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High-buck in Buck and High-boost in Boost
Dual-Mode Inverter (Hb*’DMI)

Mohammad Ali Abbaszadeh, Mohammad Monfared, Senior Member, IEEE,
and Hamed Heydari-doostabad, Member, |IEEE

Abstract- The application of the dual-mode time-sharing technique in
a novel transformerless photovoltaic (PV) inverters is proposed and
investigated. The simultaneous high step-down or high step-up
conversion with 97.6 % peak efficiency and injected current with THD <
2% is achieved. The leakage current problem, which is a main concern
with the transformerless PV inverters, is around 20 mA. The indirect
current control, especially at transition modes of operation is highly
improved by utilizing a fast dead-beat control scheme. The working
principles of the proposed converter show that the step-down and the
step-up voltage gains are (D/(1-D))? and D/(1-D)?, respectively.
Furthermore, a 1 kW, 220 VAC and 200 VDC experimental prototype is
implemented to confirm the theoretical achievements.

Index terms- Dualmode time-sharing, leakage current, on-grid
inverter, transformerless.

I. INTRODUCTION

HOTOVOLTAIC (PV) inverters can be categorized

based on the power rating of the converter. The micro-

inverters are usually smaller than 400 W and the string-
inverters are commonly 2 kW or less [1]. The use of
transformer-based structures is very common because of the
need for high voltage gain for micro-inverters. As a result, the
efficiency of micro-inverters is almost lower than the string-
inverters. Transformerless PV converters offer high energy
conversion efficiencies, safety and low costs. Some specific
conditions such as low number of panels in series, partial
shading, panel ageing, temperature variation etc. cause the
voltage of the PV panels to be less than the peak value of the
grid voltage. Accordingly, a step-up DC-DC converter as the
pre-front stage for the inverter is essential for the grid-tied
applications resulting in the two-stage converters [1]-[3]. The
traditional two-stage converters suffer from either unnecessary
switching losses [4]-[6] or conduction losses [7]-[9]. However,
in [9] a parallel power processing is used, which reduces the
switching and conduction losses of a two-stage converter. In
two-stage converters, the DC chopper always operates at high
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frequency switching to keep a constant output voltage in spite
of the fluctuations in the voltage of the energy source.
Furthermore, the inverter in the second power processing stage
is intended to produce the AC voltage and injects all available
output power into the grid with a sinewave carrier-based high-
frequency pulse width modulation (PWM) control.

The dual-mode time-sharing technique which was proposed
in [10], intelligently reduces the unnecessary high-frequency
switching losses by assigning the time to use either the DC stage
or the inverter stage during each period of the grid voltage. In
this technique, the step-up mode of the converter only works
when the PV voltage level is less than the instantaneous value
of the grid voltage and the step-down mode operates when the
PV voltage level is higher than the instantaneous value of the
grid voltage. Consequently, in comparison with the classical
two-stage grid-tied transformerless converters, the dual-mode
converters are even more efficient.

More efficiency improvement of the dual-mode converter
has been introduced in [11]. In this converter, the traditional
interleaved boost converter at the PV side in front of the
traditional buck converter and full-bridge unfolding stage at the
grid side has been proposed. The two-stage dual-mode topology
is even more improved by changing the position of the boost
and the buck stages in front of the half-bridge inverter, known
as the Aalborg inverter (buck in buck and boost in boost
inverter) in [12] and in front of the full-bridge inverter in [13].
These let share a common inductance between the input-buck
and the output-boost stages. The Aalborg inverter suffers from
some drawbacks, such as the requirement for two DC sources
and increased number of semiconductors. To improve the
efficiency and avoid the unbalance of two input DC voltage
sources of the Aalborg inverter, a coupled-inductor (CI) is used
to regulate both input DC sources in [14] and [15]. A new tap-
inductor (TI) based buck-boost inverter to provide very high
step-up voltage gain presented in [16]. Despite the increased
number of components and inappropriate transient during low
grid voltage at zero-crossing points, the overall efficiency has
improved. Recently, to improve the efficiency of the dual-mode
converters, a three-phase interleaved with a parallel topology
has been proposed in [17] and [18], respectively. Both
converters suffer from numerous elements and complicated
PWM strategies.

However, the inappropriate transients of injected current
from negative to positive half-cycles at the zero-crossing points
of grid voltage and from the step-down to the step-up modes of
operation, low voltage gain, high voltage and current stress of
devices, are the main weaknesses of the dual-mode converters.
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To tackle these issues, a high gain DC-DC converter as the DC
stage with a wide range of output voltage during both step-
down and step-up modes is convenient.

Clearly, the traditional buck converter operates with an
extremely low duty cycle in the high step-down applications,
resulting in large size of the filter, poor current ripple
cancellation, high switching and conduction losses and limited
attainable switching frequencies [19].

Furthermore, a high step-up voltage conversion in the
traditional step-up converters needs a very high duty cycle or
turn ratio, resulting in increasing the copper loss of windings,
the leakage inductance, the voltage spike, stress on
semiconductors, conduction losses, severity of diode revers-
recovery problem and electromagnetic interference (EMI) [20].

Consequently, an integration of a high step-down converter
with a high step-up converter offers more proper performance.
This paper proposes a new two-stage transformerless PV
inverter with the dual-mode time-sharing conversion technique.
The DC stage is a novel wide range high-voltage gain converter
with step-down and step-up modes and positive output voltage
polarity. In the step-down mode, the voltage gain is quadratic,
the converter works with two high-frequency switches and a
reasonable number of components to reach a high voltage gain,
which causes low voltage and current stresses on
semiconductors. In the step-up mode, the voltage gain is semi-
quadratic, which causes higher voltage gain and the number of
high-frequency switch is reduced to one. Therefore, the number
of components and the power losses are minimized.

The flexible reactive power control system qualifies a better
integration of PV the system into the low-voltage grid and
based on recent standards, such as VDE-AR-N-4105,
transformerless inverters need to have reactive power capability
as well as low voltage ride-through capability. According to
[18], to have the reactive power capability, a PV inverter needs
to provide a current path during the zero-voltage states at the
negative power region (NPR). The NPR is defined as the time
region during which the instantaneous values of the grid current
and voltage have opposite polarities.

A modified modulation strategy developed for the proposed
inverter, which allows the reactive power exchange capability.

Finally, an indirect dead-beat (IDB) current controller is
adopted that offers accurate, fast and smooth control
performance under different working conditions. Various
experimental results on a 1 kW prototype are presented which
validate the performance of the proposed converter.
Furthermore, the proposed converter can be classified as a
string-inverter, according to the input DC voltage range and the
rated power. Consequently, a thorough comparison between the
proposed converter and the major string-inverters has been
done.

This paper is organized as follows. The basics of the
proposed converter and the states of operation are introduced in
Section I1. Section 111 presents the IDB current control scheme.
The comparison of the proposed topology with the main
competitors is presented in Section IV. In Section V, the
experimental results and analysis are provided and the
conclusion is given in Section VI.

Il. PROPOSED HIGH BucK IN Buck AND HIGH BOOST IN
BoosT DUAL MoDE INVERTER (HBZDMI)

As shown in Fig. 1, the proposed Hb?DMI consists of six
switches (S1, S2, Sp1, Sp2, Sn1 and Sn2), four diodes (D1-Ds), two
inductors (L4, L»), the lifting capacitor Cqc, the output capacitor
Co and the grid-side inductor filter Lq. The proposed PV inverter
is a step-down and step-up DC to DC converter followed by the
unfolding stage to inject alternative current to the grid.

The proposed DC to DC converter works with different
voltage gain relations during the step-down and the step-up
modes. During the step-down mode, the switches S; and S, are
PWM controlled, synchronously. During the step-up mode, the
switch S; is always on and the switch S, is PWM controlled.

A. Operation Modes

As shown in Fig 2(a), once the PV voltage is higher than the
absolute instantaneous voltage of the grid, the step-down mode
of the converter starts. Also, as soon as the PV voltage is lower
than the absolute value of grid voltage, the converter works in
the step-up mode of operation. Fig. 2(b) shows the realization
of the overall modulation algorithm.

The proposed Hb?DMI works in six distinct modes of
operation, depicted in Fig. 3 and illustrated in the following:

Mode I: (to-t1 and tp-t3) During the step-down mode at the
positive half cycle, two distinct states can be recognized:

State 1 (NTs <t < (N+D) Ts) where Ts is the sampling time, N
is the number of switching (sampling) intervals and t is time:
the switches S; and S; and the diode D3 conduct, while the
diodes D1, D, and Dy are reverse biased. From Fig. 3(a), it can
be seen that the inductor L; charges from the input source Vpy
via the diode Ds, while the inductor L, charges from the
capacitor Cqc and the load is supplied from the output capacitor
C,. The voltages across inductors are
Vi =+Vpy 1)

Vi = —Vege- 2
State 2 ((N+D)Ts <t < (N+1)Ts): the switches S; and S; are
turned off and Ds is reverse biased, while D;, D, and D4
conduct. As shown in Fig. 3(a), the inductor L; discharges into
Cqc through D; and Ds4. The inductor L, discharges into C,
through D,. The voltages are
Vi1 = Veqe )
VL2 = +V0 . (4)

From the voltage-second balance for L;, the voltage across
the capacitor Cqc can be obtained from (1) and (3) as
Vege = D/ (Q—D)V,y, (5)
where D is the duty cycle of the switch.

The voltage-second balance for the inductor L, gives the
voltage gain of the proposed converter during the step-down
mode from (2), (4) and (5) as

V D
M =—° —(—)%. 6
step—down VPV (1_ D) ( )

From (6), it is obvious that the proposed topology can sharply
step-down the input voltage when the duty cycle is below 0.5.
It also can step-up when the duty cycle is beyond 0.5.
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Fig. 2. Operation principle:
(a) PWM signals at PF =1 (left) and PF # 1 (right) and (b) realization.

Mode II: (t:-t;) When the PV voltage is lower than the grid
voltage at the positive half cycle, the proposed converter ‘
operates in the step-up mode. It must be mentioned that the =~ [—Chaaingstatt -~ Discharging sate ( d;
proposed topology offers a considerably higher voltage gain in
the step-up mode by keeping on the switch S;.

There are two states for the step-up mode as:

State 1 (NTs <t < (N+D) Ts): the switches S; and S, conduct
and the diode Ds is forwarded biased and conducts too.
According to the previous explanations for Fig. 3(b), the
inductors L; and L, are charged and the load is supplied from
C.. Therefore, the inductor voltage equations in this state are

L= Ve )
Ve = Ve - (8)

State 2 ((N+D)Ts < t < (N+1)T): the switch S; is turned off
and the diodes D; and Ds are reverse biased, while D, and D4
conduct. From Fig. 3(b), the positive voltage across Cqc is the
difference between the input voltage and the voltage across L.
The inductor L, discharges into C, through D,. The inductors
voltage equations are -.
VLl — +VPV _VCdc (9) [=—Freewheeling period|[— Negative half-cycle]

=4V, 10 ®
Via =1V, ( ) Fig. 3. Six operation modes of Hb?2DMI: (a) mode I, (b) mode II,
The voltage across Cqc is readily obtained from (7) and (9) as (c) mode Ill, (d) mode IV, (e) mode V and (f) mode VI.
Vege =1/ (L-D)V,,, . (11)
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TABLE |
COMPARISON BETWEEN STRUCTURE 1 AND 2

Structure 1 Structure 2

. . 2 switches 1 switch
No. of semiconductors: 4 diodes 3 diodes
Voltage gain (Vo/Vey): (D/(@-D))’ D/(1-D)?

1 3-D
Ost<PT ooy Tp'

Total voltage stress:

g DT.<t<T 2D*-D+1 D?-D+1

T | @-p)? Y 051-D)2 7Y

Similarly, the voltage gain during the step-up mode of
operation can be obtained from (8), (10) and (11) as

\Y/ D

Mstep—up VPV (1_ D)Z "

Evident from (12), the proposed converter can step-up the
input voltage when the duty cycle is higher than 0.38.

As shown in Fig 3(a) and (b), during both modes I and 11, the
switches Sp; and Sp2 conduct.

Mode T1T: (ts-ts and ts-ts) When the PV voltage is higher than
the absolute value of grid voltage during the negative half cycle,
the proposed converter operates in the step-down mode which
has voltage gain Mstep-down OF (6). As shown in Fig 3(c), during
this mode, the switches S, and Sn. are turned on. Similar to
mode I, S; and S, are PWM controlled, simultaneously.

Mode TV: (ts-ts) When the PV voltage is lower than the
absolute value of grid voltage during the negative half cycle,
the proposed converter operates in the step-up mode with Msep-
up Of (12). According to Fig 3(d), during this mode, the switches
Sn1 and Sy receive the gate signals. Similar to mode I, S; is
always on and only S; is PWM controlled.

Mode V: (t-ts) During the positive half cycle of the grid
voltage and when the instantaneous value of ig is negative (as
shown in Fig. 3(e)), the current through Lg increases in the
freewheeling circuit consisting of Sy, and the body diode of Sp..

Mode V1. (to-t10) During the negative half cycle of the grid
voltage and when the instantaneous value of ig is positive (as
shown in Fig. 3(f)), the current through Lg increases in the
freewheeling circuit consisting of Sy, and the body diode of Sp..

It must be mentioned that the proposed DC topology is able
to operate step-down or step-up in both modes | and il
(structure 1) and modes Il and IV (structure 2). As shown in
Table I, the proposed DC structure 2 has a lower number of
semiconductors and higher step-up voltage gain than structure
1. However, the total voltage stress (TVS) of structure 1 during
the step-down mode is lower. Similarly, the TVS of structure 2
during the step-up mode is lower. Reducing the applied voltage
usually has a positive impact on efficiency and reliability.
Consequently, to have the lowest overall voltage stress in the
converter and at the same time to increase the voltage gain, the
structure 1 during the step-down mode and the structure 2
during the step-up mode is chosen.

Due to the fewer number of components in the proposed
structure 2, it could be a good choice for implementing the PV
inverter. However, because of the higher voltage rating required
compared to the proposed structure 1, it is more advantegous to
disable the structure 2 at the high voltage levels of PV (Vpy >

(12)

vg) and use structure 1 instead. Therefore, the dual-mode
converter is proposed.

B. Design of Components

The capacitor Cpciink performs as a buffer for the
instantaneous power difference between the grid and the PV.
Thus, to maintain the ripple of the DC-link voltage (AVpc)
below a specific value, the required Cpc-tink iS:

Cociink = Py / (@Vey AV ) (13)
where Py is the average power, wy is the grid angular frequency
and Vpy is the PV side DC voltage.

The inductors L; and L, required for continuous conduction
mode can be calculated as

DV DV
> > —B 14
Ll,step—down 2 fs PO Ll,step—up 2 fSPO ( )
D4VP2V D2VP2\/ (15)

LZ,step—down 2 2(1_ D)z fSPO 1 LZ,step—up 2 2(1_ D)2 fs PO
where fs is the switching frequency.

The voltage ripples of capacitors Cy and C, define the
minimum required capacitances in both modes as

(1-D)’P, (1-D)°P,

Cdc,step-down = f Dzvz A . ¥ ~dc,step-up = fvz A . (16)
s Vpy AVeqc Vv AV
1-D)*P, 1-D)*P,

C ( ) 0 > ( ) 0 (17)

o,step-down = M’ o,step-up = m’
The value of grid side inductor Ly is chosen from the
maximum allowed current ripple Aig as follows
Ly > AVg,/(2f,Ai) (18)

I1l. INDIRECT DEAD-BEAT CURRENT CONTROL

The current controller must ensure the current through Lg,
shown as ig, is a pure sinusoid. Following the proposal of [12]
and due to the problem of non-minimum phase with the direct
current control, the indirect current control of converter by
adjusting the current of Ly, iLo, instead of iq is employed. The
formulation is based on the instantaneous power balance at the
two ports of the circuit, detailed in the Appendix, that
establishes a relation between the grid current reference and the
inductor L, current reference as

i:z,step—down = ||; | (l+1¢ Vg (t)lNPV) VPV 2 |Vg |
. Y/ v (19)
s = 21ig | (-0t 24 —P) =4V, < |y |
R A (Y v, ()] A

where | | is the absolute operator. The rectified sinusoidal
current, i, can be regulated by directly calculating the optimal
duty cycle for the next switching period by a dead-beat strategy
[17]. As will be shown, the simple yet efficient indirect dead-
beat control technique only requires the value of L, to directly
calculate the control signal for the PWM block from the
measured source and grid voltages, measured inductor current
and its reference.

During all these modes of operation, when S, is on, the
voltage across inductor L, can be determined as
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Fig. 4. Proposed indirect dead-beat controller:
(a) waveforms and (b) control diagram.

v, =L, di,/dt=—v. (20)
Similarly, when the switch S; is off, the inductor voltage is
v, =L, di,/dt=+V,. (21)

Fig. 4(a) shows the slope of the inductor current during S; on
state (don) and during S, off state (dorr), calculated as

Oy =di, /dt=—v . /L,
O =di, [dt =4V /L,

From which the inductor current at the next sampling period
(iL2[k+1]) can be estimated from its current value (i 2[K]) as
iLZ[k +l] = ILZ[k] +5on ><ton +5off ><toff (23)
where t,» and tor are on state and off state times of S,
respectively.

The controller is intended to eliminate the error, i., between
the reference current (i2*) and io[k+1], i.e.

(22)

ie = IEZ - iLz[k +:I'] = I:Z - ILz[k] _50n ><ton _50“ ><t0ff = 0 (24)
which gives ton is
= II,:Z _iLZ[k]_5offTs ] (25)
5on _5off
Using (25), the optimal duty cycle can be concluded as
D= to;n — L2 ('iz — ILz[k]) +VCdcTs ) (26)
Ts Vede _Vg

The simplified control diagram of Hb?DMI is shown in Fig.
4(b). By comparing the instantaneous grid voltage and the PV
voltage, the step-down or step-up mode of the HW?DMI is

decided. Afterwards, the reference current io* is calculated
from (19). The reference and measured values of i, are then
used by the dead-beat algorithm to determine the optimal duty
cycle from (26). The PWM modulator, depicted in Fig. 2(b),
uses this duty cycle to generate the switching signals.

IV. PRrRACTICAL CONSIDERATIONS AND COMPARISON

A. Semiconductors Ratings

The voltages across the switches and the diodes during the
step-down and the step-up modes are

VSl,step—down :VF’V (27)
D 1
VSZ,step—down = m PV VS2step-up — WVPV (28)
VDl,step—down :VDl,step—up :VPV (29)
D 1
VD2,step—down = WVPV !VDZ,step—up = WVPV (30)
D? D
D3,step—down WVPV!VD&step—up = m PV (31)
D 1
VD4,step—down = EVPV’ Dastep-up E PV - (32)

The min/max currents of the inductors in both modes are as
Py /(DVy) £ DVy, /(2,L) Vi, 2 v |
L1,min,max =

(33)
P, IVpy £ DV, / (2F,L,)

Ve, < |vg|

_ 2
1 2D)P0 . 0.5D%V,, Vo, 2|vg|
| | bV, T @-D)fL, (34)
L2,min,max (1_ D) P0 0.5DVpV
+ Vey < |Vg|
DVPV (1_ D) fs L2

From which, the peak current of the switches and the diodes are

|51 = Ilelsz = ILl

(35)

|D1:IL1'ID2 :IL2'|D3 :IL1'|D4 :ILl

B. Common Mode Analysis

The equivalent common-mode circuit of Ho?2DMI includes
the parasitic capacitor between the ground and the PV array,
Cerv, the ground resistance, Rq, the filter inductance, Ly and the
pole voltages (Van, Ven). The common-mode leakage current,
icm, originated from the common-mode voltage (Vem) is

Van +Van) /2
0.25L,s+R; +1/(C,y5)
where Zcw is the common-mode impedance that its magnitude
is minimum at its resonance frequency.

Furthermore, the leakage current originated from the grid is
iCM,vgrid = 05 | Vg | /ZCM (37)

The grid is supposed to be ideal and it will cause a very low
leakage current.

Furthermore, one of the main advantages of Hb?DMI is the
low-frequency variation of Vem. The values of Van, Ven and
Vewm during four modes of operation are summarized in Table
Il. 1t is clear that Vcwm varies at double the line frequency.

iCM =Vew /ZCM =

(36)
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TABLE Il
COMMON MODE AND POLE VOLTAGES
Mode I to IV: Van Ven Vem
Charging state [0 - DTy]: SV, 0 /
_ Vol2
Discharging state [DTs - T): 0 SV,
100
80 fs frzem——
,é;vitching Resonance
%0 frequency Freq. of Zew
0! =ZcM,[dB/div] -
Vem,vidivy
207 8
Main side-band
H H I S U S S HE S S S I U S S ——i i
%801 1 Frequency [kHz] 10 31.8 100

Therefore, the resonant frequency of Zcwm is much far from the
main sideband of V.

The Bode magnitude plot of Zcm and the harmonic spectrum
of Vcwm are plotted in Fig. 5. Clearly, the magnitude of Zcwm is
considerably high at low frequencies. Consequently, as it was
discussed in [21], the leakage current originated from Vcm
ripples is almost negligible.

C. Comparison of Proposed Inverter

The DC stage of Hb?DMI operates in two modes which
results in a high voltage gain in step-up mode, higher than those
of competitors in [22]-[24] and traditional buck-boost
converters as shown in Fig. 6(a).

The DC converter in [25] has a higher voltage gain in the

4 7 step-up mode but the proposed DC converter has a much wider
Z ||—--Buck-boost . - . L
<3 [22.23,24] v operating range and a high voltage gain in the step-down mode.
Sl v Pt Furthermore, as shown in Fig. 6(b), the normalized voltage
% H stress of switches in the proposed DC converter during both
3 et S step-up and down modes is lower than the converters presented
OO 0;2 02 016 0‘.8 1 in [22], [25] and [24].
Duty-cycle (D) TVS and total current stress (TCS) are defined as the sum of
the blocking voltages and conducting currents of components
<6 > during0<t<DTsor DTs<t<Ts
> 5 7 The traditional quadratic buck-boost converter in [23] cannot
4 4 work in a wide range. When the duty cycle is larger than 0.5,
o 3 the voltage stress of a diode will become negative and results in
,2 2 - malfunction of the converter in [23]. This disadvantage causes
10 1 2 3 cai 4 the traditional quadratic buck-boost converter works only in
Ga|n|V0/va| R . . .
®) step-down mode as it was mentioned in [22]. Besides, as shown
5 — ‘ in Fig. 6(c), the proposed DC converter offers less current stress
5 4| step-down Ao gt o of switches than [23] and [24] during step-down and less than
3t e |7 —Buck-boost,[23,24] [22]-[24] during step-up mode. Table 111 shows a comparison
» 2 B in terms of the number of elements, voltage gain, efficiency,
1 JD,\/” total harmonic distortion (THD) of injected current and other
0 Py 2 characteristics, among Hb?DMI and the modern single-phase
Gain|Vo/Vpy| inverters. The voltage gain of Hb?DMI is higher than all
F 6. Volt _ st I(DC) b TVS and () TCS of switch competitors at the step-down mode. During the step-up mode,
ig. 6. Voltage gain against: (a) D, (b) and (¢) o switehes. the voltage gain of [26] is higher than Hb?DMI.
TABLE Ill
COMPARISON AMONG HB?DMI AND THE COMPETITORS
Converter  Aalborg Cl Aalborg Converter gSBl  Buck-boost TI buck-boost IIDMI  DMIMI Hb2DMI
[11] [12] [14] [13] [26] [16] [16] [17] [18]
No. Inductor (total L): & & e e e e g 4 g E
' ( ): (08mH) (1.8mH) (5.4 mH) (@8mH) (12mH) (0.7 mH) (0.7 mH) (37mH) (25mH) (3mH)
No. Capacitor (total C): 2 3 3 4 2 2 2 2 3 2
0. Capacitor (total C): (0024F) (2.2pF) (22 pF) (10pF) (2020 pF) (62 pF) (62 WF) (2002 WF) (2002 UF) (682 pF)
No. Diode: 3 4 6 4 0 0 3 4 4
No. Switch: 7 6 6 8 4 6 8 11 10 6
No. High frequency switch 2@buck 2@buck
per half-cycle: 1@boost 2 2 2 4 2 2 6 S 1@bhoost
No. Gate driver: 4 6 6 7 4 4 5 6 4 4
No. DC source: 1 2 2 2 1 1 1 1 1 1
DC stage voltage gain D D D D D D/(1-D D D D D?/(1-D)?
(step-down; step-up): 1/(1-D) 1/(1-D) 1/(1-D) 1/(1-D) 1/(1-2D) (1-D) (1+D(n2/nl))/(1-D) 1/(1-D) D/(1-D) D/(1-D)?
Switching Freq. [kHz]: 50 40 40 50 10 60 60 10 30 10
Rated power [KW]: 25 2 0.5 15 0.8 1 1 22 1 1
Leakage current [mA]: - - - 80.7 - - - 26.8 20 =20
Injected current THD [%]: - - - 4.61 261 - - 1.9 231 =2
Peak efficiency [%]: 98.5 97.6 - 97.65 <94 - - 98.2 97.31 97.6
Freq. of Vewm: Low Low Low Low High - - Low High Low
Reactive power capability ?: No No No No No No No No Yes Yes
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Trajectory of D from Trajectory of D from
step-down to step-up mode positive to negative half-cycle

Fig. 7. Duty cycle of the main single-phase inverters.

Switching signal

Nonetheless, the total number of elements in [26] and [16] is
lower than Hb?DMI, but the number of switches with high-
frequency operation for Hb2DMI is minimum.

Due to high-frequency variation of Vcwm in [18], [26] and [16],
the common mode filter or increasing the switching frequency
is essential, which both reduce the efficiency.

All the dual-mode converters in Table Ill suffer from
inappropriate transients, both from step-down to step-up modes
and positive to negative half-cycles and vice versa. These
transients are caused by the high changes in the duty cycle
between step-down and step-up modes and low value of the
duty cycle at the moment of the half-cycle change.

As shown in Fig. 7, Hb?’DMI offers more smooth duty cycle
at the moment of changes between the step-down and the step-
up modes. Furthermore, the high value of duty cycle at the
transition between the positive and the negative half-cycles
causes less ripple of ig. Consequently, from the perspective of
the quality of the injected current, the Hb?DMI is more
advantageous for on-grid applications.

V. PERFORMANCE EVALUATION

A 1 kW laboratory prototype, shows in Fig. 8, is developed
with the parameters listed in Table IV. An STMicroelectronics
STM32F303 floating-point digital controller is used to
implement the proposed current control algorithm.

Figure 9 shows the steady-state performance of the proposed
converter under 1 kW output power. Clear from Fig. 9, the
proposed converter generates highly sinusoidal current even
when the grid voltage is harmonically polluted. With a closer
look at the current waveform, one can detect a very smooth
mode transition from the step-down to the step-up and from
negative to positive half-cycle. This caused the THD of the
Hb?DMI current remains as low as 2 %. The maximum ripple
of around 10 % in the inductance current is also evident that is
in accordance with the design criteria.

The transient response to the step jumps in the reference
current and the input DC voltage are presented in Fig. 10.
Clearly a fast-dynamic current performance is achieved and a
high step change in the PV voltage has almost no effect on the
output current waveform. The IDB current controller, as

already expected, offers a high dynamic performance in
response to any changes in the references, inputs and other
disturbances.

As already mentioned, the common mode leakage current is
a main concern with any grid connected PV converters. Fig. 11
shows the experimental results of the pole voltages, the
common mode voltage and the resultant leakage current.
Clearly, the common mode voltage of Hb?2DMI changes at twice
the line frequency, as already predicted in Table I. So, the
leakage current is almost zero.

The proposed PWM technique allows Hb?DMI to operate
below the unity power factor (UPF). As shown in Figs. 12(a)
and (b), Hb>DMI with the proposed PWM strategy is operating
properly for both leading and lagging power factors.

The transient performance of the proposed PWM and control
system is investigated experimentally and the results are shown
in Fig. 13. A fast and smooth transient response, either from
UPF to leading power factor as shown in Fig. 13(a), or from
UPF to lagging power factor as shown in Fig. 13(b) is obvious.

The measured THDs at different power levels are presented
in Fig. 14(a). The proposed converter provides low THD values
under different loading conditions. However, as already pointed
out, the HB?DMI current waveform is susceptible to
deterioration at mode transition that slightly increases the THD.
This effect is more obvious at lower powers.

As mentioned earlier, the IDB current controller needs the

(Switches and Diodes )

Fig. 8. Expenmental hardware prototype.

TABLE IV
EXPERIMENTAL SETUP PARAMETERS
Parameter Value

Input voltage Vey 400V, 200 V
Grid voltage vq 220V, 50 Hz
Switching frequency f; 10 kHz
Nominal power 1 kw
Inductor Ly, Ly and Lg 1mH
Capacitor Cqc 680 pF
Capacitor C, 2.2 yF, 39 uF
Parasitic capacitor Cpy 92 nF
Cocrlink 8160 UF
SPW35N60CFD

MOSFET IPW80R280P7
IGBT IXGH48N60C3D1
Diode IDW16G65C5
IDW15G120C5

Gate drivers TLP250 and
(opto-coupler and isolated supply) MAU153
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value of L, to predict the optimal duty cycle. As a result, the
performance of the IDB current controller, considering the L.
mismatches, denoted by AL, in the term of THD is investigated
and shown in Fig. 14(b). The stable operation of the proposed
IDB current controller even with high mismatches is obvious.
Besides the THD of the injected current remains below the
standard requirement of 5 %.

The measured efficiencies under different loading levels are
plotted in Fig. 14(c). Evidently, a very high peak efficiency is
achieved. From this figure, the European Efficiency (EU) and
the California Energy Commission (CEC) efficiency can be
calculated as 97.07 % and 97.36 %, respectively.

THD (vg) =3 % 200ps/div
THD (ig) =2.31 %
Tek .1 Trig‘d M Pos: 5.000ms Vg,200v/div
5ms/div
Vg 200v/di Ig savan

/KE Voy oode K N,'\/"' RV, 200074

J 3 tep-down m Step-up mode
\ 200ps/div
3 Ve, 200/div

Fig. 9. Waveforms of PV voltage (Vpv), grid voltage (vg), grid current (ig),
inductor current (i.z) and zoomed views of transient from step-down to
step-up mode and negative to positive half-cycle.
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Fig. 10. Transient waveforms in response to step (a) current jump from
half to full of rated power and (b) Vev jump from 200 V to 400 V.
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Fig. 14. (a) Grid-injected current THD% versus output power and
(b) inductance mismatch under 1 kW, (c) efficiency versus output power.

VI.

A new single-phase transformerless dual-mode inverter, as a
two-stage topology is proposed that has a simple structure while
provides a wide range of voltage gain to tackle the weaknesses
of modern dual-mode inverters. The operating principles,
components design, an indirect dead-beat current control,
common mode analysis and comparisons with competitors are

CONCLUSION
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presented. Through the theoretical analyses and the
experimental results from a 1 kW prototype, it is demonstrated
that the Hb?DMI offers many advantages, such as high step-
down and step-up voltage gain, simple PWM scheme, low
leakage current, high quality of injected current, reactive power
exchange capability and high energy conversion efficiency that
make it a proper solution for on-grid PV applications.

APPENDIX

Based on the instantaneous power balance the following
equation can be written:

Voy ()% 1y (1) =V (1) Xig (1) (38)
During the step-down mode of operation, one has:
i,xD=1,, D? . . .
= =i, =, =——I 39
{il_l — D/(l— D)iL2 PV l— D L2 L2 1_ D s} ( )
and the gain and duty cycle are:
Vv, D fvo fvo
MStep—down = \/— = (E)Z, D = \/— / (l+ \/_) . (40)
PV PV PV
From (39) and (40), one can yield:
iL2,step—down = (1+ \évg /VPV )Ig . (41)

Similarly, during the step-up mode of operation, one can
write:

i, =1, D. . 1.
loy = ——=i, =i, =——i,

= 42
i,=D/1-D)i, " 1-D 1-D (42)

V, D v, v,
M, , = —>=———,D =052+~ [(2+-2L)* -4

VTR ( v, ( Vo) ) (43)
ipsepn = 2(Voy 1V T4 +Vi, 1V, =4) 1) (49)
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