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ABSTRACT

This paper proposes a power converter architec-ture which can provide a step-up dc and a three-phase ac output
simultaneously from a single dc input in a single-stage conversion. This architecture, named three-phase boost-
derived hybrid converter (3- BDHC), is derived from a conventional boost converter by replacing the control
switch with athree-phase bridge network. Compared to conventional voltage sourceinverters, the 3- BDHC topol ogy
has inherent shoot-through protection capability and continuous input current. Since the boost and the inverter
functionsare integrated within a single architecture, the power processing density of the overall system ishigher
and the coordination of power flow into two different outputs becomes easier. Both the step-up dc and the three-
phase ac outputs can beindependently regulated. In addition to a conventional 3- BDHC, this paper also describes
the 3- BDHC topol ogy wherethe neutral of thethree-phasefilter is connected to the split-dc output capacitor. This
split-dc capacitor arrangement allows for independent control of each of the three-phase voltages at unbalanced
load conditions. A suitable pul se-width-modulation (PWM) control strategy for the purpose of regulation of each of
the outputs (dc and ac) hasbeen described. Experimental results have been shown to validate the converter operation,
when asingle dc input provides a step-up dc and a three-phase ac using a 150 W experimental prototype; the ac
output is generated at fundamental frequencies of 50 Hz and 400 Hz.

. INTRODUCTION

More-electric power distribution architectures are charac-terized by ac and dc loads connected to the same
system. Typical examples include aircraft power distribution [1], hy-brid electric vehicle [2], dc Nanogrid
[3], hybrid fuel-cell and inverter system[4], etc. In most of these systems, in addition to the primary power
conversion, auxiliary systems need to be powered up for effective operation of the overall system [4].
Multi-output converter topologies are often used in most of these cases. When both dc and ac loads are
present, conventionally many dc-dc power converters or a multi-output dc-dc converter is used; voltage
source inverter (VSI) stages are cascaded to dc-dc converters to provide ac output. Fig. 1 shows a
representative schematic of a multi-output architecture. Here, a single dc input is interfaced to dc and ac
outputs using a multi-output dc-dc stage (Stage 1) and a VSl (dc-ac) stage . The same system can be
realized using a hybrid-converter topology, which provides dc and ac outputs simultaneoudly using an
integrated architecture. Hence, the hybrid converter (Stage 2), shown in Fig. 1, reduces the overall number
of power conversion stagesand resultsinincreased power processing density. Also, sSince power conversion
stages are integrated in a single architecture, the coordination control system for power flow management
becomes centralized.

The contributions of thiswork are asfollows: A hybrid-output converter topology has been presented
which can simultaneously provide a dc and a three-phase ac output from a single dc input. This topology
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Figure 1: Concept of hybrid-converter topology

has been derived from a conventional boost converter, and is denoted as three-phase boost-derived hybrid
converter (3- BDHC) in this paper. Unlike conventional VSIs, the 3- BDHC topology uses the shoot-
through state of the inverter legs to generate boost-action for generation of the step-up output. Both the
outputs (dc and ac) of the proposed 3- BDHC can be regulated independently. A single-phase BDHC, based

on the same circuit modification principle, has been reported in [5]. This paper extends the concept to a
three-phase system. The major focus areas of this paper are:

1) To study two different 3- BDHC architectures. (a) a conventional 3- BDHC, and (b) a 3- BDHC
topology where theneutral of the acfilter is connected to the mid-point of asplit-dc output capacitor.

The second configuration enables independent control of each of the three ac output voltages at
unbalanced load conditions.

2) As the operations of boost and 3- inverter are inte-grated, conventional 3- sne PWM (SPWM)
strategy cannot be used to modulate the proposed topology. This paper describes amodified SPWM
control scheme hav-ing a constant frequency shoot-through interval (caled CFST-SPWM in the
paper). The implementation of the modified CFST-SPWM scheme has been shown in this paper.

3) Simulation verifications and experimental results are given in this paper to validate the behavior of
the 3-BDHC. The proposed converter, operated at 10 kHz switching frequency, can provide a dc
and 3- sine ac outputs at 50 Hz and 400 Hz.

The paper is organized as follows: The following section describes the derivation of the 3- BDHC
topology from aconventional boost converter. Section|l1 shows character-ization of thetopology. A control
methodology has been described in Section V. Section V shows a comparison of the topology with

SNV

gpe

= i-ri -’:/‘M,T;I & A rrorc ~ T i f desur rlh‘iﬂT RO . l wmam
" , [ | - . E T T-

@) (b) (©

Figure 2: Derivation of 3- BDHC topology from a conventional boost converter. The switch S, of boost converter in
Fig. 2 (a) isreplaced by the 3- bridge network in Fig. 2 (b). Fig. 2 (c) showstheurcmt modification
with split-dc output capacitor
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Figure 3: Three-phase boost-derived hybrid converter (3-BDHC) topology.

conventional converters. Experimental resultsin Section V1 validate the operation of the converter behavior.
Section VIl concludes the paper.

II. DERIVATION OF THREE-PHASE BOOST-DERIVED HYBRID CONVERTER

Fig. 2 (a) showsaconventional boost converter with the control switch S_. Thethree-phase hybrid converter
can be derived from the boost converter by replacing the switch S, by a three-phase bridge network as
shown in Fig. 2 (b). The resulting topology can be used to provide dc and 3- ac outputs. The generalized
schematic of the 3- BDHC topology has been shown in Fig. 3. The switches (S, S)) replace the control
switch of the conventional boost converter, and are used to control both the dc and the ac outputs. The ac
filter capacitorsC_ , C ., and C, are connected to the star-point ‘N’, while the load neutral is‘n’. C and C,
are used for dc output capacitors, with the mid-point denoted by ‘O’. In this paper, two different BDHC
architectures have been considered: (@) conventional three-phase BDHC, where theloads are star-connected
and the load and the filter star points are connected (i.e. points’N’ and 'n’ are connected), and (b) Split-dc
output capacitor-based BDHC, where ‘N’ isconnected to ' O’. The split-capacitors have bleeder resistorsin
order to ensure equal voltage sharing. The magnitude of these resistors R, and R, are high (in the order of
k), and for analysistheir effects on the overall circuit operation have been neglected. The following section
describes the steady state behavior of the conventional BDHC.

II1. STEADY STATE OPERATION

(A) Operating Principle of conventional 3BDHC

The six switches of 3 BDHC regulate both the ac and the dc outputs. Depending upon the states of the
switches, the converter operatesthrough three distinct intervals, during each switching cycle. The equivalent
circuits for each of the three distinct intervals of a conventional 3 BDHC have been shown in Fig. 4. The
switching signalsfor the converter have been shownin Fig. 7. For the entire analysis, continuous conduction
mode of operation is assumed. The operating intervals of the proposed converter are described below:

1) Interval I: Shoot-through (ST) [(t, t) and (t, tJ)] [Fig. 4 (a) and Fig. 7]

Depending upon the magnitude of the phase voltage, both the switches of aparticular leg are ‘on’. The
duration of thisinterval, defined as ‘D_’, regulates the step-up dc output. Thisinterval is analogous to the
control switch of a boost converter being ‘on’ and the diode D is reverse biased. For a conventional VSI,
thisswitching stateisforbidden. It should be mentioned here that the shoot-through interval can be achieved
by having both switches of either any oneor two or al thelegsturned ‘on’. Inthiswork, weare turning ‘ on’
asingle leg to achieve shoot- through.
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Figure 4: Operating intervals of the 3 BDHC, (a) Shoot-through Interval, (b) Power Interval, and (c) Zero Interval.

Leg3

Legs1, 2 and 3, shown in theright of each figure, can be any one of phaselegs‘a’, ‘b’ or ‘c’.

2) Interval 11: Power (P) [(t, t) and (t, t,)] [Fig. 4 (b) and Fig. 7]

During this interval, the 3 ac output receives power from the source. Any two top or bottom
switches and the opposite switch of the remaining leg is on. The diode D conducts during this
interval, and a part of the current flows to the ac side. The switch node voltage v gets clamped to the
output dc voltage during this interval and acts as the input to the VSI (assuming continuous conduction
mode operation). This operation interval is different from a conventional boost converter, because the
current through the diode D is a function of the inductor current i and the current drawn by the bridge

network.
3) Interval 111 Zero (2) [(t,t,); (t,t,); (t. t) and (t,t.)] [Fig. 4 (c) and Fig. 7]

During this interval, either al top or the bottom switches are on. The current in the inductor L is

discharged through the diode D during the interval.
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From the above switching states we see that shoot-through interval is inserted within the Zero interval
of a conventional three-phase uni-polar SPWM switching scheme. This modifi-cation does not alter the
output ac voltage expression for the ac output when compared to aconventional three-phaseVSI. Themain
reason for thisisthat, during the zero intervals, the DC voltage of input to the inverter is not applied to the
bridge, and the input current is zero. Compared to a conventional VSl, the input to the inverter isa square
wave, with the non-zero value applied during the power interval. Thus, the dc-ac conversion of the 3
BDHC issameasaconventional 3V Sl, and operationsof the VS| and the boost converter can beintegrated
in the same architecture. Also, unlike a conventional VSl where the input current is discontinuous, the
input current to the 3 BDHC is continuous and the discontinuousinput current to the bridge is sourced from
the inductor current i .

(B) Seady-SateAnalyss
The analysis of the conventional three-phase BDHC topol-ogy in steady state assumes continuous conduction
mode of operation. Thismeansthat the diode current never becomeszero during’ Power’ and’ Zero’ intervals.
For aduty of D, the step-up dc voltage is related to the input dc by relation

\Y/

dcout __ 1

Ve 1D, (1)
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Considering the modulation index to be M, the rms value of the line-to-line output ac voltage can be
expressed as shown in relation (2).
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Fromrelations (1) and (2), we can conclude that the dc output is dependent only upon the duty cycle D,
whilethe output ac voltageis dependent upon both D and M. For the purpose of regulation, if the variation
of duty is assumed to be small compared to the modulation index, then we can have independent control of
both the outputs. Since, the BDHC has an additional three-phase ac output; the magnitude of the input
current is greater than that of a conventional boost converter as given by (3).
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Figure 5: Output ac voltage gain (r.m.s.) of the 3 BDHC topology with varying duty cycle
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where, V | arethe dc output terminal voltage and current, Vi 1o and are the ac output terminal
phase voltages, phase currents and load power factor angle, respectively.

Relations (4) and (5) show the expressionsfor dc and ac output power for the converter. Here, theloads
at the dc and ac outputs are considered purely resistive, and equal toR,_and R _.
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It has to be noted that both the dc and ac outputs are reg-ulated using two control variables within the
same switching period. Hence, for independent control of each output, relation

(6) must be satisfied.

Q)

m+D_1 (6)

For the condition of equality of relation (6), the rms value of the output ac voltage is equal to 0:612

V . Thisis equal to that achieved using a single 3-phase VSl topology. Fig. 5 shows the variation of ac

output gain for different equality relations of (6). The 3 BDHC operates in continuous conduction mode of

operation so long as the diode current i, remains non-zero during Power interval. This can be achieved if
relation (7) holds true.

biIxf jx=ab;c iL (7)
where®i_isthe peak value of the current through any of the ac filter inductors. The proposed converter is
derived from a uni-directional boost converter and hence, the load at the output cannot be zero. Also,
the operation of the 3 BDHC requires that the switch-node (v_,) be clamped to the output dc voltage
(V) during power interval. This is possible when the converter operates in CCM operation, satisfying
relation

(7) The converter can however be operated with no ac loads; the switches can only be used to perform
the step-up operation (m_ = 0).
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Figure 6: (a) Schematic of split-dc capacitor-based 3 BDHC. Simulation of its steady-state operation when subjected to (b)
balanced loads of R, = R, = R_= 50 each, (c) unbalanced loads of R, =50, R, = 20, and R_= 80. The dc-output
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Figure 8: CFST-SPWM Generation circuit for the 3 BDHC
topology

For a split-dc output capacitor-based BDHC, shownin Fig. 6 (a), the neutral of the load is connected to the
mid-point of the output dc capacitor. The principle of operation of thisconverter issimilar to a conventional
split-capacitor four-wire three-phase inverter, whenever relation (7) is satisfied. In this configuration, all
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the three phases can be independently regu-lated even in the presence of unbalanced loads (even when the
load neutral is not connected to the ac-filter star point) since the circuit configuration is equivalent to three
separate half-bridge inverters. The neutral wire connects the load neutral ‘N’ to the mid-point of the output
dc capacitor ‘O’ . When the ac loads are balanced, the neutral wire carriescurrents at the switching frequency
of the converter.At unbalanced loads, the neutral carries the zero sequence component of the load currents
in addition to switching frequency components. This has been verified using simulation results shown in
Fig. 6 (b) and Fig. 6 (c). From simulation, it is clear that with higher degree of unbalance in the ac-loads, the
ripple in the output dc voltage increases.

V. CONTROL SYSTEM ARCHITECTURE

This section describes a suitable control scheme for the purpose of regulation of ac and dc outputs of the 3
BDHC. This switching scheme can be applied to both the topologies studied in this paper. The CFST-
SPWM control strategy is based upon the control scheme proposed in[6]. In this scheme, depending upon
the relative magnitudes of the phase voltages, the shoot-through interval is executed by any particular leg.
Fig. 7 illustrates the behavior of this scheme for the condition when the reference for the phase voltages are
relatled asv__>v_ >v_ . Inthis condition switches (GS; GS)) and (GS;; GS,) perform the shoot-through
operation. Fig. 8 showsthe schematic for realization of the PWM control signalsfor the proposed converter.
The PWM control circuit requiresfivereferences: v_: v v whichregulate the ac output, and +V__, and
V., which regulate the dc output voltage. The PWM control has been implemented using ePWM modules
[7] of TMS320F28335 digital signal processor.

V. ADVANTAGESOF THE TOPOLOGY
The advantages of the 3 BDHC can be listed below:

1) The converter topology has an inherent shoot-through protection because of the fact that having
both the switches of any particular leg ‘on’ is avalid switch-ing state. Hence, converter isimmune
to EMI-induced misgating ‘on’ of any of the switches.
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Figure 10: Seady state operation of the 3 BDHC. Step-up output dc and three-phase ac output voltages at
(a) 50 Hz, (b) 400 Hz

2) For aconventional VSI, dead time is required and this causes distortion of the output ac voltage.
Dead-time compensation circuits have been used for this purpose [8] For the proposed converter,
dead time need not be implemented.

3) Since, both the boost and VSl topologies have been integrated in a single architecture, the power
processing density increases. Due to the integrated nature, control of power flow becomes easier.
Also, the topology reduces the total number of switches and gate drivers.

4) Thetopology can provide dc aswell as athree-phase ac smultaneoudly. The ranges of output for ac
aswell as dc outputs are same as that of aboost converter aswell asaVSsl.

5) Compared to aconventional VSI, the input current of the 3 BDHC is continuous. Hence, the input
filter requirements are reduced, and the converter can be effectively interfaced to renewable sources,
e.g., solar panel with lesser input power distortion.

VI. VERIFICATION

(A) Steady state operation

The behavior of the converter has been verified using a 150 W experimenta prototype. The switching
frequency of operation is 10 kHz. The specifications of the prototype has been shownin Table . Froma
48V input DC, the converter can generate a80 V dc output as well as athree-phase 15V rms ac output
(phase) for a duty cycle (D) of 0.4 and modulation index (M) of 0.55, respectively. The steady state
behavior of the converter has been smulated using Pspice and has been shown in Fig. 9. The simulation
results validates that the input current of the converter is continuous. The simulation shows that
the switch node voltage (v, ) has two distinct levels, equal to zero and (v, ), neglecting the drop in
the diode D. This shows that the converter is operating at continuous conduction mode at these
conditions.

Fig. 10 shows experimental results which validate the operation of the proposed three-phase BDHC
topology. The parameters used for the experiment are: R_=50; R, =40;L=1mH;C =C,=1mF L, =
1mH; C,=10F R, =R,=10k: Theoutput dc (v ) aswell as 3-phase ac output voltages (v,; v; v, ) at
frequencies of 50 Hz and 400 Hz have been shown in Fig. 10 (a) and Fig. 10 (b), respectively.

B
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Tablel
Experimental Specifications
Parameter Attribute
Input 48V dc
DC output 80V dc
AC output 20V ac (peak)
Switching frequency 10 kHz
DCload 40
AC load 50 (bal anced)
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Fig. 11 (a) and Fig 11 (b) validate that theinput inductor current (i ) waveform of the proposed converter
is continuous. The relation between the switch node voltage (v,,) and the phase leg output (v, ) for the
split-dc output capacitor based 3 BDHC is shown in Fig 11 (a). From the results, we can show that the
phase output voltage is bipolar, and assumes a negative pole voltage during the shoot-through interval.
Also, the power interval occurs only when the diode D conducts. The voltage across the split capacitors
have been shown in Fig 11 (b).
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load (diode bridge rectifier with 50 resistor and 10 F output capacitor)
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(B) Gate control signals

Fig. 12 (a) and Fig. 12 (b) show the gate control signals for the 3 BDHC topology. The gate control signals
are for the condition when the reference control signalsarerelated asv__>v_ >v_. The schematic shown
in Fig. 8 has been implemented digitally using TM S320F28335 digital signal processor to generate the gate
control signals.

(C) Behavior of the3BDHC to inductive and non-linear loads

The behavior of the 3 BDHC has been studied when subjected to inductive and non-linear loads. Fig. 13 (a)
shows the behavior of the converter to highly inductive balanced three-phase loads. The parameters of the
balanced 3 load are: R = 10 and L = 19.49 mH. Fig. 13 (b) shows the behavior of the converter when
interfaced to a diode-bridge rectifier with an output capacitor of 10 F and output of 50 load.

VIl. CONCLUSION

In this paper, a three-phase hybrid converter topology with simultaneous dc and a 3- ac outputs that can be
independently regulated has been proposed. Furthermore, the topology has been shown to exhibit shoot-
through protection, continuous input current and reduced number of switches. Suitable circuit modification
has been shown to redlize a conventional BDHC and a split-dc capacitor-based BDHC. A PWM control
scheme for regulation of both outputs has been described. Preliminary experimental results have been
shown which validate operation of the proposed converter topology.
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