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A novel dual-leg DC-DC converter for wide range DC-AC conversion

K. Suresh and E. Parimalasundar

Department of EEE, Sree Vidyanikethan Engineering College, Tirupati, Andhra Pradesh, India

ABSTRACT

This paper proposes DC-AC Dual-leg dual-stage Conversion (DDC) and DC-AC Direct single-
stage conversions (DSC). Conventional energy conversion system has only two-stage conversion,
so it has some drawbacks such as huge power loss, less conversion range and lower power rat-
ing. So direct conversion, dual-leg step-up and step-up conversions are the solutions to get wide
voltage conversion efficiently. The proposed converter can perform the power conversion from
battery DC supply into AC with 1:1 ratio, step-up AC, and step-down AC in both directions. Also,
it can perform rectifier operation from grid AC supply into DC with 1:1 ratio, step-down DC,
and step-up DC. Step-up, step-down and ideal operations are possible within a single circuit;
its operation is similar to solid-state DC-AC/AC-DC transformer. The ideal operation, Step-down
to Step-up conversion and Step-up to Step-down conversion are possible on both sides, so this
converter can handle a wide range of voltage. Power distribution is achieved with voltage regula-
tion between battery/DC-load and AC-load/grid using the proposed control strategy with proper
modulation. A prototype model of a 2-kW power rating validates the advantages and feasibility
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of the proposed methodology.

1. Introduction

Renewable energy-based modern electric vehicle
micro-grid and other power systems demand converter
operation with flexible conversions range. Energy stor-
age in an electrical system is important to avoid power
failure and make unstable natural energies into con-
stant levels. The energy storage system is an important
part in efficiency and stability, energy from renew-
able sources and effective utilization is the bidirectional
power flow operations. DC-DC and DC-AC bidirec-
tional converters are connected , which composed a
dual-stage structure, it can be useful for light-load
applications in industry, and it can be controlled by
Pulse Width Modulation (PWM). Modelling and ana-
lyzing PWM control in a controller are also impor-
tant tasks [1,2]. DC-DC converter controlled by PI
(Proportional-Integral) controller-based nested loop is
for closed-loop operation, and the operation is ana-
lyzed with transfer function or small-signal modelling.
This conversion may be step-up/step-down, but the
conversion range should be high with minimum volt-
age stress [3,4]. Plenty of DC-DC converter topolo-
gies are available for chopper operation are flyback,
forward, etc., among these suitable selections, DC-DC
converter topology is important. Some of the applica-
tions demand multistage DC-DC conversion, so cas-
caded operation is required with proper feedback [5,6].
While performing step-up/step-down operations, volt-
age gain is an important parameter; it should always

be high; accordingly, modified converter topologies are
important [5,7]. Modern converter topologies demand
different control strategies while performing a bidirec-
tional operation, i.e. grid to a battery (AC to DC) and
vice versa. During this conversion, soft switching and
ripple-free output are required to enhance efficiency.
Conversion of the power from one form to the required
form, phase lead FIR filters are also helpful to minimize
output ripples [8,9]. Advanced PWM techniques help
perform operations like high-frequency link clamp-
ing operations and achieve accurate unity power fac-
tor [10-12]. Some HVDC applications demand matrix
types or multilevel operations with soft switching
to improve output quality by reducing Total Har-
monic Distortion (THD) [13-15]. From the literature,
a novel DC-AC converter is presented that can per-
form a freewheeling operation using feedback power
diodes; it can suppress leakage current in a com-
mon state, which is suitable for PV-based grid appli-
cations [12]. Active-switched T-source boost inverter,
active-switched-source boost inverter, flipped active-
switched-source boost inverter, and active switched
Y-source boost inverter are all examples of active-
switched boost inverters. The asymmetrical tri-state
bidirectional inverter (ASTS-BI) demonstrates the sug-
gested converter’s operating concept, steady-state anal-
ysis and parameter design, and feature comparisons
for the four topologies offered [16]. All of the sug-
gested ANPC inverters were thoroughly investigated
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Figure 1. The existing system (cascaded).

and tested. Their operations were verified, and the
experimental and theoretical findings were in good
accord [17]. This letter proposes a new five-level
ANPC inverter. The suggested architecture inherits
the traditional ANPC inverter’s capacity to mitigate
high-frequency CMV while also providing additional
benefits such as voltage-boosting, improved dc-link
voltage consumption, decreased voltage stress, and
increased compactness [18]. Conventional converters
have a disadvantage with more number conversion
stages; application-oriented topology design is the solu-
tion for any type of conversion issue. The proposed
converter can perform direct conversion, Step-down to
Step-up conversion and Step-up to Step-down conver-
sion from the battery to the inverter, vice versa con-
versions with various voltages, similar to transformer
operation.

2. Proposed DC-DC converter circuit analysis

The proposed power conversion system is divided into
six modes of operation; the main advantages of this pro-
posed system are flexible conversion operation, power
loss reduction, and high power rating in single-phase
operation. Overall operation is classified into three
groups: direct conversion, two-stage Step-up to Step-
down conversions, and two-stage Step-down to Step-up
conversions (Figures 1-4).

From the classified group of conversion, each group
can perform rectifier and inverter operations.

2.1. Directrectifier operation

Direct rectifier operation involves horizontal switches
(diode anti-parallel to switches Sgy; and Syy3 are forward
biased and Sy, & Sp4 are ON) and vertical switches
(diode anti-parallel to negative switches Sn and Sy are
forward-biased). So the alternating current from source
V ac is converted into Vpc in the ratio of 1:1, which is
given to the battery. Average output voltage during rec-
tification mode with R load is expressed in Equation (1)
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(Figure 5)
2V,
VDCavg == coso (1)
b/
\%
VDCrms = — (2)

/2

2.2. Directinverter operation

Direct inverter operation also involves horizontal
switches (diode anti-parallel to switches Spp and Spy4
are forward biased and positive group switches Sp
and Sy3 are ON) and vertical switches (negative group
switches Sn1 and Sy are ON). So the battery voltage
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Figure 6. Direct inversion.

from source Vpc is converted into V a¢ in the ratio of
1:1, which is filtered and finally connected to grid or R
load. The output voltage across V¢ and the equation
is given by (Figure 6)

2 x 4Vpc
Vacams) = 7 (3)

RMS value of output voltage Vac and the equation is
given by

2
VaCtms) = +/ - / 2 x Vpc*d® (4)

Fourier series of output voltage V¢ and the equation
are given by Vacems) = RMS value of output voltage
and Vpc = Input DC voltage to the inverter

o0

2 x 4V,
Z ﬂsin(mwt) (5)
ni

n = 1,3,5,...

VAC(rms) =

2.3. Two-stage step-down rectifier operation

Two-stage step-down rectifier operation involves only
vertical switches (positive group switches Sy; and Sys
and diode anti-parallel to negative switches Sn; and Sn»
are forward-biased), and blue colour DC-DC converter
has a provision to step-down voltage to the required
level. Diodes anti-parallel to the switches Sy; and Sx»
are forward biased during the positive half cycle, and
dioded across switches Sy, and Sy are forward biased
during the negative half cycle. So, the alternating cur-
rent from source V sc is converted into DC voltage Vi
is in the ratio of 1:1, which is given to blue colour DC-
DC converter. DC-DC converter operation is split into
two intervals: duty interval and freewheeling interval.
During duty interval switch S; ON, inductor L; shar-
ing voltage with battery, so the voltage across battery
Vpc is equal to V. For a freewheeling interval of oper-
ation switch, S; is turned OFF, so the energy stored in
the inductor L; is freewheeling via diode anti-parallel
to the switch S,. Average output voltage during rectifi-
cation mode with R load is expressed in Equation (6),
and RMS output voltage is given in (7) (Figure 7)

2V,uD
T
V,uD

NG

cosa (6)

VDCavg =

(7)

VDCrms =

Figure 7. Dual-stage step-up.

Figure 8. Dual-stage step-down rectification.

2.4. Two-stage step-up inverter operation

Two-stage step-up inverter operations first stage con-
version is from the blue colour DC-DC converter. The
DC-DC converter is a step-up battery voltage Vpc (V1)
to the required level Vy. This operation is split into
two intervals: charging interval and duty interval. Dur-
ing charging interval switch S, ON, inductor L current
linearly increasing from I} min to ILmax, SO the voltage
across capacitor C; is stepped-up voltage V1. For duty
interval of operation switch, S, is turned-OFE so the
energy stored in the inductor L; is added with source
voltage Vpc appears across Cjdue to diode anti-parallel
to the switch S is forward biased. Voltage V7, is input
to the vertical inverter for the second stage of conver-
sion, so DC-AC conversion takes place from vertical
switches (positive group switches Sy; and Sy and nega-
tive group switches Sy and Sn2). Svi and Sy are ON to
get a positive half cycle, and Sy, and Sy are ON to get
a negative half cycle. So the battery voltage from source
Vbc is converted into Vac in the ratio of 1:2 approx-
imately, which is filtered and finally connected to the
grid or R load (Figure 8).

The output voltage across Vac, and the equation is
given by

2 X 4Vpc
V = — 8
AC(rms) ng (1 — D) ( )
RMS value of output voltage V oc and the equation are
given by

2
VAC(rms) = \/; / 2 x VL2d® (9)

Fourier series of output voltage V¢ and the equation
are given by

o]

2 x4V,
Z A sin(nwt) (10)
ni

n = 1,3,5,...

Vac(@ms) =



Figure 9. Dual-stage step-down inversion.

2.5. Two-stage step-up rectifier operation

First stage V ac is converted into DC voltage Vy is in
the ratio of 1:1 is similar like the previous section, recti-
fier output is given to pink DC-DC converter is step-up
rectifier voltage V' to required level V. This step-up
operation is also split into two intervals: charging inter-
val and duty interval. During charging interval switch
S4 is ON, inductor L current linearly increasing from
I1omin to I12max> SO the voltage across the battery is
stepped-up voltage Vg. For duty interval of operation
switch, S4 is turned-OFF, so the energy stored in the
inductor L, is added with source voltage V1, appears
across battery due to diode anti-parallel to the switch S3
is forward biased. Voltage Vg is input to battery charg-
ing. Average output voltage during overall rectification
mode with R load is expressed in Equation (11), and
RMS output voltage is given in (12) (Figure 9)

2V,

VDCan = j'['(l——ml)) cosox (11)
v,

VbCrms = \/2(1m_ D) (12)

2.6. Two-stage step-down inverter operation

Two-stage step-down inverter operations first stage
conversion is from the pink colour DC-DC converter.
The DC-DC converter is a step-down battery voltage
VB to the required level V. Pink color DC-DC con-
verter operation is split into two intervals: duty interval
and freewheeling interval. During duty interval switch
S3 ON, inductor L, sharing voltage with battery, so the
voltage across battery Vpc is equal to V. For the free-
wheeling interval of the operation switch, S is turned
OFF, so the energy stored in the inductor L; is free-
wheeling via diode anti-parallel to the switch S4. The
remaining second stage DC-AC conversion is similar
to the previous section. The output voltage across Vac
and the equation is given by (Figure 10)
2 x4 x DVpc

VAC(rms) = JT\/Z (13)
RMS value of output voltage Vac and the equation is
given by

2
VAC(rms) = J;/z x Vitdo (14)
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Fourier series of output voltage V¢ and the equation
are given by

o

Z 2X4XDVB
nmw

Vacems) = sin(nwt) (15)

n = 1,3,5,...

3. CBPWM strategy

The proposed inverter modulation strategy is based
on carrier-based pulse width modulation, which is
the key factor in evaluating power flow in the DC-
DC converter-based three-level DC-AC converter. The
modulation technique applied to a conventional con-
verter is entirely different. Owing to its efficiency for
practical use, the CBPWM technique for the proposed
inverter, which is the primary subject of this article, will
be studied. Whenever the conventional CBPWM tech-
nique is applied to the proposed converter, dual carriers
are symmetrically relocated regarding zero. Power flow
direction and voltage balancing of the proposed con-
verter are based on dividing capacitors, which result
in the maximum value of carriers. Conversely, for a
three-level converter, it is not always true so because the
voltage of LV port V7, is varied. The maximum average
values of carriers can differ according to the voltages of
V1 and Vy when the CBPWM method is implemented
in the proposed converter. The magnitudes of the two
carriers are proportional to the dc voltage (V-V1) and
V1, respectively, as shown in Figure 11, and it can be
generalized by Equations (16) and (17).

V., — (Vg — Vi) (16)
Vh/2
2w
Vin = Vi (17)

CBPWM is derived from zero-sequence generators,
and asymmetrical carrier wave is shown in Figure
12(a,b) illustrates the waveform for the proposed
CBPWM.

Vac = Acosy (18)

The modulation process of DC-AC converter is to opti-
mize the power at lower level Py oy, which is transmitted
directly within the sole operating point from the low
voltage port to grid. The key step is power flow ana-
lyzing the proposed converter, which is to deduce the
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average current flowing from the DC-AC converter’s
LV port, defined as I, CBPWM of the proposed mod-
ulation scheme is shown in Figure 12. It is impor-
tant to raise the average Iy, value to optimize the real
power that is directly supplied to the grid with single-
stage power conversion. Finally, it stops current flow
in the whole pulse period of the low-voltage port is
to enable the duty ratio when the state current is null.
DC-AC converter current is calculated in the following
Equation (19). Comparision and components parame-
ters are given in Table 1.

Inc = Incos( — @) (19)
4. Analysis of active power and characteristics

Power from the energy storage device, which is directly
supplied to the load, is expressed in (20)

1 2
Prlow=V.— / iAC (0)d6 (20)
2 0
2
Prow = Vi — (Diac)(0)do (21)
2 0
Power in phase is expressed in (22)
1 2
P =V, — (Diac)(6)do (22)
27 0

Zero sequence components of the proposed CBPWM
during the interval of 0°~180° are given as (23)
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Figure 12. Proposed converter switching waveform.

5. Hardware experiment

A prototype model developed based on the proposed
concept with a power rating of 250 W is illustrated in
Figure 13. The proposed idea is to verify in practi-
cal using theoretical analysis. DC-DC converter voltage
is (20-50) V is connected with ESD. The maximum
range of AC side (grid side) voltage is 230 V. Switch-
ing frequency of the converter switches is 50 kHz, turns
ratio (K) is designed as 5/25, resonance inductance
is selected as 50 uH, IGBTs’ IRBF2207b is used, and
capacitance value is 2 uF and DC side capacitance is
7mFE

Steady-state voltage 20V at the power of 250 W is
obtained during full load, as shown in Figure 14. Input
voltage is small during the step-down mode, and the
step-up modem is control output current. Due to para-
sitic capacitance in the switches, AC-DC mode voltage
is higher than DC-AC voltage. Zero voltage transition
is achieved during full load, and its performance is
tested at an input voltage of 20 V in the DC-AC mode.
The driving signal of the DC-DC converter is as shown
in Figure 14. Grid voltage in the output side of the
inverter is as shown in Figure 15.

During the step-down mode, the current lags volt-
age, so the output side easily achieves this zero voltage
switching. During boost or step-up mode of operation
switch, Qs is turned ON three times in each switching

. o . . .

Vac = Acosf —30" —1 (23) period; due to resonance switch, Qs can operate with
Table 1. Comparison of components and parameters.
Parameters 5L-ANPC 5L-UGANPC C-QSBI E-QSBI SL-QSBI TZSI QTSI ASTS-BI VVS-DC link Proposed converter
Switches 7 8 9 7 7 7 6 6 8 8
Diodes 2 - - 8 8 1" 7 7 8 8
Capacitors 3 3 3 1 1 1 1 2 1 2
Inductor 1 1 1 1 1 1 1 1 1 2
Switching stress High High Low High High High  High Low Low Low
Max. switch current I Ic Ic Ic Ic Ic Iy I I Ic
Max. switch voltage 110 110 220 220 75 100 100 100 200 220




Figure 13. Hardware prototype model.

Grid voltage Ve Q-

of [

2V per division

|

Grid voltage Vie.0v(u 2V per division
e
B SO0 o [T oo OO, OO0 oo PO o
B | Ly b g JhEtn 1

Grid voltage Ve (.

]

2V per division

1]

Time 20us per division

Figure 14. Driving signal.

.M

I ="135A per givision

Figure 15. Grid voltage in the output side.

zero current sources gate signal, as shown in Figure 15.
Dynamic performance of the proposed converter mode
transition between DC-AC and AC-DC mode is tested
at maximum voltage point of V. Prototype result load
step under AC-DC mode is shown in Figure 16; it is
seen power flow is quickly changed from the DC-AC to
AC-DC mode. The transition from the AC-DC mode
to the DC-AC mode is illustrated in Figures 17 and 18.

Efficiency is calculated at different loads and com-
pared with existing converters as shown in Figure 19.
Theoretical-practical efficiency comparisons are made,
as shown in Figure 20. The transferred power sign is
positive, the proposed converter is in the DC-AC mode
or the AC-DC mode. Full load efficiency is 93.6%,
and maximum efficiency of 97.4% is obtained when
power is 100W i.e. 40% of total load during the AC-DC
mode. THD (Total Harmonic Distortion) of current
is tested, while the converter works as DC-AC and
AC-DC, as shown in Figure 21. If the output power is
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Figure 18. Transition from AC-DC mode to DC-AC mode.

Table 2. Parameter comparison.

Parameters Traditional converter Proposed converter
DC side voltage 25-40V 20-50V

AC side grid voltage 220V 230V
Frequency 50 Hz 50 Hz

Power output 200W 300W
Switching frequency 50 kHz 50 kHz
Efficiency 96.9% 97.9%

THD full load 2.6-3.3% 23-3.3%

greater than 60% THD. The obtained value is 4.5% dur-
ing both modes of operation. The proposed converter
practically achieved a THD value of 2.3%. Compari-
son between traditional and proposed converters [11]
is given in Table 2. Efficiency and THD values show
the proposed converter with a prototype model is better
than a traditional converter.

The tested findings are displayed in Figures 15-20,
where it is clear that the suggested converter may
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achieve substantially better efficiency than typical con-
verters. The suggested converter’s active switches and
the typical two-stage converter’s power loss breakdown
are computed and displayed in Figure 22.

6. Conclusion

This paper proposed single-phase isolated BHC based
on IPWM controlled resonant converter and verified
it with an energy storage system. With IPWM, con-
trolled conversion is achieved with a wide voltage range
in step-up and step-down modes. The proposed con-
trol magnitude and time are suddenly changed with
smooth switching operation. Prototype 2000 W with a
voltage range of 25-250 and 230 V RMS is implemented
to verify the output. The proposed TBC has achieved a
maximum efficiency of 97.4%, and the obtained THD
is 2.3%.
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