
an NPC inverter. Section II comprises four switches. These four
switches help in altering the voltage across Section III in positive
and negative half cycles by changing the capacitors from one
configuration to another. The polarity alternating feature could
have been provided by a bridge circuit without splitting the dc
source. But altering the polarity with single supply can only be
used for the single-phase inverter. Therefore, the splitting tech-
nique makes the converter suitable for three-phase application.
All possible 16 switching states of HILI corresponding to nine-
different levels of the output voltage are given in Table II. The
current through the inductor and voltage across Cp are regulated
by using the complementary switching states which gives better
loss distribution among the various power switches. The role of
complementary switching states is regulation of voltage across
Ca, control of current through inductor (1,1 ), and improvement
of loss distribution among the various power switches. Switches
Sy to Sy and Sy, S1 have to withstand half of the dc link volt-
age, whereas switches S; to Sg have to withstand one-fourth of
the dc link voltage. Either, switches of different rating can be
chosen as per the requirement in the circuit or more than one
switch can be used in series to use switches of the same rating.
The proposed HILI can be used for the 3-¢ application as well
by adding two more legs consisting of Sections II and III and
by keeping Section I common for all the three phases.
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Fig. 3. Basic coupled inductor.

A. Role of the Coupled Inductor

The proposed HILI can generate nine levels by using the
coupled inductor [23], [24]. The basic operation of the coupled
inductor [see Fig. 3] is explained with the help of the following
equations:

M = K+\/T; x Ly (1

o diydiy iy dig

Vln—VAn—Llﬂ—ME_(Ll—i_M) dt dt
(2)

o diy  dip diy  di

Von = Van = Lo = Mgm = (Lo + M) 55 = M=o
3)

where n denotes the neutral point.

Assume that self-inductances (L;, Ly) of the coupled induc-
tors are equal and the coupling coefficient K = 1. Then, the
mutual inductance (M) of the coupled inductor is equal to L
(or Ly). By applying the KCL at node “A” [see Fig. 3] the node
current, 7, is given as follows:

i+ iy =14. 4)
Adding (2) and (3) yields the following:
V n V n
Vi = 3)

Using (5), the output voltage V|, of the proposed HILI topol-
ogy is given as follows:

Vo = Vap. (6)

It can be observed that the coupled inductor adds the two input
voltages Vi, and Vs,. Without coupled inductor, the proposed
HOLI can only generate five levels. But due to coupled inductor,
the proposed HILI can give nine voltage levels in the output

voltage (V a, ) by varying the voltages applied across the coupled
inductor (i.e., Vi,, Vau).

B. Possible Switching States of HOLI

Table II gives the possible 16 switching states of HOLI, which
generates nine different voltage levels at the output terminal. The
gate pulses of switches S; and Sy are complementary to each
other. Similarly, S3, S, also have complementary gate pulses.
The switches S;, S3 are ON for switching states from1 to 8 (i.e.,
in positive half-cycle) and the power switches S, S, are ON
for switching states from 9 to 16 (i.e., in negative half-cycle),
which reduces the switching losses in the switches Sy to S4. The
other complementary switching pairs are (Ss, Sg), (S7, Ss), and
(Sg, S10)-
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Fig. 4. All switching states (SS) of the 1-¢ HOLI. (a) SS-1 (b) SS-2. (c) SS-3.

(d) SS-4. (e) SS-5. (f) SS-6. (g) SS-7. (h) SS-8.

1) Switching States for the Positive Half-Cycle: In the pos-
itive half-cycle of the output voltage, the switches S; and S
are always kept ON in all the switching states. Similarly, in the
negative half-cycle of the output voltage, the switches S, and
S, are always kept ON in all the switching states. The switching
states corresponding to the positive half-cycle are explained as
follows.

Switching state 1: This state begins with turning ON of the
switches Sy, S3, Sy, S7, and Sg. According to (6) the +4Vp¢ /8
output voltage level is generated by using this switching state-1.
The current conduction path during switching state-1 is depicted
in Fig. 4(a).

Switching state 2: This state begins with turning ON of
switch S3, Sg and turning OFF switch S7. According to (6), the
+3Vp /8 output voltage level is generated by using this switch-
ing state-2. The states of other switches remain unchanged or
same as the previous switching state (i.e., switching state-1).
The working of switching state-2 is shown in Fig. 4(b).

Switching state 3: This state begins with turning ON of
switches S3, S¢, S7 and turning OFF switches S5, Sg. According
to (6), the +3Vp¢ /8 output voltage level is achieved by using
this switching state-3. The states of the other switches remain
the same as previous switching state (i.e., switching state-2).
The current path during switching state-3 is shown in Fig. 4(c).
The switching states 2 and 3 are complementary to each other
and are used to charge or discharge “C,” depending upon the
direction of the current through it.

Switching state 4: This state begins with turning ON of
switches S3, Sg and turning OFF of the switch S; while the states
of other switches remain the same as the previous switching state
(i.e., switching state 3). According to (6), the +2Vp¢ /8 output
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voltage level is generated by using the switching state 4. The
working of switching state 4 is shown in Fig. 4(d).

Switching state 5: This state begins when the switches
S3, 55,57, Sy are turned ON and switches Sg, Sg, Sg are turned
OFF. All other switches continue to remain in their previous
state (i.e., switching state 4). According to (6), the +2Vp /8
output voltage level is generated by using this switching state 5.
The working of switching state 5 is explained through Fig. 4(e),
which shows the conduction path. Switching states 4 and 5 are
complementary to each other, which are used to balance the
voltage across the coupled inductor.

Switching state 6: This state begins with turning ON of switch
S3,Sg and turning OFF of switch S7. The states of the other
switches are left unchanged or same as the previous switching
state (i.e., switching state 5). According to (6), the +Vp¢ /8
output voltage level is achieved using this switching state 6.
The working of switching state 6 is shown in Fig. 4(f).

Switching state 7: The beginning of this state is marked by the
turning ON of switches S3, Sg, S7 and turning OFF of switches
S5, Ss. The other switches continue in the same state as the previ-
ous one (i.e., switching state 6). According to (6), the +Vp¢ /8
output voltage level is realized by utilizing switching state 7.
The current conduction path during switching state 7 is shown in
Fig. 4(g). Here, the switching states 6 and 7 are complementary
to each other and are used to charge or discharge C, depending
on the direction of current through it.

Switching state 8: This state begins with turning ON of switch
S3,5s and turning OFF of switch S; by keeping the states of
other switches unchanged (i.e., same as the switching state 7).
According to (6), the “0” output voltage level is generated by
using the switching state 8. The working of switching state 8 is
shown in Fig. 4(h).

From Table II, it can be observed that for any output volt-
age level there are always five switches, which are conducting.
Moreover, if all the 16 switching states are considered, it can be
observed that any switch in the given topology conducts for eight
switching states in a complete cycle. This helps in achieving a
better loss distribution among all the switches.

C. Application of the Complementary Switching States

The switches of HILI can be operated in 16 different combi-
nations to produce nine distinct voltage levels. There are a total
of seven pairs of switching combinations, which generate the
same output voltage. These pairs are called as complementary
switching combinations or switching states. To control the out-
put voltage of HILI, the voltage across auxiliary capacitor and
current through coupled inductor are sensed. Depending on the
direction of current through coupled inductor (I,;), the voltage
across the auxiliary capacitor is regulated. For a specific direc-
tion of current through the coupled inductor, the complementary
switching states can change the current direction through the
auxiliary capacitor without changing the terminal voltages of
the coupled inductor. From Fig. 4(b) and (c), it can be observed
that for a specific direction of current (Iy,; ) through inductor L,
the direction of current through C, is exactly opposite during
switching states 2 and 3. If I, is positive, the current enters
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TABLE III TABLE V
EFFECT ON C, DUE TO COMPLEMENTARY SWITCHING STATES EFFECT OF COMPLEMENTARY SWITCHING STATES ON COUPLED INDUCTOR
1 Switching states Vin Effect on C4 Switching state | Output voltage (V4,,) | Voltage across coupled inductor
2 s +/- 4 +2V,:/8 —4V,./8
. - 3 DO + 5 +2Vp/8 +4Vpc/8
or 6 s - 12 —2V,./8 —4V,./8
7 e It 13 —2V,c/8 +4V,c/8
1 +/-
11 -/+
>0 or <0 /.
14 +/- S
15 -3Vo/8 f+ 1 L
- - . - Vevi 1+ Ss,
‘+’ Charging, ‘-’ Discharging <5 G \
S
l a 2 e
TABLE IV v L 4T
SELECTION OF THE COMPLEMENTARY SWITCHING STATES Vv Vey I _'"Cz S
2 - S4 SGI
Auxiliary capacitor Current through b
voltage, V4 Inductor, I;; Switching state -
>V emax >0 3 Vem Z=Cpy .
+ lem
>Vemax <0 2 o
<Vcmin >0 2
<Vcmin <0 3
Fig. 5. Common mode model of the proposed HILI configuration.

into C, through the positive terminal which results in charging
of Cu in switching state 2. In the switching state 3, current
goes out of the positive terminal which results in discharging
of Cu. During switching state 2, voltage at the positive ter-
minal (Va,) of the coupled inductor is +2Vp¢ /8 (i.e., input
capacitor voltage—auxiliary capacitor voltage). Similar to the
switching state 2, in switching state 3 the voltage at the positive
terminal (Va,,) of the coupled inductor is +2Vp ¢ /8 (auxiliary
capacitor voltage). Both the switching states 2 and 3 produce
an output voltage = +3Vpc /8, but result in charging or dis-
charging of Ca depending upon the direction of Iy, as per
Table II1.

In this way, the voltage across C, can be regulated by using
the complementary switching states 2 and 3 for the same output
voltage. Likewise, for an output voltage of +Vp ¢ /8 the switch-
ing states 6 and 7 are used. In the negative half-cycle, for output
voltages of —Vp ¢ /8 and —3Vp ¢ /8, switching states 10, 11 and
14, 15 can be used, respectively. The effect of complementary
switching states on C, for negative Ir,; is exactly opposite to
the positive “Iy,;,” as given in Table III. So, depending on the
direction of Iy; and the instantaneous voltage across Cjp, the
complementary switching states are chosen appropriately as per
Table IV.

The voltage across coupled inductor needs to be controlled by
using complementary switching states. These complementary
switching states apply exactly the same but opposite polarity
voltage across the coupled inductor keeping the total termi-
nal voltage fixed. The switching states 4 and 5 apply voltages
—4Vpe /8 and +4Vp /8 across the coupled inductor (output
voltage is same for both the switching states). So, the switching
state 4 or 5 can be used to decrease or increase Iy; by intro-
ducing negative or positive voltage across the coupled inductor.
Therefore, to control Iy, the switching states 4 and 5 are used,
which generate the same output voltage of +2Vp¢ /8. Simi-
larly, during the negative half-cycle, switching states 12 and
13 are used. During these complementary switching states, the

voltages appeared across the coupled inductor as per Table V.
But the voltage across input capacitors C;, Co are automatically
regulated at half the input dc source voltage (i.e., Vpc/2) be-
cause C1, Cy supply power to the load equally in the positive
and negative half-cycles, respectively.

D. Evaluation of the Common-Mode Voltage

In recent years, the grid-connected transformerless inverters
have become very popular due to their several advantages, e.g.,
high power density, higher efficiency, and lower cost. But they
suffer from safety issues due to the galvanic connection between
the photo voltaic (PV) source and the grid. In transformerless
inverters, if the common mode voltage varies, the common mode
leakage current flows through the parasitic capacitance between
the PV source and the ground [25].

In case of single-phase HILI, the situation is different. The
common mode model of the HOLI is shown in Fig. 5. Here, Cpy
is the parasitic capacitor between the PV source and ground,
Vem 18 the common mode voltage, and iy, is the common mode
leakage current. The expression of the common mode current is
given as follows:

dvc m
dt

Z.(’,m = va~

N

From Fig. 5, it can be observed that the voltage across the
parasitic capacitor is given by

Vem = U0, (8)

where v, is the voltage across the capacitor Cy. From the
modes of operation [see Fig. 4(a)—(h)] of HILI, it can be ob-
served that the voltage across C, is maintained constant (ripple
voltage is ignored). Hence, in the ideal condition, the common
mode leakage current 7., is equal to zero similar to a half-bridge
inverter. The simulated leakage current waveform of HILI is
shown in Fig. 6. The peak and RMS value of leakage current
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Fig. 6. Simulated leakage current waveform of the HOLIL
is observed to be 100 and 29 mA, respectively, which are well
within the standard limits.

E. Design of the Coupled Inductor

To design the coupled inductor, it is very important to obtain
relationship between the coupled inductor currents 47, i3 and
output current i 4. The currents in the coupled inductor can be
written as

. 1, .
1 = 5(_1.4 + Zripple) (9)
19 = 5(_Z’A + iripple)~ (10)

The ripple current
determined as

in the coupled inductor can be

. 1
bipple = 517 / Vidt. (11)

The coupled inductor can be designed by considering the
worst case of ripple current, which is limited to AI. The output
voltage is always equal to V4. /2 within one period. The largest
ripple current in the coupled inductor can be calculated and
the mutual inductance can be determined. The maximum ripple
current in the coupled inductors can be written as [23]

b Ts VDCdt_TSVDC
- 2M 2 7 4M

According to (12), the inductances L; and L, must satisfy the
following equation:

= AT (12)

Lripple(max)

> TsVpc

o 4iripple(max)

13)

III. PULSEWIDTH MODULATION (PWM) AND CONTROL
TECHNIQUES OF HILI

The driver or the brain of the inverter is the control scheme.
An intelligent control technique can make the inverter more
reliable from protection and performance point of view. After
the measurement of the actual current, the controller generates
a reference voltage and provides gate pulses to the switches
depending on the capacitor voltage and inductor current. The
control strategy for producing a reference signal, PWM tech-
niques and generating gate pulses for the proposed HOLI are
explained as follows.

A. PWM Technique of HOLI

The PWM signals for all the switches of the proposed HOLI
topology can be generated by comparing one modulation wave-
form m(t) (reference signal: sine wave) and eight carrier wave-
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Fig. 7. PDPWM strategy of the proposed HOLI.

forms V; (¢); where ‘i’ is a variable quantity, which varies from
1 to 8. These eight high-frequency carrier waves are level shifted
waveforms. The modulation strategy of the HOLI is shown in
Fig. 7. The peak value of the modulation waveformis |m(t) | ax
and the modulation index m,, is defined as

_ m(®)]nay

0= V)b (1

The high-frequency PWM signals are generated for the
switches S; to Sy depending on the location of m(t). The
generation of switching pulses for the switches S; to Sjg is
shown in Table VI.

The parameter values of angles are defined as follows:

Oy = 0;04 = 7/2;05 = ;019 = 31/2; 015 = 27. (15)
Some of the angles are calculated as
91 _ Sin71 Vl (t)max ;02 _ sinfl 2V7 (t)max :
m(t)max m(t)n]ﬂ.x
.1 (3Vi(t),,

— 1 v max 1
O =m—03; O =m—06y O7=m—01; 0y=m+0;
bho=m+0by; O =7m+03 613=2m—03
914 =27 — 92; 915 =217 — 01 (17)

The gate signals can be obtained according to Table II for
the required output voltage level. For example, the comple-
mentary switching states 2 and 3 can be chosen to realize an
output voltage of +3Vp¢ /8 depending upon the direction of
I,; to control the voltage across C, . Similarly, complementary
switching states 6 or 7, switching states 10 or 11, and switching
states 14 or 15 are used to regulate the voltage across the Cy .
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TABLE VI
OUTPUT VOLTAGE ACCORDING TO SWITCHES STATES
Ttem Condition |~ SWitching 0""’";/:”"““'8
0<mpy<qMO>HO | 67 0 Ve
| m@ <K@ 8 8
m(t) > V() 4,5 v, 2V,
bemO=l o 61 | 8 8
m(t) > Vy(t) 2,3 2, 3V,
6, <m(t) <6, () <V0) 4 S <
Positive |65 <m(t)<0, m(t) > V4(t) 1 31/:,‘ 4V41L
Half oele | g, <m(n <0, [m(t)<V,(0)] 2,3 =3 7%
0. <m(t) <0, m(t) > V(1) 2,3 2, o Wy
| m(t) < V(1) 4,5 8 8
0, <m(ny <, L"O>V2O 45 Vie . Ve
’ NEAG 6,7 R
O, <m(t)<xm ) > V(@) 67 OHQ
’ m(t) < V,(t) 8
7r<m(t)£él,m(t)>V5(t) 10, 11 OH,Q
m(r) <Vi(t) 9 8
mO>Vio| 1213 |V, 2,
O <mO<0 <V 10,11 3 3
m(0)>V,(0)] 14,15 2V, 3V,
om0 v 0] 1138 | 3 < 8
Negative |0 <m(®)<6,m@) >Vy(| 16 3V, 4y,
Half eyele | < m(r) < 0,|m(t) <Vi()| 14,15 | g «- 3
0, <m(t) <6, mO>V,O 1415 | 2V, (_)_3Vd@
“mOy<v.(0)] 12,13 8 8
0, <m()<6, m(t) >V ()] 12,13 Ve 2V,
m(t) <Vi(@)| 10,11 8 8
b, <m)<g m()>Vi()| 10,11 0o Ve
15 - I(m(t)<V,5(t) 9 8
TABLE VII

COMPARISON OF THE PROPOSED HILI WITH
THE EXISTING NINE-LEVEL MLIs

Item FC NPC | CHB | MMC | FC-ANPC | H9LI
Input DC sources 1 1 4 1 1 1
Input DC Capacitors 8 8 4 0 2 2
Auxiliary Capacitors 7 0 0 16 3 1
Auxiliary Diodes 0 14 0 0 0 0
Power Switches 16 16 16 32 12 10
Coupled Inductor 0 0 0 0 0 1
Loss Distribution Very good | Poor | Good | Good Fair Good
Power Switches Stress Vic/8 Vipc/8 | Vpe/d | Vine/8 Vpc/2 Vpc/2
Number of voltage sensors 8 8 4 16 3 1
Number of current sensors 0 0 0 0 0 0

B. Comparison of the Number of Power Switches of Proposed
HOLI With the Existing MLIs

The proposed H9LI topology has a lower power switch count
in comparison with the other existing nine-level MLIs, as given
in Table VII. In the proposed topology, only ten power switches
are used to control the output voltage. The HOLI comprises one
auxiliary capacitor (rmC'y ) and two input d capacitors (Cy , C2).
The use of fewer power devices increases the efficiency and
reliability of the system. The extra component present in the
HO9LI is the coupled inductor. The presence of coupled inductor
in the HOLI may increase the system size but the increment in
system size is compensated by the reduction in the power switch
count. The presence of magnetic component in the inverter will
increase the reliability of the system compared to any other

2165

TABLE VIII
VOLTAGE STRESS ACROSS ALL POWER SWITCHES OF HILI

Total blocking

Item Voltage stress table

voltage
Switeh [ S; |'S; [S3 [ Ss | Ss|Se | S7| Ss | So | St
Voltage| Ve VLVAVA VA@@VL&VA@ e
stress | o 21 2 2 4 4 4 4 2 2

TABLE IX
L0sS CALCULATIONS FOR ALL POWER SWITCHES OF HILI
FOR 10-KW AND 400-W SYSTEMS

Item S, S, | S; [ Sy Ss Se Ss Ss Sy | Sw
Switehing | () | 0 | 0 | O [15W|I5W|I5W|I5W[17TW |I7W

Losses

10kW
system|

. 7=96.5
Conduction| 30W 30WBOW[30W| 25W | 25W | 25W|25W | 25W | 25W

Losses

Switching
490W Losses 0 O O O
system

Conduction| >\ [ 2W | 2W| 2W | 2W | 2W | 2W| 2W | 2W [2W

Losses

0.5W|0.5W|0.5W|0.5W|0.5W[0.5W
n~94.5

power device. Due to the flexibility of the switching states, HOLI
provides good loss distribution among all power switches.

Furthermore, the proposed HILI has been compared with
one of the well-known topologies [13] (i.e., nine-level NPC)
for the same kVA rating (with same input dc source (Vpc) and
load). It can be observed that the HOLI topology consists of
ten power switches, two input dc capacitors, and one auxiliary
capacitor, whereas an NPC has 16 power switches, four diodes,
and eight input dc capacitors. The voltage stress across all power
switches of H9LI is given in Table VIII. It can be observed from
Table VIII that the total blocking voltage of switches is 4Vpc,
whereas in the nine-level NPC, the total blocking voltage of
devices is 10Vpc.

From Table II, it can be observed that all high-frequency
power switches (S; to Sip) have equal conduction pe-
riods in a full cycle (i.e., 50-Hz cycle). For example,
the switch S; conducts during the voltage levels of
+VDc/8t0 + 3VD(:/8, + QVDc/StO +VDc/8,0tO — VDc/8
and —2Vpc/8to — 3Vp/8. Effectively switch S5 conducts for
one half-cycle of grid frequency (i.e., 50-Hz cycle). Similarly,
other high-frequency switches (Sg to Si1o) also conduct for
one half-cycle of grid frequency. Thus, all high-frequency
switches have equal conduction losses (switching losses are
different). Similarly, the low-frequency power switches (S; to
S4) also have equal conduction losses (i.e., switching losses
are neglected for low-frequency switches) among them. The
theoretical calculations of loss distribution for the HOLI are
given in Table IX for 10-kW and 400-W systems.

C. Current Control Strategy of HILI

The main aim of the current control strategy is to feed power
into the grid through the proposed HILI. Fig. 8 shows the cur-
rent control strategy of the proposed HOLI. The current control
strategy works in two steps as follows.

1) Generation of the modulating signal: Actual current fed

to the grid is measured and compared with a reference
current to check the error. The obtained error is fed into
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Fig. 8. Current control strategy for the HOLI [25].

a proportional resonant (PR) controller to produce the
reference (modulation waveform) signal.

2) Generation of the switching pulses: Modulating signal
(m(t)) is compared with the carrier waves to generate
gate pulses for the switches (see Fig. 7). Complementary
switches are switched with a specified dead band to avoid
short circuit through the switches. In the case of comple-
mentary switching states, which are capable of performing
voltage/current balancing activity, these complementary
switching states are selected to balance the voltage across
coupled inductor and regulate voltage across the auxiliary
capacitor.

Some complementary switching states produce the same out-
put voltage. One of the complementary switching states charges
the auxiliary capacitor, whereas the other discharges with a uni-
directional current. These switching states are selected on the
basis of the voltage across the auxiliary capacitor and the cur-
rent direction. Therefore, for selection of the switching states,
the control techniques should have the information about the
voltage level and current direction. In this paper, two new volt-
age balancing methods have been introduced along with the
conventional direct current measurement method. All of these
three methods measure auxiliary capacitor voltage directly from
the circuit and the current direction is measured only in the con-
ventional method. Unlike conventional voltage balancing tech-
niques, these new methods do not measure the current directly.
In the direct current measurement method, for a unidirectional
current, which is measured directly from the circuit, is chan-
nelized through the auxiliary capacitor either from the positive
terminal to negative terminal or from negative to positive ter-
minal to charge or discharge the capacitor depending on the
capacitor voltage.

1) First Method: In the first method, the current direction is
assumed to be either of the two (positive or negative inductor
current) and then the switching state is selected. If the change in
the auxiliary capacitor voltage helps in maintaining the voltage
within its specified band, then the current direction is kept same
as earlier or else it is changed. As the technique depends on the
change in capacitor voltage of the previous step, it might give
wrong input to the controller in every transition of capacitor
voltage and inductor current. The uncontrolled change in the
capacitor voltage due to the wrong information can be controlled
by adjusting the sampling rate. Feeding wrong information can
also be prevented by adding some checkpoints in the control
strategy.

2) Second Method: In the second method, the current direc-
tion is decided on the basis of the previous switching state and
the change in the capacitor voltage. Let us say, switching state
2 was in ON condition during the last sampling period. Dur-
ing this period, capacitor voltage can be increased with positive
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directional current and it can be decreased with the negative
directional current. So, by calculating the change in voltage,
the current direction can be decided during the switching state
without physically measuring the current from the circuit. This
strategy may feed garbage information in every transition of
the inductor current. As the frequency of the coupled inductor
current is very less compared to that of the sampling frequency,
the deviation in the capacitor voltage due to the wrong infor-
mation during every transition will not hamper the performance
of the inverter. The reference current (7,*) is used to generate
modulating signal in the next steps. In the next step, the ref-
erence current (i,") is calculated by multiplying ;" with the
phase-locked loop (PLL) output, where ;" is the peak of the
reference current corresponding to the power fed in to the grid.
The comparison of reference current (i,") and actual grid cur-
rent (i,) gives error signal (e.). The modulating signal (m(t))
is generated by passing (e.) through a PR controller. The ob-
tained modulating signal and the carrier waves are then used
in the controller for using them in PWM technique. Depending
on the auxiliary capacitor voltage and the I, the switching
states are chosen and the gate pulses are given to the switches as
per the PWM output. The grid current is controlled through the
PR controller [25]. PR controller is designed to achieve 0.1%
maximum steady-state error at 50-Hz frequency. The designed
PR controller (T (s)) is given by

s% 4+ 314.1s + 98596
s2 + 0.314s + 98596

TPR(S) = (18)

IV. SIMULATION AND EXPERIMENTAL RESULTS

The proposed H9LI is validated through MATLAB simulation
and experimental results. This section depicts the simulation
steps, simulation results, implementation steps of the topology,
and experimental results.

A. Simulation Results of HILI

The simulations are carried out in MATLAB/Simulink envi-
ronment for a 400-VA grid connected system. The simulation
results are comparable with the theoretical expectations. The
simulation generates a proper nine-level voltage at the output
terminal of the inverter. The output voltage is fed into the grid
through a filter to further reduce the harmonic content. Fig. 9(a)
shows the waveforms of the nine-level output voltage at the
inverter terminals, grid voltage, and current with closed-loop
operation. Fig. 9(b) shows the waveforms of the voltages across
input capacitors and auxiliary capacitor. It can be observed that
the voltage across input capacitors and auxiliary capacitors are
maintained at their desired values by using Method 3 (i.e., deter-
mination of the inductor current status from previous switching
steps [see Fig. 11)]. Fig. 9(c) shows the waveform of the current
through the coupled inductor (Iy,;). The THD in grid current is
observed to be 1.6%. The parameters used for system studies
are listed in Table X.
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Fig. 9.
(Vci1, Vo) and Cy . (¢) Waveform of current through coupled inductor (Iy, 1)

Fig. 10. Hardware setup for HOLI.

Fig. 11.

Power circuit of the HOLI.

B. Experimental Results of HILI

The laboratory prototype of the proposed HOLI has been built
for the 400-VA system, as given in Table XI. The input voltage
of the MLI is considered to be 200 V. The hardware setup is
made on a printed circuit board (PCB), as shown in Figs. 10 and
11. A dc source is used for supplying the inverter and the output
of the inverter is connected to an R—L load. There are total ten
switches and the gate pulses are given from ten different driver
circuits. All the drivers are provided with isolated auxiliary
supplies and the corresponding gate pulses are generated by the
DSP controller (TMS320F28069). Three 1000-uF capacitors
are used in parallel to get a 3000-uF capacitor for input as well

(a) HOLI output voltage (Vay), grid voltage (Vg ), and current (I, is scaled up by 2.5 times) waveforms. (b) Waveforms of voltages across input capacitors

TABLE X
PARAMETERS USED IN THE SYSTEM STUDIES

1 Input DC supply:Vpc 200V

2 System power rating 40074

3 Output inductor:L; 2mH

4 %THD in current 1.6

5 |Input DC capacitors: C,,C, 3300uF

6 | Auxiliary capacitor: C, |3300uF]

7 Frequency of carrier 3
waveform

8 Mutual inductance (M) | 4mH

9 Peak of grid voltage 80V

TABLE XI
DETAILS OF THE EXPERIMENTAL SETUP

1| Input DC supply:Vpc 2001
2|  System power rating 40074
3 Output inductor:L¢ 2mH

4 %THD in current 1.9

5 |Input DC capacitors: C;,C,|33004F|
6| Auxiliary capacitor: Cy |3300uF]|
7 Frequency of carrier 3z

waveform
8| Mutual inductance (M) | 4,1
9 Peak of grid voltage 80V

as an auxiliary capacitor. One coupled inductor of 4-mH mutual
inductance is used in the circuit.

C. Implementation of the Grid Current Control Strategy

The working principle of the current control strategy is
described in the following steps.

1) Amplitude and Phase Detection of Modulating Wave: A
dc current is calculated to represent the real power to be fed.
This dc current is converted into ac reference current. This ac
reference current is compared with the actual current to generate
error signal. Then, the modulating signal is generated by passing
the error value into the PR controller. This obtained modulating
signal is used as the reference signal for the controller.

2) Generation of the Switching Pulses: The reference mod-
ulating wave is compared with the carriers to decide the output
voltage level of the inverter. Depending on the requirement of
the inverter output, voltage gate pulses are given to the switches.
There are complementary switching states which are used to
charge or discharge the auxiliary capacitor for generating the
same output voltage. These complementary switching states are
chosen for balancing the voltage across the auxiliary capacitor.
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Check the actual current direction from the measured Valuel

v
|Check the actual voltage across auxiliary capacitor I

Select the switching state depending on the voltage and currentl

Fig. 12. Auxiliary capacitor voltage balancing through direct current
measurement.

Actual current direction I

Check the actual voltage across auxiliary capacitor I

ISelect the switching state depending on the voltage and current status I
N7 v

Vea>Vea, Threshold AVca=-ve Vca>Vea,Threshold AV cp=+ve

Vea<Vea,Threshold AV =+ve Vca<Vca,Threshold AV,=-ve

v
\| Keep the assumption I

Fig. 13. Auxiliary capacitor voltage balancing through current assumption
technique (AV ¢, = change in the voltage across Cy ).

I Correct the assumption

3) Methods to Regulate the Voltage Across Auxiliary
Capacitor: 1t is mandatory to maintain the voltage across the
auxiliary capacitor to produce a balanced output voltage in posi-
tive and negative half-cycles and also to produce uniform steps in
the output voltage. The complementary switching states charge
or discharge the auxiliary capacitor depending on the direction
of the current through the capacitor. For the selection of the
switching states, the current direction and voltage across the
capacitor should be known. In the hardware setup, the voltage
across the auxiliary capacitor is directly measured and given to
the DSP. For finding the current direction, the following three
different methods are used.

1) Direct measurement of the current: In the direct mea-
surement technique, the current is directly measured at
the input terminal of the coupled inductor to check
the direction of the current. Depending on the direc-
tion of I; and voltage across Cp, switching states
are selected to charge the auxiliary capacitor when
the voltage is less than the threshold voltage and dis-
charge the capacitor when the capacitor voltage is more
than the threshold voltage. The switching state selection
procedure is described in the flowchart. Fig. 12 shows the
flowchart of the direct measurement technique.

2) Current assumption technique: In this technique (see
Fig. 13), the current is not measured directly from the
circuit. At first, the current direction is assumed and then
it follows the same steps as in the case of direct measure-
ment technique. During the next sampling, the capacitor
voltage and the change in capacitor voltage are checked.
If the change in the voltage is in the desired direction (de-
crease in the auxiliary capacitor voltage when the voltage
is higher than the threshold value or increase in the volt-
age when the capacitor voltage is lesser than the threshold
voltage), the current direction is kept as it was in earlier
sampling. If the change in the capacitor voltage is against
the desired direction (increase in the auxiliary capacitor
voltage even when the voltage is higher than the threshold
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Start with any current directionl

| Check the actual voltage across auxiliary capacitor |

| Select the switching state depending on the voltage and current statusl
¥
I Check the effect of selected switching state on the capacitor voltage I
¥
Decide the current direction depending on the change in capacitor
voltage and previous switching state

Fig. 14.  Balancing of the voltage across C 5 through current information from
previous switching steps.

TABLE XII
CURRENT DIRECTION DEPENDING ON THE SWITCHING STATE
AND CHANGE IN VOLTAGE

Switching| Change in Auxiliary
state | capacitor voltage, AV, Inductor current, I,
2 +ve >0
2 -ve <0
3 +ve <0
3 -ve >(
Vi, (30V/div) sz(sowdw)
VA,,(SOV/dw) J‘ B JWE’MLLM W—r r
2 (30V/di
5\ Load { V.,c(3(lV/d1v)
/ff)urrent(SA/
"Ln
(a) (®) ©
Fig. 15.  Experimental waveforms of HOLI for an R—L load. (a) Output voltage,

voltage across input capacitors (V¢ 1, Vo), and the output current. (b) Voltage
across the auxiliary capacitor (Vca). (c) Voltage across the coupled inductor
(Vam Vbc)-

value or decrease in the voltage even when the capacitor
voltage is lesser than the threshold voltage), the current
direction is changed from the earlier one. The technique
is described in Fig. 13 with the help of a flowchart.

3) Determination of the inductor current status from previ-
ous switching steps: Similar to the previous technique, the
current is not measured directly in this technique too. In
this technique, the current status is decided on the basis of
previous switching state and the change in capacitor volt-
age, as given in Fig. 14. Similar to the previous technique,
the current is assumed in any of the direction. The switch-
ing state is selected as per the actual capacitor voltage and
the assumed current direction. In the next sampling period,
change in the capacitor voltage and the earlier switching
state is checked. Depending on this information, the cur-
rent direction in the earlier switching state is calculated,
as shown in Table XII, and same current direction is used
for the next switching state selection.

Fig. 15(a) depicts the waveforms of the nine-level output
voltage and current of the inverter for an R—L load. There is no
requirement of balancing the voltage across input dc capacitors
by any external means or through any external controller. The
voltage across the input capacitors is varied according to the
direction of the current through the capacitor. The voltage across
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Fig. 16. (a) Experimental waveforms of the inverter output voltage (V ap),
voltage across the auxiliary capacitor (Vca), grid voltage (V ), and the currents
(Ig). (b) Waveforms of the voltage across the input capacitors (V¢1, Vo).
(c) Waveform of the voltage across the coupled inductor (V).
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Fig. 17. Experimental waveform of the current through coupled inductor.
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Fig. 18.  3-¢ version of the proposed HOLIL.

input capacitors have 100-Hz, ripple as shown in Fig. 15(a). The
voltage across the auxiliary capacitor is maintained within the
specified band as defined in the DSP controller. The variation
in the voltage across Cy is shown in Fig. 15(b). The voltages
(Vac, Vi) across the coupled inductor are shown in Fig. 15(c).

The HIOLI topology is connected to the single-phase grid for
the power rating of 400 VA for nonunity power factor (¢ = 18°).
Fig. 16(a) shows the waveforms of the nine-level output voltage
(Van) of HILI, grid voltage, and current waveforms. The THD
in the grid current is observed to be 1.9% which is well matching
with the simulation results. The waveforms of the voltage across
input capacitors are shown in Fig. 16(b). The waveform of the
voltage across the coupled inductor (V) is shown in Fig. 16(c).
The waveform of the current through the coupled inductor is
shown in Fig. 17.

V. CONCLUSION

This paper has presented a new HILI topology for 1-¢ grid-
connected applications. A coupled inductor has been used in the
HOILI to increase the number of levels in the output voltage. This
also improves the lifespan of the system by obviating the need
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for low lifespan power components, such as the dc capacitors.
It can feed high-quality power into the grid with a current THD
of only 1.9%. The HILI has a lower part count in comparison
to the other nine-level inverters, due to which it has low cost,
higher reliability, and higher efficiency(n ~ 94.5%). The HILI
has a good loss distribution amongst its various switches due
to the availability of redundant switching states. The topology
facilitates self-balancing of the auxiliary capacitor voltage. The
presence of magnetic component (which reduces the number of
switches and capacitors) in the inverter increases the reliability
of the system.

Besides the new topology, an attractive control scheme was
introduced and tested. The scheme is implemented in two steps.
The first step is to generate the reference voltage waveform for
the inverter. Second step, i.e., selection of switching states uses
two new control techniques other than the conventional one (i.e.,
direct measurement of current method). Switching selection is
part of the control scheme where self-balancing of the auxiliary
capacitor voltage takes place. For regulating the auxiliary capac-
itor voltage, conventional inverters use direct current measure-
ment sensing methods. This paper has introduced two different
voltage balancing techniques that do not use direct current mea-
surements. These techniques reduce the dependability of the
sensing mechanism and improve the reliability of the control
scheme. Also, the reduced number of hardware parts decreases
the cost of the control circuit and its maintenance requirements.
The proposed control techniques can be adopted for any topol-
ogy where auxiliary capacitor voltage control (maintaining at
the specified value) is required.

Furthermore, there is a possibility to extend the proposed 1-¢
HOLI to the 3-¢ application, as shown in Fig. 18. The main
advantage of 3-¢ HILI is that the three legs share a common
input dc source (Vpc). Each leg produces nine levels in the
output voltage (Va,) and the line to line voltages (Vag, Ve,
and Va) produce 17 voltage levels. The results corresponding
to the 3-¢ version of HOLI will be presented in a future paper.
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