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Research Title: DC to DC Multilevel Modular Capacitor Clamped Converters with
Electrical Grounding Isolation and Bidirectional Power Flow for Multiple DC Loads in DC
Microgrid Applications
Researcher: ... AssQC.Prof. Surin Khomfoi .

Faculty: ___Engineering............_. e Department: _____ Electrical ...
ABSTRACT

Dc to dc multilevel modular capacitor clamped converters with electrical
grounding isolation and bidirectional power flow for a various dc loads in dc microgrid
applications is proposed in this paper. The principle of the particular M?C’is based upon
volt-sec balance of capacitors connect series as a modular cell in this circuit. The M’
can be interfaced between a battery and a dc erid. In addition M’C’ can be connect
multiple dc load in each capacitor module. Two M’C’ can also be interfaced with high
frequency transformer in order to achieve grounding isolation and exchange energy
between M’C’. This is a key function for a dc microgrid. The simulation and experimental
results are investigated. The results illustrate that the proposed M*C s promising

technique for a dc microgrid application.

Keywords : DC to DC converter, High frequency transformer, DC microgrid
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A dc to dc Multilevel Modular Capacitor Clamped Converter
with Electrical Grounding Isolation and Bidirectional Power
Flow for a de Microgrid Application

Pongsakorn Sintupatsuk
Electrical Engineering, Faculty of Engineering
King Mongkut's Institute of Technology Ladkrabang
Bangkok, Thailand
s4610608@kmitl.ac.th

Abstract

A dc to dc multilevel modular capacitor clamped
converter (M?C) with electrical grounding isolation and
bidirectional power flow for a dc microgrid application is
proposed in this paper. The principle of this particular
M?C* is based upon volt-sec balance of capacitors
connected as a modular cell in the circuit so that the M*C?
¢an be similarly operated as a de transformer. The M*C’
can be interfaced between a battery and a dc grid.
Moreover, two MZ>C® can be interfaced using a high
frequency transformer in order to achieve grounding
isolation and exchange energy between M®C’. The
transferred energy would provide the fault tolerance ability
in the case of a M2C® is malfunctioned. Both grounding
isolation and bidirectional power flow are one of key
functions for dc microgrid applications. The simulation
study is performed using PSIM 9.0. Also, the 3-kw
prototype is developed to investigate the notion for a de
microgrid application.

Keyword: Dc to dc converter, dc microgrid, multilevel de to
dc converter, energy storage systen.

1. INTRODUCTION

Nowadays, renewable energy resources (RES) have
had increasing penetration levels for grid connected
distributed generation (DG). Photovoltaic, micro-turbine,
wind turbine and fuel cell put forward many promising
applications with high efficiency and low emissions.
Together with power electronics technologies, these have
delivered an important enhancement for interfacing RES
and DG to a utility grid [1]. A microgrid concept is
introduced in [2] to provide more system capacity and
control flexibility when several RESs with different

220V, Bus
+ 125V, Bus

Surin Khomfoi, Prapart Paisuwanna
Center of Excellence for Innovative Energy Systems
King Mongkut's Institute of Technology Ladkrabang

Bangkok, Thailand
kkhsurin@kmitl.ac.th, kpprapar@kmitl.ac.th

electric behaviors are integrated in the same grid. There
are two types of microgrids: dc microgrid and ac
microgrid. A dc microgrid is smaller than ac microgrid
and suitable for buildings applications; whereas, an ac
microgrid is proper for local community grid which is
required longer distribution lines. The main concept of
microgrid that differs from a conventional utility grid is
that the power generators are small; usually, a small DG
or RES. These DGs and RESs are located close to the
load (end users or consumers). Then, the generator and
the load can be managed to achieve a local energy and
power balance. The microgrid also offers extra degrees
of freedom to optimize RESs connected to the utility
grid; additionally, power quality requirements, system
reliability and control flexibility would be achieved by
using the microgrid concept as discussed in [3].

Power substation buildings of utilities in Thailand
normally consist of large nonlinear electronic loads; for
instance, protective relays, personal computers (PC),
monitors, dc power supply for electronic devices,
lighting, and adjustable speed drives (ASD) for air
conditioning system. The electrical system used in power
substation devices are a dc voltage equal to 125 V. A
single phase 220 V, 50 Hz electrical system is used for
PCs, monitors, and lighting; whereas, three phase
220/380 V, 50 Hz is utilized for the air conditioning
system. A diesel generator set as a standby source is
implemented so that net-zero energy for power
substation buildings could be accomplished. The dc
microgrid with superb quality distribution system for
residential application has been proposed in [4], and
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the low voltage distribution system for commercial
power systems with sensitive electronic loads has been
investigated in [5]. For dc distribution in substation
buildings, a dc to dc converter (about 10 kW) to change
dc voltage levels for interfacing between a battery and a
de grid with grounding isolation is required. A possible
structure for the dc microgrid applied in a substation
building is illustrated in Fig. 1. As can be seen, RES
such as Photovoltaic and wind turbine can be interface to
the dc grid via a dc to dc converter and an ac to dc
converter respectively. All dc loads such as protective
relays, personal computers (PC), monitors, dc power
supply for electronic devices, lighting are also connected
to the dc grid. Two M*C’ are used to interface between
dc grid and a set of batteries: this can be applied both
storage energy and energy backup. The proposed dc
microgrid may offer the premium power quality, higher
reliability and higher efficiency than ac power grid as
discussed in [4].

M’C? has originally proposed by Khan [6] and the
circuit operation together with ability to integrate
multiple sources as clearly explained in [7]. However,
limited research has focused on the application of M*C’
in dc microgrid which requires multiple dc voltage
levels, electrical grounding isolation and bidirectional
power flow functions. Therefore, M’C’ with electrical
grounding isolation and bidirectional power flow for a
dc microgrid application is developed in this paper. Both
simulation and experimental results are performed to
investigate the nation of use a M°C’ in a dc microgrid.

11. CIRCUIT OPERATION OF M°C’

The configuration of M*C? is illustrated in Fig. 2. As
can be seen, M°C’ consists of three power switches and
a capacitor connected as a module. The voltage levels
can be step-up or step-down by connecting a number of
modules in series as the relationship in (1). With a nature
of a capacitor, volt-sec area during charge and discharge
is equal; therefore, gate drive signals of SRs and SBs are
out of phase with 0.5 duty cycle. With this gate drive
signals, the current will flow to the side that the voltage
is lower than the expected voltage level. For instance,
the 48 V in battery side and 144 V for the grid side with
three conversion ratio (k) are used in M°C’. If the grid
side has a voltage drop, the current will automatically
flow to the grid side to supply energy to the grid: this
will be the same phenomenal for the battery side. The
current in M2C® will not flow in the circuit if the voltage
level is et;ual to the expected voltage level. One can see
that M°C” is operating like a dc transformer: the voltage
level can be change with a turn ratio, but the power is
equal with the both Erimary and secondary sides. In
addition, a couple M“C’ can be interfaced via a high
frequency transformer as shown in Fig. 2. This function
offers both the fault tolerance and electrical grounding
isolation as explained in [7]. The current will flow
through the transformer if either M?C’system requires
the energy to supply the connected loads. What is more,
electrical grounding isolation can provide a multiple dc
voltage level with safety in a dc microgrid system. The
voltages across C, and C; are depicted in Fig.3. We can



see that the voltage V3 is lower that voltage V¢, by

the conversion ratio( k).

Yo =pt1=f

(1)
VBaH
Viaw = battery side voltage,
Ver grid side voltage,
n = the number of module,
k = conversion ratio.

IT1. SIMULATION RESULTS

Simulation study of the proposed M>C® as shown in
Fig. 2 was performed by using PSIM 9.0. The switching
frequency of this particular application is 10 kHz. The
48 V on battery side and 125 V on grid side are
interfaced to M*C®, The simulation results are shown in
Fig. 4-Fig. 6. Fig. 4 shows the study on charging mode.
As can be seen, the battery voltage level is lower than 48
V, so the current flows to the battery. The negative
current also proves that the current flows to the battery
side. In the case of discharging mode, the battery
supplies the energy to the grid side with the positive
current as shown in Fig. 5. This means that the voltage at
the grid side is reduced; therefore, the energy is
transferred to the grid side due to equal volt-sec area
principle. This results illustrate that M’C’ can be
performed as the energy storage and energy backup in a
dc microgrid application.

Two system of M*C’ can be connected in parallel via
a high frequency transformer as demonstrated in Fig. 2.
The simulation results on parallel M°C® is presented in
Fig. 6. During normal condition, the current flowing
through the transformer is nearly zero; whereas, the
transformer current will increase if one system is
required the ener%y to feed the load from others in the
case that the M?C’ cannot supply their load alone. Fig. 6
demonstrates that M?C? system 1 is disconnected from
the dc grid and required the energy from M”C’ system 2
to help for serving the load demand at the system 1.
Clearly, the transformer current flows from the system 2
to systeml as shown in Fig. 6. This results show that the
electrical grounding isolation and transferred energy
between M>C’can be achieved which are the key
functions needed in a dc microgrid application,

Vmoduled Vmodule2

Modulel

Module2

Fig. 3. Output voltages at module 1 and module 2 of M*C* shown in
Fig.2.
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IV. EXPERIMENTAL RESULTS

The 3-kw prototype of proposed dual M’C* system
was developed as shown in Fig. 7. All capacitors in
M?C? were 2,200 pF 450 V and MOSFETs (IRF 450)
were used as power switches. Two M*C® were interfaced
with the high frequency transformer. Each M*C° was
connected to 125 V at the grid side and 48 V at battery
side. Experimental results are illustrated in Fig. 8§ — Fig.
10. Fig. 8 shows battery voltage and current during
charging mode as confirmed by a negative current,
whereas Fig. 9 demonstrates battery voltage and current
during discharging mode showing a positive current. Fig.
10 illustrates the energy transfer mode durin%
M?C’system 1 is disconnected from the dc grid, so M?
is required the energy from the M’C’ system 2. As
shown in Fig. 10, the transformer current is increased
compared to a normal operation. Obviously,
experimental results show that the bidirectional power
flow, electrical grounding isolation and energy transfer
between M’C® can be accomplished and agree with
simulation results. The results indicate that M’C’ is
suitable to use in a dc microgrid application in the
function of both energy storage and energy backup
mode.

V. CONCLUSION

A dc to dc multilevel modular capacitor clamped
converter (M?C?) with electrical grounding isolation and
bidirectional power flow for a d¢ microgrid application
has been proposed. The simulation study has also been
performed using PSIM 9.0. The 3-kw prototype has been
developed to investigate the notion for a dc microgrid
application. The simulation and experimental results are
in good agreement. The results show that the
bidirectional power flow, electrical grounding isolation
and energy transfer between M’C’ can be accomplished;
therefore, M?C’ is suitable to use in a dc microgrid
application in the function of both energy storage and
energy backup mode.

Power circuit
-

Fig. 8. Experimental results in charging mode.

Normal Operation

17493V

Disconnected System 1 DC From Grid

Fig. 10. Experimental results of energy transfer mode during M°C” is
disconnected from the dc grid.

Acknowledgement
The authors would like to thank Energy Policy and Planning Office
(EPPQ), Ministry of Energy for supporting research fund and King’s
Mongkut’s Institute of Technology Ladhrabang research fund
References

[1]1 S. Khomfoi, N. Praisuwanna, L. M. Tolbert, “A Hybrid Cascaded
Muiltilevel Inverter Application for Renewable Energy Resources
including a Reconfiguration Technique” IEEE ECCE 2010, pp.
3998-4005, Sep. 12-16, 2010.

[2] R. Lasseter, “Microgrid, Proc. IEEE Power Engineering Society
Winter Meeting 2002, pp. 305-308.

[3] F.Z Peng, Y. W. Li, L. M. Tolbert, “Control and Protection of
Power Electronics Interfaced Distributed Generation Systems in a
Customer-Driven Microgrid,” IEEE Power and Energy Society
General Meeting, Alberta, Canada, July 26-30, 2009.

[4] Hiroaki Kakigano, Yushi Miura, Toshifumi Ise, Ryohei Uchida,
“DC Micro-grid for Super High Quality Distribution -System
Configuration and Control of Distributed Generations and
Energy Storage Devices,” 37th Annual IEEE Power Electronics
Specialists Conference, Korea, 2006, pp. 3148-3154.

[5] D. Salomonson, and A. Sannino, “Low-Voltage DC Distribution
System for Comercial Power System with Sensitive Electronic
Loads,” IEEE Transactions on Power Delivery, vol. 22, no. 3,
July 2007 pp 1620-1627

[6] Faisal H. Khan, Leon M. Tolbert, “A Multilevel Modular
Capacitor-Clamped DC-DC Converter,” IEEE Transactions on
Industry Applications., Nov./Dec. 2007, pp. 1628-1638.

[7]1 Faisal H. Khan, Leon M. Tolbert, “Hybrid Electric Vehicle
Power Management Solutions Based on Isolated and Nonisolated
Configurations of Multilevel Modular Capacitor-Clamped
Converter,” IEEE Transactions on Industry Applications.,
vol. 56, no. 8, Aug. 2009



The 35" Electrical Engineering Conference (EECON-35)

SCHOOL OF

ENGINEERING NECTEC !

BANGKOK UNIVERSITY




esuasiuussan Iihnszuansauilunszuansanaessiunuuassiiamanimsuenliaama livhdawmsums

UszgnaltanduszunI¥hnszuanssvnadaivainnaigas: Trih

A dc to dc Multilevel Modular Capacitor Clamped Converter with Electrical Grounding Isolation and

Bidirectional Power Flow for Multiple dc Load in dc Microgrid Application

warns dupaniaqu' g3und dwes™ uaz dsznu Twsgassan®™

" aninimnasu i angdmassumand annfumalulagnszveumndudnammsaiansziis

4 w
(@vi 1 ¥UnasIngd 1 WARAIANTZIN NFANNA 10520 TnsAN : 0-2329-8311

'E-mail: x4610608@kmitl.ac.th kkhsurin@kmitl.ac.th 1A "kpprapar@kmitl.ac.th

unAnaLe

ey Wieuerssulasius s Ithaszuaas
FunszuaasaaeseRueee’) e siianieiinisien Taania
Ihdmsumslszgndldauluszun s uanssvadnd
nannaeniss Wil m%“nn1?11'1411:ﬂ:ﬁuatjﬁumsﬁ:ﬁmm:mu
Uszquasdniiulszglunses MC’ #4985 MC’ vsﬁﬂnzaarji:win
o lifhnszuanssfunumasiitodio Toundaann 1aes MC'2
yadoudesurindauasaigedaiunsuon Taama i
A50MAIIUTZN AT uazaes MC annsode I ldnany
seAvnseau Tandoudoruduivilizy luudas Tuga ynanwite
tineruorans 1aoi Tisunsy PSIM 9.0 itnzHanis nARD LD
tudunes MC annsmihhlszgnaldauluszunvihnssua
ATaiinaInra
iy 2erfassunssdu Iithnszuansaiiunsziaasaaty

a - o
seA1, seuunan ihnTzuansennadn

Abstract

A dc to dc multilevel modular capacitor clamped converter
with electrical grounding isolation and bidirectional power flow for a
various dc load in dc microgrid application is proposed in this paper.
The principle of the particular M’C’ is based upon volt-sec balance of
capacitors connect series as a modular cell in this circuit. The M’C’ can
be interfaced between a battery and a dc grid. In addition M’C’ can be
connect multiple dc load in each capacitor module. Two M’C’ can also
be interfaced with high frequency transformer in order to achieve
grounding isolation and exchange energy between M’C’. This is a key
function for a dc microgrid. The simulation and experimental results are
investigated. The results illustrate that the proposed M'Cis promising
technique for a dc microgrid application.

Keywords: dc microgrid, multilevel dc to dc converter
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A Single Chip PWM Scheme for a Hybrid Cascaded Multilevel
Inverter Including a Reconfiguration Technique Application for Low

Voltage DC Distribution

Surin Khomfoi'?, Nattapat Praisuwanna’

Abstract — A single chip PWM scheme hybrid cascaded multilevel inverter including a
reconfiguration technique application for low voltage de distribution is developed. The objective
of this research is to propose an alternative topology of hybrid cascaded multilevel inverter
applied to a low voltage dc microgrid in telecommunication buildings. The modified PWM
technique is also developed to reduce switching losses. Also, the proposed topology can reduce
the number of required power switches compared to a traditional cascaded multilevel inverter. A
possible reconfiguration technique after faulty condition is also discussed. PSIM and
Simulink/MATLAB are used to simulate the circuit operation and control signal. A 3-kVA
prototype is developed to validate the proposed technique. The switching losses of the proposed
multilevel inverter are also investigated. By using the modified PWM technique and
reconfiguration method, the proposed hybrid inverter can improve system efficiency and
reliability. The prototype experimental inverter efficiency is 97.45% under tested condition. The
results show that the proposed hybrid inverter topology is a promising method for a low voltage
dc distribution interfacing with renewable energy resources and can be applied for multiple loads
in telecommunication buildings.

Keywords: A hybrid cascaded multilevel inverter , Reconfiguration technique , Microgrid, Single

chip PWM scheme

Nomenclature
reference signal
modulation index (0.0/1.0-1.0/1.0)
multiplexing signal #1
multiplexing signal #2
pulse width of PWM (0.0-1.0)

SpEE RS

I Introduction

Renewable energy resources (RESs) have had
increasing penetration levels for grid connected
distributed generation (DG) in recent years. Photovoltaic,
micro-turbine, wind turbine and fuel cell put forward
many promising applications with high efficiency and
low emissions. Together with power electronics
technologies, these have provided an important
improvement for RES and DG applications; especially, a
microgrid concept is introduced in [1] to provide more
system capacity and control flexibility when several
RESs with different electric behaviors are integrated in
the same grid. A microgrid also offers extra degrees of

Manuscript received March 2013, revised April 2013

freedom to optimize RESs connected to the utility grid;
additionally, power quality requirements, system
reliability and control flexibility would be achieved by
using the microgrid concept as discussed in [2].

Data center or telecommunication buildings in
Thailand normally consist of large nonlinear electronic
loads; for instance, switching router units, personal
computers (PC), monitors, lighting, and adjustable speed
drives (ASD) for air conditioning systems. The electrical
system used in telecommunication equipment is a low
voltage dc system with a dc voltage equal to —48 V. A
single phase 220 V, 50 Hz electrical system is used for
PCs, monitors, and lighting; whereas, three phase
220/380 V, 50 Hz is utilized for the air conditioning
system. It is promising that a dc microgrid consisting of a
photovoltaic panel as a RES, battery as an energy storage
(ES), and a diesel generator set as a standby source is
implemented  so that net-zero  energy  for
telecommunication building could be accomplished. The
dc microgrid with superb quality distribution system for
residential application has been proposed in [3], and the
low voltage distribution system for commercial power
systems with sensitive electronic loads has been
investigated in [4]. For dc distribution in
telecommunication buildings, a high power converter
(about 100 kW) with high quality output voltage
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waveform, high efficiency, and single phase and three
phase electrical system is required. Therefore, multilevel
inverters are suitable for this application because a
multilevel inverter can provide the high voltampere
ratings; more specially, in renewable energy applications,
a cascaded H-bridge multilevel inverter can be applied to
interface a group of batteries, photovoltaic or fuel cells.
As explained in [5], a cascaded multilevel inverter may
have more potential than other multilevel topologies
since input separated dc sources (SDCS) could be
naturally interfaced to a multilevel inverter to provide
higher output voltages with high quality waveforms.
However, a cascaded multilevel inverter contains many
power switches, and the number of power switches will
depend upon the number of required output voltage
levels. Consequently, higher switching losses will be
traded off with output voltage quality. Multilevel inverter
topologies for stand-alone PV systems have been
discussed in [6]. The prototype in [6] shows that 96%
efficiency at 3 kVA for a single phase inverter was
achieved. It would be better if we could reduce the
number of power switches in a multilevel inverter with
the same functionality in order to reduce switching losses
and improve inverter efficiency. Thereupon, a hybrid
multilevel inverter (HMI) or also known as an
asymmetrical multilevel inverter is developed for a dc
microgrid in a telecommunication building as shown in
Fig. 1. One can see that the proposed HMI can supply
both single phase and three phase electrical systems. As
previously mentioned, three phase 220/380 V is supplied
for an air conditioning unit and single phase 220 V is
supplied for a lighting and PC load. The HMI consists of
two types of inverter: a conventional three phase six
switches inverter and a single phase four switches H-
bridge inverter. HMI has been proposed with several
applications as clearly explained in

[7-9]. Also,

A new configuration for three-phase asymmetrical
multilevel inverter together with PWM technique with
higher resolution was originally proposed in [10]. In
addition, an effective space vector PWM modulation for
HMI applications with low current distortion has been
clearly described in [11]. However, so far, the
applications for a telecommunication building with 48 V
dc distributions are limited. For this reason, a hybrid
cascaded multilevel inverter application at low voltage
for dc distribution in telecommunication building
including a reconfiguration technique is developed to
improve the system efficiency and reliability.

II. Proposed PWM Scheme

The main inverter refers to the six-switch three phase
inverter, and the auxiliary inverter refers to the four-
switch H-bridge inverter. Since low switching losses
during PWM operation is required, the main inverter will

Copyright © 2013 Praise Worthy Prize S.r.1. - All rights reserved

operate in square wave mode, and the auxiliary inverter
will operate in PWM mode as depicted in Fig. 2. In
practice, if a single chip is used to generate the PWM
signals, it normally has only one carrier signal with six
PWM channels; nevertheless, the HMI requires 12 PWM
channels for both the main and auxiliary inverter.
Thereafter, the reference signal of sinusoidal PWM
(SPWM) used for the auxiliary inverter is modified by
using (1)-(4). The multiplexing signals from (3) and (4)
are used to synthesize a PWM signal by using the logic
diagram as shown in Table I and Fig. 3. In this particular
application, PIC18F4431 single chip is used to generate
the PWM signals incorporated with a CPLD XC9536XL
to fabricate the PWM signals for the proposed HMI.

f@)=m, sin(wr) n
2(1‘0)-1) L 2|r]s1
Tp _ 2) 2 @
Te 2[1—1’0)] L0<|fm] <~
2 2
1:f()20
- {o FIORYY &
1
1 :lf(’)|25
Ay " @
0,;|fOf<—
lr@) ;

where f{1) is a reference signal,
m, is modulation index (0.0/1.0-1.0/1.0),
A; is a multiplexing signal #1,
A; is a multiplexing signal #2,

T, is pulse width of PWM (0.0-1.0).

T('
TABLEI
FABRICATED PWM SIGNAL FOR PROPOSED HYBRID MULTILEVEL
INVERTER
s
S, Hybrid PWM mixing operator
B Al
8 Al
85 PWM o ((A2s A1)+ (A2 » Al))
Su PWM +((A2 e Al) + (A2 » A1)
Sus PWM o ((A2 0 Al) + (A2 » Al)
S PWM + ((A2 ¢ Al) + (A2 o Al))
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Fig. 1. Low voltage dc distribution for telecommunication buildings.
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Fig. 2. Proposed PWM paradigm: (a) output phase voltage, (b) auxiliary and main inverter output voltages, and (c) modulation signals and
fabricated signal of both main and auxiliary inverter.
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Fig. 4. Output voltage of main and auxiliary inverter operated at ma =
0.9/1.0.

Voltage (V)

Tima. (8}

Fig. 5. Line to line and line to neutral output voltage of the hybrid
inverter operated at ma = 0.48/1.0.

III. Hybrid Converter Simulation

PSIM (Powersim) and MATLAB/Simulink are
utilized to  create  the  simulation  model.
MATLAB/Simulink is used to simulate the control
signals and PSIM acts as a hardware prototype. This
simulation model could offer the simplicity of a changing
control scheme and is simple to transfer the control
model from simulation to implementation in a single
chip. Fundamental output voltages can be controlled by
changing a modulation index (ma) of the reference signal;
also, the fundamental output frequency can be adjusted
by changing the frequency of the reference signal.

The simulation results of the proposed hybrid
multilevel inverter are illustrated in Figs. 4-6. As can be
seen, the simulation model can operate at different
modulation indices. The simulation results for switching
losses have been performed in [12] to compare between
the conventional cascaded multilevel inverter and the

Copyright © 2013 Praise Worthy Prize S.r.l. - All rights reserved
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Fig. 6. Line to line and line to neutral output voltage and output current
of the hybrid inverter operated at ma = 0.9/1.0.

Fig. 7. “Neutral shift method [7]" for a reconfiguration technique.

proposed hybrid multilevel inverter. The simulation study
in [12] shows that switching losses of the proposed HMI
are less than the conventional cascaded multilevel
inverter by about 26 % for the 3 kW load. This result
illustrates that the system efficiency could improve by
using the proposed HML

IV. Reconfiguration Technique

The neutral shift (NS) technique proposed in [13] can
also be applied to the HMI during a fault condition. The
essence of NS technique is the adjustment of the angle of
the neutral point of the three phase wye-connection
system as shown in Fig. 7. Obviously, the line to neutral
voltages (Van,Vbn,Vcn) are not out of phase with each
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other by 1200 as usual; however, the line to line voltages
(Vab,Vbe,Vca) are balanced even though the auxiliary
power cell on phase b is malfunctioning. The angles of
reference signals to shift the neutral point under a fault
condition at an auxiliary inverter in each phase can be
calculated as follows:

A. Faulty auxiliary cell at phase a:

. 1 Vi - sin(30°
0, =60° +cos! &MJ )
Vbn
0, =0, (6)
6, =360° -8, -6, 0]

B. Faulty auxiliary cell at phase b:

8 —1{ V,,, -sin{30°
), =60 +cos l[%()J (8)

ch

6, =8, ©)

0. =360"-0,-0, (10)

C. Faulty auxiliary cell at phase c:

o f V. -sin(30°
8, =60 +cos 1[L()J (11)
Vv

an
0, =0, (12)
8, =360" -8, -6, (13)

A calculated example of the faulty auxiliary inverter at
phase b is elucidated as follows:

lZO-sin(ElD")J

150

»

6y, = 60° +cos_l(

6 =136.66°;
b
6, =6, =136.33°
0, =360" =136.66° ~136.66°

6, =87.34°

One can see that the computational process is simple
so that this reconfiguration method would possibly be
implemented in a single chip. It should be noted that this
proposed reconfiguration can only be performed under a
fault in the auxiliary inverter. If the fault occurs at the
main inverter, all auxiliary inverters are bypassed; then,
the conventional six switches fault tolerance technique

Copyright © 2013 Praise Worthy Prize S.r.1. - All rights reserved

could be used as discussed in [14]. Of course, the high
quality output voltage waveform and full rated power
operation cannot be possible; however, the amount of
reduction of the rated power and waveform quality that
can be tolerated depends upon the HMI applications;
nevertheless, in most cases a reduction of the converter
power is more preferable than a complete shutdown. In
this particular application, the HMI is used to supply the
air conditioning system; therefore, the reduced power
operation and waveform quality would be acceptable.

V. Experimental Setup and Results

The 3-kVA prototype was developed by using an
IGBT module (Mitsubishi, CM20TH-24H 1200V 20A)
in the main inverter and MOSFETs (Fairchild, IRFP 450,
500 V, 14 A) in the auxiliary inverter. A multiple
winding transformer with bidirectional ac-dc converters
was used as SDCS for supplying dc voltages to the HMIL
A 2-hp induction motor and R-L elements were used as
electric loads to emulate an air conditioning compressor.
A Yokogawa oscilloscope incorporated with a PC was
used to perform measurements. The experimental setup is
shown in Fig. 8.

Experimental results illustrated in Fig. 9(a) shows
the output line to neutral voltage and output line current
of the proposed HMI operating at unity modulation
index. As can be seen, the HMI can operate in PWM
mode with an output current. The output voltages of
main and auxiliary inverter are depicted in Fig. 9(b).
Clearly, the main inverter operates in square wave mode,
but the auxiliary inverter operates in PWM mode. The
output waveform quality in PWM mode is shown in Fig
9(c). The output voltages of the HMI with different ma
operation are shown in Fig. 10. One can see that the
fundamental output voltage can be controlled by
adjusting ma; this implies that the HMI can also be
applied in drive applications requiring V/f control mode.

The proposed HMI efficiency is evaluated as
illustrated in Figs. 11-13. The voltage, current, and power
waveforms on the dc side are shown in Fig. 11; whereas
the voltage, current, and power waveforms on the ac side
are depicted in Fig. 12. The total power consumption
operating at unity modulation index on dc and ac side
including control board together with gate drives are
summarized in Table IL. The results show that the
proposed HMI efficiency is 97.45% in this particular load
condition. It should be noted that the HMI efficiency
would vary depending on the load condition; and
normally, the efficiency would be lower at light load
condition. As can be seen, the proposed HMI can be
applied with renewable energy resources; more specially,
when multiple separate dc sources are available. For
instance, a battery or fuel cell can interface with main
inverter and ultra capacitor or photovoltaic cell can also
connect to auxiliary inverter [15].
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Fig. 8. Experimental setup: (a) connected with load and measurement
unit and (b) proposed hybrid multilevel inverter.

TABLE II
EFFICIENCY EVALUATION OF PROPOSED HYBRID
MULTILEVEL INVERTER

Control
board
dc side ac side and
Description gate
drives
Main  Auxiliary Hybrid
inverter  inverter  inverter
V“El‘;‘;ge 3067 1533 224.86 221.13
Current (A) 1.87 4,52 3.95 0.059
Power 2597.8
W) 2652.7 5 13.09
Total
losses (W) .
% losses 2.55%
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Fig. 9. Experimental results operating at ma =1.0/1.0 for the resistive
load : (a) output line to neutral voltages and line current,
(b) output voltages of main and auxiliary inverter,
(c) waveform quality of output voltage.
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Fig. 10. Line to neutral and line to line voltage: (a) operating at ma =
0.4, (b) operating at ma = 0.8.
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Fig. 12. Voltage, current and power per phase waveforms operating at
ma = 1.0/1.0 on ac side.
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Fig. 11. Voltage, current and power waveforms operating at ma =
1.0/1.0 on dc side: (a) main inverter, (b) auxiliary inverter.

Input voltage of Cornit
d ; Vae = 22113/

Output poWerof Control
bouard : P = 13.09 W

Output current of Control
board : [ = 0.059 A

Fig. 13. Voltage, current and power waveforms on control board.
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Fig. 14 shows the experimental results of the proposed
HMI operating under faulty condition of auxiliary
inverter at phase b. As can be seen, the waveform quality
of output line to neutral voltages and line to line voltages
is distorted and unbalanced as depicted in Fig. 14(a) and
(b). The deteriorated waveform quality and unbalanced
line to line voltages due to the fault occurring at phase b
auxiliary inverter are solved by using the reconfiguration
technique as previously explained in section IV,

By utilizing the proposed HMI, a high quality output
voltage waveform with high inverter efficiency and
reliability can be achieved. In most cases, the HMI in
renewable energy applications may not require a wide
range of modulation indices; however, a wide range
modulation index is needed for drive applications. Also,
this HMI does require a half of dc input voltage of the
main inverter supplying to the auxiliary inverter in order
to achieve balanced output voltages.

VI. Conclusion

The hybrid cascaded multilevel inverter including a
reconfiguration technique application for a low dc
voltage distribution such as in telecommunication
buildings has been developed. The modified PWM
technique has also been proposed to reduce switching
losses. Also, the proposed topology can reduce the
number of required power switches compared to a
traditional cascaded multilevel inverter. Simulation and
experimental results have been validated including
efficiency evaluation. The switching losses of the HMI
are less than the conventional multilevel inverter;
consequently, the system efficiency would be improved
by utilizing the HMI. In addition, 97.45% inverter
efficiency has been achieved based on this particular load
condition. A possible reconfiguration technique after a
fault condition has also been developed to improve the
system reliability. The results show that proposed hybrid
inverter topology is a promising method for a low voltage
dc microgrid interfacing with renewable energy resources
in a telecommunication building.
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