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Embedded Control of n-Level DC—DC—-AC Inverter
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Abstract—A generalized multilevel inverter (MLI) with front-
end dc—dc conversion stage followed by a synchronized H-bridge
is presented. By using this configuration along with the proposed
embedded control, any desired number of levels () in the output
voltage can be produced. The dc—dc conversion stage employs an
asynchronous buck converter. The duty cycle of dc—dc converter is
varied in the form of m-level piecewise constant (PWC) unidirec-
tional sine wave to produce a similar output voltage across the dc-
link capacitor. The unidirectional PWC voltage is made into n-level
ac voltage, where n = (2m — 1), by the synchronized H-bridge.
Hence, it is named as de—dc-ac MLI. An 8-bit Xilinx SPARTAN
3AN field programmable gate array (FPGA)-based digital con-
troller is utilized for the simultaneous generation of high-frequency
switching pulses for de—dc converter and synchronized fundamen-
tal frequency switching pulses for H-bridge. The desired number
of levels in ac output voltage and its frequency are the essential in-
puts to the pulse generation algorithm implemented in FPGA. The
proposed MLI is simulated in MATLAB/Simulink environment;
its functioning is verified with resistive (R) and resistive—inductive
(R-L) loads. The hardware prototype of MLI is built in the labo-
ratory and its performance is validated with R, R-L loads, and few
home appliances.

Index Terms—DC-DC-AC multilevel inverter (DDA-MLI), em-
bedded controller, field programmable gate array (FPGA), piece-
wise constant (PWC).

NOMENCLATURE
C Filter capacitance.
Chin Minimum value of C.
CCM Continuous conduction mode.
FF Fundamental frequency.
fo Corner frequency.
fs Switching frequency.
FPGA Field programmable gate array.
HF High frequency.
IGBT Insulated gate bipolar transistor.
Io Output current of de—dc converter.
Tomax Maximum value of Ip.
Iomin Minimum value of Ip.

L Inductance.

Loyin Minimum value of L for CCM operation.

Mvypc DC voltage transfer function of the dc—dc con-
verter.
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m Number of levels in PWC unidirectional sine
wave.

n Number of levels in ac output voltage.

Py Output power of dc—dc converter.

POmax Maximum of PO .
PO min Minimum of PO .
PWC Piecewise constant.

ro Equivalent series resistance of C.

T'Cmax Maximum value of r¢ .

Ry DC load resistance.

Rpmax Maximum value of R,.

Rimin Minimum value of R},

S Power semiconductor switch of the dc—dc con-
verter.

S1-S4 Power semiconductor switches of the H-bridge.

Tonx Conduction period of S.

Torr Non-conduction period of S.

THD Total harmonic distortion.

Vac AC output voltage of H-bridge.

Ve Voltage across C.

Voave Average of V.

\%5Ye Input dc voltage of dc—dc converter.

Vs Gate voltage of S.

Vys1 — Vgsa  Gate voltages of S;-Sy.

V. Peak-to-peak value of V- ripple voltage.

Al max Maximum inductor ripple current.

) Duty cycle.

n Efficiency of the converter.

1. INTRODUCTION

HE POWER industry is revived with widespread inte-

gration of renewable energy sources and highly efficient
power transmission and distribution facilities, where the contin-
ued technological advancements in power electronics are being
exercised. The multilevel power converter, one of such advance-
ments, plays a significant role in medium- and high-power ap-
plications in the contemporary power industry due to its various
advantages [1]-[4].

The concept of multilevel inverter (MLI) was introduced in
1975 and its applications began with a three-level topology. Sub-
sequently, several MLI topologies were developed. The topolo-
gies of high-power MLIs are classified into three main types,
namely, flying capacitor (FC) MLI, diode clamped or neutral
point clamped MLI, and cascaded H-bridge (CHB) MLI [5]-
[8]. Nevertheless, the MLI has also been found to be a better
solution in low-power ranges when compared to its conventional
counterparts [9], [10].

Regrettably, these inverters do have few drawbacks as well.
One particular disadvantage is the necessity for a greater num-
ber of power semiconductor switches with associated gate drive
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circuits, resulting in more expensive and complex systems. Like-
wise, the control complexity in balancing the voltage across the
capacitors of FC-MLI and requirement of separate dc sources of
equal voltage in CHB-MLI topology are noteworthy [11], [12].
Many topologies and control methods were addressed by several
authors to overcome the aforementioned drawbacks [13]-[33].
It is apparent from [34] that still there is a need for new topolo-
gies and control algorithms. Hence, a dc—ac inverter topology,
presented in [35] is derived in the present study for developing
an MLI with a new control algorithm.

The organization of this paper is as follows. The circuit de-
scription and operation of dc—dc—ac multilevel inverter (DDA-
ML) is presented in Section II. The MATLAB simulations with
a comparative study among the conventional topologies and the
power loss analysis are described in Sections IIT and IV, respec-
tively. The experimental results are presented and discussed in
Section V and followed by Section VI, which concludes this
paper with highlights of the inference from simulation and ex-
perimentation.

II. CIRCUIT DESCRIPTION AND OPERATION OF DDA-MLI

The circuit diagram of DDA-MLI is shown in Fig. 1, in which
a de—dc converter of buck configuration is coupled with an H-
bridge. The power semiconductor switch S, can be a single high-
voltage switch or a series combination of low-voltage switches,
which can meet the necessary full Vpc hold-off requirement.
Since insulated gate bipolar transistors (IGBTs) of 600 V to
6.5 kV are commercially available [36]-[39], single IGBT or
a series combination of two IGBTs is ample to meet the hold-
off requirement in low- and medium-power applications. The
average output voltage of buck converter, which is a function of
duty cycle and input voltage, is given as

Tox

Voavg = | m——————— 1
cave (TON + Torr M

> VDC - 5VDC.

The duty cycle () is varied in an m-level positive piecewise
constant (PWC) sinusoidal fashion, so that the V> will naturally
be a unidirectional m-level PWC sine wave that is made into
a n-level ac voltage by a synchronized H-bridge. The relation

between m and n is given as
n=2m—1). 2)

The magnitude and frequency of the output, Vi, are con-
trolled by the duty cycle of dc—dc converter.
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Flowchart for generation of m-level PWC duty cycle.

Fig. 2.

A. Generation of m-Level PWC Duty Cycle

A method for varying the duty cycle of dc—dc converter is
presented as a flowchart depicted in Fig. 2. An array [A] is filled
with angles of equal intervals between 0-90° and 90-0° based
on the selected value of n. The sine value of elements of [A]
is calculated by sine () function and then multiplied with the
modulation index. Then the product is stored in an array [D].
The PWC duty cycle is formed by accessing the elements of
[D] at equal intervals of time #, which is a function of desired
fundamental frequency.

In the proposed MLI, as the duty cycle of buck converter is
continuously varied, a special care has been taken in the design
of its components. The design is executed in such a way that the
output has to follow the dynamic change in the duty cycle and
make the system more robust for load current variations [40].

B. Design of Buck Converter Parameters

In order to make the output voltage of buck converter to
follow the sinusoidal variation of duty cycle, it is operated in
CCM. The procedure for the design of buck converter with
the given specifications of Vpc, Vo, 1o min, L0 maxs [s, and
V. /Ve < 1% is described in the following steps:
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Step (i): Compute the maximum and minimum values of the
output power as follows:

P() max — VCangO max 3)
FPo min = VCanIO min - (4)

Step (ii): Calculate the minimum and maximum values of
the load resistance as

VCaVv

RL min — = (5)
IO max
Veave

Rpmax = 75, (6)
[O min

Step (iii): Evaluate the dc voltage transfer function of the
buck converter as

Mype = ——£. )

In the investigated topology, the maximum average output
voltage (at n = 255, V- is a fully rectified sine wave) of buck
converter is given as

2Vb

Viavg = =0.637Vpe. (8)

Step (iv): Estimate the duty cycle of buck converter with
efficiency 7 as

_ Mypc
n

Step (v): Calculate the minimum inductance required to main-
tain the converter in CCM as [40].

L. = VC‘“g(l B 5) _ 6(VDC - VCavg)

2fSIOmin 2fSIO min

Step (vi): Select an inductance L, whose value is higher than
Lyyin. Then compute Ady .y as follows [40]:

§ €))

(10)

. VCa‘Vg(l - 5)
Aip paxy = ————. 11
'L ma fsL (1D
Step (vii): Select the value of r, satisfying the following
condition:
Vi
max = 7o | - 12
e s <TC ’ AZL max) ( )

Step (viii): Compute the minimum value of filter capacitor by
(13) and select the value of C higher than C\,;, to satisfy the
condition given by (14) [40]:

5
C'min = 13
2fsrc (13)
1
- . 14
Je=gvie <8 (19
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TABLE I
LIST OF PARAMETER VALUES

Specifications Vbe 200 V
10 min 0.2 A

10 max 10 A
fs 35kHz

FF 50 Hz

Designed Parameters L 1 mH
C 10 uF

0.868]
05

PWC
Duty Cycle

0 0.01 0.02
Time (s)
(a)

Voltage (V)
[=]

-100

-200
0.08

0.11 0.12 0.13 0.14
Time (s)

(b)

0.09 0.1

Fig. 3. (a) Four-level PWC duty cycle and corresponding switching pulses.
(b) Seven-level output ac voltage.

III. SIMULATION OF DDA-MLI

The circuit shown in Fig. 1 along with the method for varying
duty cycle shown in Fig. 2 has been simulated in MATLAB/
Simulink. The specifications considered for the design of filter
parameters of dc—dc converter and the values of L and C ob-
tained from the aforementioned design procedure are tabulated
in Table I.

The results obtained from the simulations are presented in
Figs. 3-5. The four-level PWC duty cycle and corresponding
switching pulses; V,; for S of dc—dc converter and V1V, 44
for S1—5, of H-bridge are shown in Fig. 3(a). The correspond-
ing seven-level ac voltage of four-level PWC is presented in
Fig. 3(b). It is clear from Fig. 3 that with the designed param-
eters, the output of dc—dc converter, V¢, exactly followed the
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Fig. 5. 255-level output ac voltage.

duty cycle variation. In addition, a good quality of output ac
voltage is produced by the generation of synchronized HF and
FF switching pulses.

The 45-level and 255-1evel output ac voltage waveforms are
shown in Figs. 4 and 5, from which it is clear that the DDA-
MLI is capable of generating any number of levels in the output
ac voltage, with single dc source and employing few power
semiconductor switches.

Further, the capability of DDA-MLI for feeding high induc-
tive loads is examined. The effect of load inductance on seven-
level output ac voltage is shown in Fig. 6(a). The zero level of
seven-level voltage waveform is shifted to 50 V, as the regen-
erative energy due to the inductive load increases the capacitor
voltage prior to the duty cycle variation. Interestingly, the per-
centage THD of the voltage waveform has improved to 14.38%
from 17% while feeding such inductive loads.
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Fig. 6. (a) Effect of load inductance on seven-level voltage. (b) Parameters of

110V, 50 Hz 0.25 hp motor.

In addition to this, the performance of DDA-MLI is exam-
ined with a 110 V, 50 Hz, 0.25 hp capacitor-run-capacitor-start
motor load. A 255-level output voltage of the proposed DDA-
MLI topology and the waveform of total current drawn by the
single-phase motor load are shown in Fig. 6(b). The parameters
of the selected motor such as main winding current, auxiliary
winding current, rotor speed, and electromagnetic torque are
also itemized in Fig. 6(b). The results presented in Fig. 6(a) and
(b) explicitly show that the proposed MLI is capable of feeding
low-power factor loads too.

A comparative study is performed with conventional MLI
topologies including a topology, namely reversing voltage topol-
ogy, presented in a recent paper [18], based on the quality of the
output ac voltage for different levels. Fig. 7 is a bar chart depict-
ing the comparison of the percentage THD values of unfiltered
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Fig. 7.  %THD of unfiltered output ac voltage.

output voltage obtained from different topologies for different
levels. It is apparent from the comparative study that the quality
of output voltage of DDA-MLI topology is better than that of
other topologies for any number of levels in output voltage.

IV. POWER LOSS ANALYSIS

An analysis of switching and conduction power losses in the
proposed DDA-MLI with different levels in output ac voltage
has been quantitatively carried out using MATLAB/ Simulink.
Inverters of 1 kW and 60 kW power rating with an input dc
voltage of 200 V and 1100 V, respectively, are considered for
this analysis. Using the preswitching and postswitching values
of voltage across the device, current flowing through the de-
vice, and junction temperature, the switching and conduction
power losses of IGBT have been calculated based on the de-
vice datasheet. Similarly, the reverse recovery and conduction
power losses of diode have also been estimated. Simulations
have been carried out with 25 °C as initial heat sink tem-
perature and 45 °C as the maximum permissible temperature
rise.

The power losses of 1 kW DDA-MLI, considering com-
mercially available FGH40N60SFD IGBTs (600 V, 40 A) and
HFA15PB60 ultra fast recovery diode (600 V, 15 A), have been
computed for different levels in output ac voltage and shown as
a line chart in Fig. 8(a).

Similarly, the estimated power losses of 60 kW DDA-MLI
considering FF225R17ME4_B11 IGBT module (1700 V, 225
A), for different levels in output ac voltage are presented in
Fig. 8(b). From Fig. 8(a) and (b), it is clear that the total power
loss increases with the increase in number of levels and fur-
thermore the increase in total power loss depends on the power
rating of DDA-MLI and the type of IGBT.

Further, the variations in efficiency of 1 kW and 60 kW DDA-
MLI with respect to the number of levels in ac output voltage
are presented in Fig. 9. The switching power loss of DDA-MLI
is comparatively low since it has only one power semiconductor
switch operating at HF and the rest (four power semiconductor
switches of H-bridge) are operating at FF and hence it has
high efficiency. The estimated efficiency of 255-level DDA-MLI
with 1 kW and 60 kW power rating are 97.04% and 91.26%,
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respectively. From the above analysis, it is confirmed that a
tradeoff between the quality of output voltage and efficiency is
required while selecting the required number of levels in output
ac voltage.

V. EXPERIMENTATION OF DDA-MLI

As a follow-up, based on the satisfactory simulation results,
the hardware implementation of DDA-MLI has been attempted
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Fig. 11.  Algorithmic flow of proposed-embedded controller.

and a photograph of the hardware setup built in the laboratory
is shown in Fig. 10. The procedure for implementing the algo-
rithm for generating high frequency switching pulses for dc—dc
converter and synchronized fundamental frequency switching
pulses for H-bridge in FPGA is detailed in Fig. 11.
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A. Proposed Embedded Controller

An embedded controller using 8-bit Xilinx SPARTAN 3AN
FPGA is developed for the simultaneous generation of HF
switching pulse to the dc—dc converter and the synchronized
FF switching pulses to the H-bridge. The algorithmic flow of
the embedded controller is depicted in Fig. 11.

The generation of HF switching pulse involves a compari-
son between PWC wave of double the desired FF and a HF
triangular repeating sequence of selected switching frequency.
Since the proposed control scheme is working in open loop, the
reference signal (PWC) and the triangular repeating sequence
are generated internally in FPGA. Two arrays, which serve as
lookup tables are created for storing the 8-bit binary values of
PWC and triangular waves. The instantaneous values for both
the lookup tables are generated using C code. The formulation
of PWC lookup table is done as per the flowchart shown in
Fig. 2. The triangular lookup table is formulated with the help
of up-down counter, which counts up from 0 to 255 and counts
down from 255 to 0.

After constructing lookup tables, two pointers are initialized
to refer the indices of the lookup tables and a signal “S1” and its
complement “S2” are set. The values available in PWC and tri-
angular lookup tables are accessed at appropriate rate based on
FF and HF, respectively. The values thus accessed are fed to the
comparator implemented in hardware. The output of compara-
tor, which is a logical 1-bit value is the required HF switching
pulse for the dc—dc converter. Further, the signals “S1” and
“S2” are toggled whenever the index of PWC lookup table is
reset. The signals “S1”” and “S2” are used as synchronized FF
switching pulses for the H-bridge. The switching pulses gener-
ated by the FPGA for all the five power semiconductor switches
are recorded using Agilent digital storage oscilloscope (DSO
1004A) and presented in Fig. 12.

The prototype has been tested with different values of input
dc voltage like 50 V, 200 V, and finally 320 V. Charged capac-
itors, batteries, and renewable energy voltage sources can be
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Fig. 13. (a) Seven-level output ac voltage and load current. (b) 11-level output
ac voltage and load current. (c) 15-level output ac voltage and load current.
(d) 255-level output ac voltage and load current.

used as input dc source for the proposed MLI. All the events
during experimentation have been recorded using FLUKE 345
PQ clamp meter. Fig. 13 (a)—(d) shows the 7-, 11-, 15-, and 255-
level output voltage and load current waveforms for an input dc
voltage of 50 V. The percentage THD values of unfiltered out-
put voltage with different levels obtained from simulation and
experimentation are tabulated in Table II, which are found to be
in close agreement with each other. Similarly, the waveforms
of three- and five-level output voltage with 200 V dc as input
are presented in Fig. 14(a) and (b), respectively, where the load
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TABLE II
% THD OF UNFILTERED OUTPUT VOLTAGE

No. of Level (n) % THD of output voltage
Simulation  Experimentation
3 45.38 45.6
5 24.45 25.3
7 17.14 17
9 12.39 12.6
11 9.76 10.4
13 8.06 8.4
15 6.88 7.2
17 5.84 6.4
19 5.13 53
21 4.61 4.7
255 0.37 1.4
[Ex waveforms =5 2013-04-20, 19:06

49.8Hz 5Q8/ @

v +200
ﬁr !

-200

A +5

R e e i g

-5

(a)

=3 2013-04-20, 19:27
50.3Hz SR/ @®

ﬁ Waveforms

a
L]

V +200
ﬂﬁ 1/
-200

A +5
W A
-5

(b)

Fig. 14. (a) Three-level output ac voltage and load current. (b) Five-level
output ac voltage and load current.

current waveform is smoother than the voltage because of the
presence of load inductance. From Figs. 13 and 14, it is asserted
that the DDA-MLI is capable of producing any number of levels
in output ac voltage with single dc source and employing fewer
components.

Finally, the prototype of DDA-MLI built in the laboratory is
ascertained for supplying home appliances. A combination of
incandescent lamp, compact fluorescent lamp, and fan (motor)
loads has been simultaneously tested with an input voltage of
320 V dc. A photograph depicting the working of the prototype
of DDA-MLI with lighting loads (CFL: 11 W-2 nos., 5 W-2
nos., incandescent bulb: 60 W-2 nos., 40 W-1 no., 25 W-1 no.)
and a pedestal fan (60 W) as a motor load is shown in Fig. 15.
The recorded voltage and current waveforms, voltage harmonic
spectrum, and a snapshot of power analyzer are presented in
Fig. 16.
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Fig. 16.  Experimental results of DDA-MLI feeding home appliances.

Based on the simulation and experimental investigation, it
is validated that the proposed embedded control algorithm per-
forms very effectively in producing an output ac voltage of
different levels using reduced number of components. Hence,
this topology along with the proposed control algorithm can
be a good candidate for converters used in various low- and
medium-power applications such as uninterrupted power sup-
ply and renewable energy systems.

VI. CONCLUSION

A multilevel voltage source inverter with single dc source
and reduced number of components, which can produce any
desired number of levels in output voltage, is presented. This
topology along with the proposed embedded control results in
minimized control complexity, low switching loss, less cost,
and high efficiency. A method for varying the duty cycle of
front end dc—dc converter of proposed MLI in an m-level pos-
itive PWC sinusoidal fashion, considering the desired number
of levels (n = 2m — 1) in ac output voltage and its frequency
as inputs is developed. FPGA-based algorithm for generating
high-frequency switching pulses for dc—dc converter and syn-
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chronized fundamental frequency switching pulses for H-bridge
is employed. Further, a performance comparison of the proposed
and conventional MLI topologies is presented. The performance
of DDA-MLI is verified by MATLAB simulation and validated
by laboratory experimentation. From the simulation and exper-
imental investigation, it is concluded that the proposed embed-
ded control algorithm performs very effectively in producing an
output ac voltage of different levels with single dc source and
employing reduced number of components.
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