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Abstract— A novel single-phase transformerless dual-
mode interleaved multi-level inverter (DMIMI) is proposed,
which can inject a highly sinusoidal AC current to the grid
even with the input DC voltage less than the peak grid
voltage. Furthermore, dead-beat controllers are developed
to directly calculate the optimal duty cycles in a digital
control platform. As compared to the traditional dual-
mode multilevel approaches, the DMIMI offers a high
efficiency, less number of components conducting
simultaneously in each operation mode and the capability
of reactive power exchange. The paper presents the
theoretical analysis and the experimental results obtained
from a 1 kW prototype. The experimental results reveal
that the proposed DMIMI can achieve a high conversion
efficiency and a low leakage current as well as a high
quality grid current.

Index Terms—Dual-mode time-sharing, interleaved,
leakage current, multi-level inverter, transformerless.

|. INTRODUCTION

RANSFORMERLESS PV inverters have already found

both technical and commercial acceptance due to their
advantageous characteristics like high efficiency, low cost and
small size [1]-[3]. The generated voltage by the PV panels
may be less than the minimum required DC voltage for the
proper operation of the inverter circuit, which requires a boost
converter to step up the PV voltage to the minimum required
level [4], [5]. The main drawback of these topologies is that
the power semiconductors of the boost stage are switching at
high frequency during the whole period of the AC voltage
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waveform. Consequently, the converter efficiency decreases
[6].

In order to avoid unnecessary losses of the conventional
two-stage transformerless PV inverters, many dual-mode time
sharing techniques are proposed. In this way, only when the
PV voltage is below the instantaneous grid voltage value, the
boost stage is activated. Several different topologies and
control algorithms of these high-efficient converters are
already available in literature [7]-[13]. As a most recent
achievement, it is proposed that the DC-to-DC boost converter
connects in parallel, instead of in cascade, with the main
inverter stage [13], [14]. Therefore, only a fraction of the PV
power is processed by the step-up converter even at low PV
voltages. These converters are shown in Fig. 1. Clearly, when
the step-up stage is active, the upper capacitor is charged
through the DC inductor, resulting in a total DC voltage across
both capacitors to be above the peak AC voltage. This
configuration lets multi-level operation of the inverter stage
that itself offers decreased voltage stress on semiconductors
and higher output current quality.

A main concern with the transformerless PV inverters is the
leakage current, which may result in serious technical and
safety problems. The conventional inverter circuits cannot
anymore address the rigid requirements of the standards, such
as VDE 0126-1-1 [15], regarding the maximum tolerable
leakage current. The inverter stage of Fig. 1(a) utilizes the AC
decoupling technique by turning on the switches Ss and S
during the freewheeling operation modes, like the
conventional HERIC [16] and the inverter stage of Fig. 1(b)
uses the double grounding decoupling technigue by turning on
the switches S3 and S. during the freewheeling operation
modes, which was originally employed in [17]-[19].

While the ideas of [13] and [14] are very interesting, both
converters suffer from some major drawbacks. First, the step-
up chopper in both converters operates in the continuous
conduction mode (CCM) to limit the peak current of the
semiconductors and the step-up inductor. So, as already
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Fig. 1. Multi-level inverters with parallel integrated step-up chopper proposed in: (a) [13] and (b) [14].
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expected with any step-up chopper circuit, the high reverse
recovery current of the step-up diode causes losses and short
circuits of the DC side capacitors. Even in the CCM mode, the
high peak current through the step-up inductor and the
semiconductors limit the power level of the converter circuit.
Another drawback with the converter of [14] is that the high
frequency switch of the step-up stage is always active that
considerably reduces the efficiency. At the inverter side of
both circuits, the problem of leakage current is still a real
concern. Specially the converter of [13] cannot conform to the
standards without added common mode filters. Therefore, at
the cost of increased size and volume and reduced efficiency,
the common mode filter inductors are employed. The main
reason for this problem with the converter of [13] is that the
common mode voltage contains the switching frequency
components at all operation modes of the converter. More
comparative performance details will be presented later. On
the other hand, both inverters have a high number of
semiconductors, which calls for a wise control and modulation
technique to minimize the number of semiconductors
simultaneously in the current path as well as the number of
commutations. However, both converters of [13] and [14]
could not be very successful in this regard.

In order to extract the maximum benefits out of the ideas
already presented in [13] and [14], an improved circuit is
proposed in this paper.

At the DC side, a two-phase interleaved parallel step-up
chopper is employed; therefore, the current stresses of the
semiconductors and the DC side inductors are significantly
reduced. Besides improving the efficiency, the interleaved
configuration allows the converter to work in the
discontinuous conduction mode (DCM). Hence, the reverse
recovery current problem of the diodes is solved, also a zero-
current switching (ZCS) for the step-up switches is achieved
that significantly reduces the losses, switching transients and
electromagnetic interferences. As [13] and [14], the proposed
converter can also operate with a wide range of PV voltage
variations; however, on contrary to [14], the step-up stage is
active only when it is necessary.

Also, the high frequency component of the common mode
voltage is limited, therefore the RMS value of leakage current
is below the standard limits. With the proposed modulation
technique, the total number of semiconductors conducting
simultaneously is minimized, which again improves the
overall converter efficiency.

Furthermore, it must be mentioned that, the reactive power
support has already become a necessary feature in many
standards and grid codes, such as VDE-AR-N-4105.
According to [20], 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 version of modulation strategies already
proposed for H5, H6 and HERIC in [20], [21] and [22]
developed for the proposed inverter that also lets the reactive
power exchange capability.

Finally, two dead-beat controllers, one for the voltage
control of the step-up chopper and another for the current
control of the inverter are adopted that offer accurate, fast and

smooth control under different
conditions.

The paper is organized as follows. The operation modes, the
modulation strategy and the components design of the
proposed converter are presented in section Il. Then, the
control algorithms are explained in details in section IlI.
Finally, the experimental results in section IV are presented

followed by the conclusion in section V.

performance working

Il. PROPOSED DMIMI FOR PV APPLICATIONS

A. Operation modes of DMIMI

The circuit diagram of the proposed dual-mode interleaved
multi-level inverter (DMIMI) is presented in Fig. 2. Clearly, a
two-phase interleaved step-up chopper is connected in parallel
with a novel step-down inverter. According to the
instantaneous value of the grid and the DC source voltages,
this converter works in two different modes of operation, i.e.
step-down 3-level and step-up 3-level modes. The proposed
DMIMI consists of ten power switches Smi, Smz, S1-Ss, four
diodes Dmi, Dm2, D1 and D, and passive elements as the grid
filter inductor, Ly, two DC side inductors, Lm: and Lm2, DC
side capacitor Cgc1 and two DC-link capacitors Cgcz and Cges.

As shown in Fig. 3, during the time when the magnitude of
the PV voltage is higher than the absolute instantaneous
voltage of the grid, the step-up stage is inactive and the simple
3-level operation mode of the converter is activated.
Consequently, three levels are produced in the output of the
inverter (Vag = 0 and = Vpy).

When the PV voltage is less than the grid voltage, then the
step-up 3-level mode of the converter is initiated. The
interleaved step-up chopper is active now and again three
levels are generated at the output port (Vag = 0 and + (Vpy +
Vdcl))-

The main task of the parallel DC chopper is charging the
Cac1 through the inductor Ly and diode Dmk, which is
complementary commutates with Smk, ke{1,2}.

While S is on, the inductor L is charged through the PV

Cdc£

Dml szzlg S
L+ 6
L Vet KA K&
!mle

|m2€

LmZ CdCZ__ 54 -

Im
<

w
3
=
3
\
7
£

D, _I_S8 3

Cdc3 S5_|_ S,
+ TFT_| 7
CPV:E
Fig. 2. Proposed DMIMI.

Mode 1 Mode IV
<— Mode 1T —<— Mode 111 —

Vgria(t)]

\LVov

Step-down mode

Amplitude [Volt]

Step-up mode Step-up mode

Vov<|Vgria(t)| Vov=>|Vgria(t)| Vov=>|Vgrig(t)| Vov<|Vgria(t)|

T ot

Fig. 3. Operation modes of DMIMI assuming PF = 1.
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Fig. 4. Modes of operation: (a) I, (b) II, (c) Ill, (d) IV, (e) V and (f) VI (blue line: inverter mode, black line: zero state mode, red line: DC chopper
charging mode, green line: DC chopper discharging mode and yellow line: passive clamping mode).

panels and its current increases. When Spy is turned off, the
stored energy in the inductor is transferred to the output
capacitor Cqc1, Which is large enough to consider its voltage
almost unchanged.

Clearly, the reverse recovery of diode Dmk can cause a
severe shoot-through of the three in series connected
capacitors, Cgc1, Cacz and Cqes. The large reverse recovery
current, especially at high powers, causes EMI problems and
can readily damage the converter. To avoid this problem, the
value of Lm is designed such that the DC chopper works in
the DCM mode. When Dy is fully off and the current through
it is zero, then Sm is turned on. Hence, the reverse recovery
current of diode is blocked. In DCM operation, the current
stresses of the active and passive devices are higher than the
CCM operation. So, the DC chopper is interleaved with two
phases. In this way, not only the current stresses of the
elements are reduced, but also the ripple frequency at the
output of the DC chopper is twice the switching frequency and
thereby a smaller Cqyc is required. In addition, the DC side
power switches are turned on at the zero current, therefore the

switching transients losses are reduced
significantly.

At the inverter side, the major concerns are the efficiency,
ratings of semiconductors and more importantly the leakage
current. As can be seen later, during the simple unipolar
operation, the inverter can successfully maintain the common
mode voltage constant and during the multi-level operation,
the DC source is decoupled from the grid during the
freewheeling periods. Consequently, a low level of leakage
current is ensured.

The proposed DMIMI works in six distinct modes of
operation (modes | to IV for PF = 1 and modes V and VI for PF
# 1), depicted in Figs. 3 and 4, and illustrated below:

Mode I: In the step-up 3-level mode and during the positive
half cycle of the grid voltage waveform, the voltage across the
Cua is maintained by adjusting the duty cycle of the
interleaved DC chopper. Both Sy and Smz are PWM controlled
with the switching frequency (fsw) and 180° phase-shift in the
carrier waveforms. The diode Dmk immediately after turning
off the switch Sk conducts as demonstrated in Fig. 4(a). Its
current decays to zero before the start of the next switching

and power
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period. At the inverter side, the switch Ss is always on and Ss
and S; are together turned on and off (PWM controlled) to
generate the voltage levels Vag = Vpy + Vg1 and Vag = 0,
respectively. Clearly, the grid is decoupled from the PV during
the freewheeling (when Vag = 0). The grid current path is
through D; and S as shown in Fig. 4(a).

Mode I1: When the instantaneous grid voltage is less than
the PV voltage, the step-up operation is no longer necessary.
The switches S; and Ss are now PWM controlled and the
whole energy is transferred from only the PV panels to the
grid and the PV voltage appears at the output of the inverter
(Vag = Vpy), whilst Sz is still kept on as shown in Fig. 4(b).
When S; and Ss are turned off, then D; automatically starts
conducting and the zero voltage level is generated (Vag = 0).
The freewheeling action is the same as before.

Mode I11: During the negative half cycle, the switch Sg is
always on (instead of S3). As the mode I, the inverter voltage
changes between -Vpy and 0. As Fig. 4(c) depicts, S; and S4
are PWM controlled together. The zero-voltage level is
automatically generated when the high frequency switches are
turned off. The freewheeling path is also created through the
switch Sg, meanwhile only one semiconductor device is
conducting during the freewheeling.

Mode IV: As indicated in Fig. 4(d), in the step-up 3-level
mode operation and when the grid voltage goes in to the
negative half cycle, the interleaved DC chopper is activated
again in order to maintain the voltage of Cyc1. The Switches S4
and Se are also turned on and off together with the PWM
signal. The freewheeling is exactly the same as mode I11.

Finally, the DC link capacitors of the PV panels are split
and the diode D; is added to the middle point of the DC
capacitors as already proposed for conventional H5 inverter in
[3] as a simple and effective technique to suppress the high-
frequency contents of the common-mode voltage and
consequently reduce the leakage current even more effective.

The switches S; and S; must block the reverse current,
otherwise the capacitor Cqyc1 will become shorted during the
operation of Sg and S;. Also, S; and Sg need to block the
reverse current.

This converter utilizes a simple PWM modulation strategy,
shown in Fig. 5(a). In this figure, m and d are the modulation
index of the inverter stage and the duty cycle of the chopper
circuit, respectively, which are set by the grid current and the
Cuc1 Voltage controllers, respectively. These controllers will be
explained in section I11.

Fig. 5(c) shows the realization of the overall modulation
algorithm, which is also capable of reactive power exchange.
The two extra modes of operation during the NPRs are shown
in Fig. 5(b) and explained below:

Mode V: During the negative half cycle of the grid voltage
and when the instantaneous value of ig is positive (refer to Fig.
4(e)), the current through Lg increases in the freewheeling
circuit consisting of Sz and D; and the anti-parallel diodes of
Ss and Se.

Mode VI: During the positive half cycle of the grid voltage
and when iq is negative (refer to Fig. 4(f)), the current through
Ly increases in the freewheeling circuit composed of Sg and the
anti-parallel diodes of Sz, Ss and Sy.

B. Component Design

The total DC link capacitor Cpc (Cqcz in series with Cycs) is
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, Cpc must satisfy the
following equation [23]
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Fig. 5. PWM signals at (a) PF = 1 and (b) PF # 1 and (c) realization.
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where Py is the average output power, wq is the grid angular
frequency and Vpy is the PV voltage.

The value of grid side filter inductor, Lg, is chosen from the
maximum allowed current ripple, Aig, as follows [24]

Lg > 0% 9l (VDCx )
ZAI xV, )

DCx

@

where vq = 220V2sin(wot) is the grid voltage, Viocx is Vey and
Vpv + Vya during the step-down and the step-up modes of
operation, respectively, Ts is the sampling time period and Aig
is the maximum permissible ripple of the grid injected current
which is given 5% of the rated current. The value of Ly can be
selected from (2) as 2 mH.

To ensure that the DC chopper works in the DCM operation
mode, equation (3) must be satisfied:

out (VPV + Vdcl ) VPVVdcl

NoNgw  Voy Vi)
that can be rearranged for the required inductance as
4VoVyer)*
e < ﬁ-ﬂ (4)
out PV del

To keep the output voltage ripple of Ve, (Avgc1) below a
certain value, the capacitor Cqc1 must satisfy

AQcqe
Cdcl = — (5)
AVdcl

where AQcda is the overall charge change of the capacitor that

<0 (3)

mk,min -

TABLE |
COMMON MODE AND POLE VOLTAGES
Van VBN Vewm
Mode =V Vpy + SV,
S7(Vpy +Vaer) + S7 S; % B 7 del 5 1l
Mode = =V V,
Slev + SlLV Slﬂ TPV
] 2 2
Mode Vov g Vev Vev
I 27 Wvrhm
Mode Se Yoy S6(Vey +Vaer) +Se 2~ VPV You * SeVuer
v 2 2
Van 1 Lg/2
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Fig. 6 Simplified common mode model of DMIMI.
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Fig. 7. Magnitude Bode plot of Zcy.

can be readily calculated as the integration of its current
waveform during a sampling period as

VoV,
AQCdcl = = T (6)

8(VPV +Vdc,1)Lmk ’

The value of Vg is chosen such that the total voltage (Ve +
Vpy) is enough higher than the peak grid voltage, e.g. 350 Vpc
for the 220 Vac grid. Therefore Vg1 = 350 — Vpy.

C. Common Mode Analysis

The simple equivalent common mode circuit is shown in
Fig. 6, which includes the stray capacitor between the ground
and the PV array, Cpy, the ground resistance, Ry, the filter
inductance, Ly and the pole voltages. The leakage current,
ileakage, OFiginated from the common mode voltage (Vcm) can
be written as [3]

VCM _ (VAN +VBN)/2
Zgw  025L,5+R, +1/(Cp/9) @

where Zcwm is the common mode impedance that its magnitude
is near infinity and minimum at the origin and its resonance
frequency, frzcwm, respectively.

The pole and common mode voltages are summarized for
different modes in Table I, from which it can be concluded
that the leakage current is almost negligible during the
converter operation in modes Il and Ill. Contrary, the high
frequency operation of S7 and Sg in modes | and IV causes that
Vewm Vvaries at the switching frequency (fsw) and the leakage
current may become large if the common mode impedance is
small at fs. To avoid this situation, f.zcm must be much less
than fs (the frequency of variations of Vcw).

Considering, the magnitude Bode plot of Zcw as shown in
Fig. 7, frzcm must be much below the first switching sideband
of Vcm to avoid any excessive ijeakage. Otherwise, the high-
amplitude switching harmonics over the low-amplitude
impedance at the resonance frequency results in a high value
of leakage current around that frequency.

In this work, fs is chosen as 30 kHz, which is much higher
than the possible range of fzcm. Therefore, as it will be shown
later, the value Of ijcakage 1S Well below to the standard limits.

i Ieakage

D. Power loss analysis

The total power loss of the proposed converter, Pr, is
calculated for each mode by summing the power losses of the
components comprising the power section and the output
filter. The power loss equations are summarized in Table II.

TABLE Il
POWER LOSS EQUATIONS.

PT = PCOI’] + PSW + PL

Peon = Z%J‘:” [VO,Si isi (t) + Fo S (t)}jt

Total power loss

Conduction loss
Pausi = “Z - [Va (0is (O)(ts +tes )t

_ SN I rrtb vl
Paw.oi = T Z ? LVDi (tdt

P.=fumlin +Tigly” +2(Kfs “BP xW x1072)

Switch loss

Diode loss

Inductor loss
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In this table, Pcon and Psy are the conduction and switching
losses, respectively, of power semiconductors and Py is the
core and winding losses of the inductors occurring in Lk and
Lg.

isi is the current conducted by the semiconductor power
devices and vosi and ros; are the voltage drop and the on-state
resistance of the power devices, respectively.

vsi is the voltage blocked by the semiconductors and t; and t;
are the rise-time and the fall-time of them.

lr = 2Qn / tr , and t; =t + ty, Which can be replaced from
the datasheet. k is the eddy current loss coefficient, B is the
magnetic flux variation, « and £ are constants that depend on
the core type and W is the core weight in grams. Kool-Mp
core is employed for both inductors (k = 0.000693, o = 1.460,
p=2.0and W =570 g).

The power-loss calculation of the proposed converter is
presented in results section. It can be seen that the ZCS and
the interleaved operation of the DC chopper offer a low
switching loss for the DMIMI. These results are later
confirmed through experiments.

I1l.CONTROL DESIGN

As mentioned before, the control of the proposed converter
includes two algorithms: one to maintain Vg (voltage
controller) and the other to shape the grid current at the
inverter stage (current controller). The overall control system
is shown in Fig. 8. By comparing the instantaneous grid
voltage and the PV voltage, either step-down or step-up mode
of operation is first determined.

In this work a simple yet efficient digital control concept,
called dead-beat (DB), is adopted for both voltage and current
controllers. As will be shown, the DB voltage controller only
requires the value of Cgyc to directly calculate the duty cycle,
d, of the chopper from the measured and reference Vgc1 and
measured inductor and grid currents. The DB current
controller can also simply determine the modulation index, m,
for the inverter stage directly from the measured grid voltage,
measured and reference grid current and the measured DC
voltage with the grid inductance value as the only parameter to
be known.

A. Voltage control
As shown in Fig. 9(a), in step-up operation mode, when the

DC-stage Inverter-stage

x T
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Fig. 8. Control diagram of proposed DMIMI.
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Fig. 10. Simple equivalent circuit of the inverter stage during
conduction of S, (blue line) and freewheelina (red line).

chopper is active, while Spk is on, the current through Cgc: can
be determined as

. dVy .

icacr = Cocr d_tc =g ®

Similarly, when the switch Sy is off, the capacitor current is
dVdcl

=i — g 9)

The slope of the capacitor voltage during Smk on state (yon.dc)
and during Smk off state (yor.dc) can be determined as

iCdcl =Cga dt

av, —i
Yonde = o=
dt Ciu (10)
_ dVyes _ Ik _ig
7/0ff,dc - dt - Cdc1

Now one can predict the capacitor voltage at the next
sampling period (Vaci[n+1]) from its current value (Vqc1[Nn]), by
using the slopes already determined in (10) for the step-up
mode of operation, i.e.

Vdcl[n +l] :Vdcl[n] + yon,dcton,dc + yof‘f,dctoff,dc (11)
where tongc and tosr,dc are the Smk on and off state dwell times,
respectively during the step-up operation.

The controller is intended to eliminate the error, ve, between
the reference voltage (Vac:”) and Vg [n+1], i.e.

V, =V —Vau [N +1] =V, =V [n]-7, onoctonoc ~ Yoftoclofroc =0

(12)

Then, tondc and consequently the optimal duty cycle can be
determined as

d= ton,dc _ Cdcl (Vd*cl _Vdcl[n]) - (imk [n] - ig [n])Ts

Ts (2|g [n] _imk [n])Ts
B. Current control

The current controller is aimed to shape the current through
Lg, shown as ig, as a pure sinusoid, which is in phase with the
grid voltage. As shown in Fig. 9(b) a simple DB current
controller is again developed for this goal. The simple
equivalent circuit of the inverter stage is shown in Fig. 10. In

(13)
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the equivalent circuit, when Sy is on, the voltage across Lg can
be determined as
di

v, =L, - =Vpe, =V, (14)

where Vpex is Vv and Vpy + Ve during the step-down (modes
Il and I1l) and the step-up (modes | and IV) operations,
respectively. When the equivalent switch Sy is off, then the
inductor voltage is

- 9 _
v, =L, e =V, . (15)

The slope of the inductor current during S on state (yon,inv)
and off state (yofr,inv) Can be written as

di; Voo~V
yon,inv - E L—
. ? (16)
di, -v,
Vottiv = 3, — 7
o at L

9

Now one can predict the inductor current at the next
sampling period (ig[n+1]) from its current value (ig[n]), by
using the slopes already determined in (16), i.e.
ig [n +1] = ig [n] + }/on,invton,inv + }/off,invtoff,inv (17)
where ton,inv and tosriny are the Sy on and off state dwell times,
respectively.

The controller is intended to eliminate the error, ic, between
the reference current (ig") and ig[n+1], which translates to

ie = I; - ig [n +1] = I; - ig [n] - yon,invton,inv - 7off,invtoff,inv =0. (18)

Then, toninv and consequently the optimal modulation index
can be determined as

L (ig —ig[n]) + v, [n]T,
- VDCx [n]Ts .

IV. PERFORMANCE EVALUATION

The performance of the proposed converter is investigated
through extensive experiments on a 1 kW test rig, shown in
Fig. 11 with the parameters of Table IlIl. A
STMicroelectronics STM32F407 floating point digital signal
controller is used to implement the DB control algorithm and
realize the PWM signals. Figs. 12 and 13 show the full load
steady-state performance. It is clear from Fig. 12 that the
excellent performance of the proposed converter in injecting a
highly sinusoidal current to a harmonically polluted grid. With
a closer look at the current waveforms, one may detect slight
distortions at mode transitions from the step-down to the step-
up and vice versa in the waveforms of Fig. 12(a). However,
the THD is slightly higher at the simple unipolar operation
mode (2.31%) than the multi-level mode (2.07%). However,
both THDs are much below the standard limit of 5%. It must
be noted that the grid voltage THD is around 3%. The
maximum ripple of the inductance current is less than 5%,
which is in accordance to the design value.

The output voltage is shown in Fig. 13 at the multi-level
and the simple unipolar modes of operation. As discussed
before, at the multi-level operation, the DMIMI generates 5-
level voltages as 0, £ Vpy (= £ 200V) and + Vpyt Vga (= £
350V). The gating signals are generated according to Fig. 5

(19)

To the single-

hase grid

~ Low power,
ower suppl

Fig. 11. Experimental hardware prototype.

TABLE I
EXPERIMENTAL SETUP PARAMETERS
Parameter Value
Input voltage 200V
Grid voltage 220V /50 Hz
Switching frequency 30 kHz
Output power 1 kw
Inductor Lmk 0.25 mH
Inductor Lg 2mH
Capacitor Cgc1 23 uF
Capacitor Cpv 92 nF
MOSFET SPW35N60CFD
IGBT IXGH48N60, IXRH40N120
Diode IDW16G65C5

and the blocked voltages by semiconductor switches are
presented in Fig. 14.

Fig. 15 shows the experimental waveforms of the two-phase
interleaved DC chopper currents at full load. Complying with
the theoretical analysis, the total output current is the sum of
the currents through the interleaved phases and the peak
current of each phase is effectively reduced. Also it can be
seen that Vg is regulated with minimum ripples.

The diode and switch current waveforms of Fig. 16 confirm
the DCM operation that means Dmk is going to the blocking
state enough before Smk receives a turn-on gate signal.
Therefore the reverse-recovery current of Dmk is no longer a
problem. Moreover, zero current turn-off of both diode and

Tek i . MPos5000ms  Tek .

lg,2A/div

. M Pas: 5.000ms
lg,2A/dw

Trig'd Trig'd
+ +

Vg,200v/div

v

5ms/div

v
EL

THD(vg)—Bv
5ms/div. THD(ig)=2.31%

(@
Fig. 12. Waveforms of PV voltage (Vpy), grid voltage (vg) grid current
(ig) for: (a) multi-level operation (Vey = 200 V) and (b) simple unipolar
operation (Vpy = 350 V).
M Pos: 5.000ms  Tek .

2¥

THD(v5)=39
THD(ig)=2.07%

Tek I

3

Trig'd Trig'd M Paos: 5.000rms
\d ¥

|
VaB 100

Sms/div h ms/div
(@) (b)
Fig. 13. Waveforms of grid voltage (vg) and converter voltage (Vag) for:
(a) multi-level operation (Vey = 200 V) and (b) simple unipolar operation
(va =350 V)

VAB,100v/d
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switch reduces the losses and switching transients.

The transient response to step jumps of the DC input
voltage and the reference of the grid current are presented in
Fig. 17. Obviously a fast current dynamic performance is
achieved for both modes. Also a high step change in the PV
voltage has almost no effect on the output current waveform.

The DB controllers provide some kind of one-step-ahead
prediction that effectively enhances the dynamic performance
in response to possible changes and disturbances.

As already mentioned, the leakage current must be

concerned with the grid connected PV converters.
Trig'd
[ +

Tek .. I Trig" d M Pos: 00005 Tek .. M Pos: 0.000s

Ve $2,200v/dw
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Fig. 14. Collector-emitter voltages of S;-Ss.
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Fig. 15. Waveforms of voltage (V4c1), DC chopper inductor current (iymk)
and zoomed view for multi-level operation.
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Fig. 16. Waveforms of DC chopper inductor voltage (Vimk), current
(iLmk), switch current (ismk), diode current (ipmk) and zoomed view for

multi-level operation.
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Fig. 17. Transient waveforms in response to: (a) Vey jump from 200 V
to 350 V and (b) step current jump from half to full-load.

Figs. 18(a) and (b) show the experimental results of the pole
voltages, the common mode voltage and the leakage current.

As already expected, the high frequency component of the
common mode voltage occurs at around the switching
frequency of 30 kHz that lies far outside the possible range of
resonance frequency of the common mode impedance. As the
result, the RMS value of the grid leakage current is below the
standard requirements, for example the limit of 30 mA defined
by [15]. Figs. 18(c)-(f) show Vcm, Van, Ven and ijeakage fOr
modes I-1V that exactly match the values already calculated
from Table I.

As mentioned before, the DB controllers need the values of
Cac1 and Ly to provide the optimal duty cycles for the DC
chopper and the inverter, respectively. Therefore, the
performance of the DB controllers, considering the Cgc1 and Lg
mismatches, denoted by ACqc1 and ALg must be inspected. As
an effective measure of control system performance, the THD
variations in response to the mismatches is shown in Fig. 19.
Firstly the stable operation even with high mismatches is
ensured. Secondly the THD of the injected current remains
below the requirement of 5% under the full load condition.

As shown in Fig. 20(a) and (b), the proposed PWM strategy
operates successfully for both 0.8 leading and 0.8 lagging
power factors, which makes the proposed converter a practical
and competitive solution in the recent market.

The transient performance of the DMIMI with the proposed
PWM strategy is studied experimentally and the results are
shown in Fig. 21. It is clear that the proposed modulation
technique offers fast and at the same time smooth transitions
in response to sudden change of reactive power set-point.

The measured efficiency for different output powers is
reported in Fig. 22. For a wide power range from 50 W to 1
kW, the efficiency is above 93% reaching its peak of 97.86%
at the output power of 300 W. Furthermore, through the
efficiency curve it is possible to calculate the European and
CEC weighted efficiencies, as 96.35% and 96.53% for simple
unipolar (Vey = 350V) and 96.97% and 97.18% for multi-level
(Vev = 200V) modes, respectively.

In order to quantify the interleaved operation, the non-
interleaved configuration is simulated with the same
inductance, which is employed in the interleaved
configuration.

For all four configurations including CCM interleaved/non-
interleaved and DCM with ZCS interleaved/non-interleaved,
the configuration of inverter side is the same and just the DC
side converters are then compared. Therefore, the quantified
comparison results among four configurations are summarized
in Table IV.

It can be seen that the rating of components and the
efficiency of the DCM interleaved configuration is the best.

Finally, a comparison of the proposed transformerless
inverter with the well-known competitors is presented in Table
V. It must be mentioned that some of the switches (Si, Sz and
S3) are unidirectional. Therefore no reactive power can be
handled. Although the proposed converter has a higher
number of switches and diodes than the topologies of [11],
[13] and [14], the number of semiconductors that conduct
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simultaneously is minimum among all. Also, the DMIMI takes
advantage of the ZCS operation during the step-up mode,
contrary to other competitors in Table V, which highly
reduces the switching losses during this operation mode.
Consequently, the DMIMI achieves a high efficiency as other
successful schemes while it offers additional advantages like a
reduced number of active and passive elements conducting
simultaneously and a low leakage current. Therefore, it can be

considered as a superior candidate for any PV applications.
Tek i Trig'd M Pos: 0.0005
P Viem, 100v /i

Van,200v/dw

el

:
:
:
Ve, 200v/divi
:
H
:

5.0kHz/div
Vem, 10d8/di A

20dB=

|

i
Bl H H ileakage,lDOm, \/div

H | H]
w___Mk_e__‘q,__ WERRTT TR N LMNI Lol e

: o] =30kHz
Mode | 1n'n \Y
T halfoyde T Fhalfoyde
(@) (b)
Tek . Trig’d 14 Pos: 0L000s Tek . 14 Pos: 0L000s

Tiig'd
L d

Vo, 100V/drv Viem, 100v/di

M{j‘ I 100V Van,200v/di ]
"’"T:lzoo v A

N gy
{_ VBN,Z?&N
[ S TEGO VLT

Van, 200v/dv

o [T YAVER it
ileakage,lOOmA/drv ileakage, 100mA/div
» =50 : W o A 1“|.L. i J[L.q
i : e : .
i 30kHZ T 10ps/div - 30kHZ “: 10ps/div
(© (d)
Tek .Sl Trig'd MPos:i0000s  Tek LML Trig'd M Pas: 00005
¥ Vem, 100v/dv ¥ Vem, 100v/di
Izloo v Van; zj‘(,[\,/d_n, I:loo v 1:17 5V Van, 200/
ooy LT L Ty [T

VBN ZOOV/d W

BN,200V/dv!
NS S
» 1=100V =200V 100V 350V .

fieakage, 100mA/div leakage,100mA/div
=50mA
k 4{/?\(}“\_\_},/\
10us/div 30 kHZ 10ps/div
(e) ®

Fig. 18. Waveforms of: (a) Vcum, Van, Ven, lieakage, (B) harmonic spectrum
of Veu, and zoomed view of waveforms at (c) mode |, (d) mode II, (e)
mode Ill and (f) mode IV.

PRI I it

i H ¢
i 30kHZ : :

%A L

-50 -50

Fig. 19. Grid-injected current %THD versus Cg; and Lg mismatches
under nominal power, THD is always below 5% with the maximum and
minimum of 4.7% and 2.31%, respectively.

M Pos: 5.000ms  Tek i Trig'd 14 Pos: 5.000ms

+
/‘ig,lOU\//drv

v /‘\ /”\(W”/ \\ a

5ms/div

Tek . Trig'd

+
[\g ,100V/div

,\

va 100V/dv Vv, 100v/dw

THD(ig) = 4% 5ms/div. THD(ig) = 4%

_ (@ _ (b) _
Fig. 20. Waveforms of PV voltage (Vev), grid voltage (vg), grid current
(|g) under: (a) 0.8 leading and (b) 0.8 lagging power factors.

Tek L ] Acq Cornplete M Pos: 5.000ms Tek T [ ] Acq Complete M Pos: 5,000ms

}[_g,lOUV/dN [_g,lOO\//dlv

VPV,ll)OV/dN VPV,lODV/dN

15 aR7dv 1 'ZlA/drv -
agis /\ / N0
VW S\
A 5ms/div B Sms/div
PF=1'|" PF=08-lead PF=1']" PF=0.8-lag
(@ (b)
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TABLE IV
COMPARISON AMONG FOUR CONFIGURATIONS OF DC SIDE CONVERTER OF DMIMI.
DCM DCM ccM CCM
. non- . non-
interleaved . interleaved .
interleaved interleaved
No. of
semiconductors 4 2 4 2
Dk and Spk
'C'o' ofinductors 5 osouH  1x250uH  2<AmH  1x1mH
mk

Peak voltage of Smc 350/ 350 V 350 V 350 V
and Dy
Peak current of Sme, ) 5 o ~36 A ~6.2 A ~11.5A
Dmk and Lmk
fw 30 kHz 30 kHz 30 kHz 30 kHz
Peak calculated
efficiency of the 98.41% 98.02% 97.84% 97.32%

DMIMI based on
Table Il

V. CONCLUSION

This paper proposes a new dual-mode interleaved multi-
level single-phase grid-tied transformerless PV inverter. The
operating principles and the converter design guidelines are
presented in details. Fast yet simple digital control schemes
based on the dead-beat concept are then proposed, which
result in excellent DC voltage and AC current control
performance. Based on the theoretical analysis and the
experimental studies, the proposed converter has the following
main advantages:
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TABLEV
COMPARISON AMONG THE COMPETITORS.

IIDMI Aalborg Converter in 2-stage DB Proposed

[10]  [11] [13] [14] DMIMI
No. of switches 11 6 9 7 10
No. of diodes 3 4 2 5 4
No. of inductors 4 3 2 8 3
No. of capacitors 2 3 2 3 3
No. of DC sources 1 2 1 1 1
No. of semiconductors
conducting 3.2 @step-d
simultaneously 3,3 33 3 3@stepdown 3 3do@wsr‘f”' 4, 4(;;2;)-%”
(positive, negative half(g‘p‘;’;;iao":)d ' 44@stepup 4 o0 (interleaved
cycle) during active operation)
state mode
No. of semiconductors
conducting -
simultaneously 9
(positive, negative half(g”;s;ﬁiao":)d e R 0 i
cycle) during zero
state mode
ZCS operation? no no no no yessgzgeg)-up
Switching Freq. [kHz] 10 40 20 20 30
Rated power [kW] 2.2 2 0.22 15 1
1ci 0,
peck efficiency %] 9g4, o818, 9613 v, 9786,
e PP 982 976 95.22 - 97.31
Injected current THD 19 _ 29 (5-level) ) 2.07 (5-level)
[%] ' 4.2 (3-level) 2.31 (3-level)
RMS leakage current 6.8 16.2 (Slevel) 123 20 (5level)
[mA]f ’ 30 (3-level) ' =5 (3-level)
Low frequency
gompogegt incurrent  yes yes yes yes yes
emanded to PV?
Capability of reactive
no no no no yes

power exchange?

1) it retains the advantages of the dual-mode time-sharing
inverters as a high conversion efficiency, since only one
power stage, either step-down or step-up, works at high
frequency at any time, which prevents unnecessary switching
losses;

2) although the DMIMI has almost many devices, but it
retains the advantages of the single-stage schemes as a
decreased number of semiconductors conducting at the same
time and better THD of the output current;

3) it retains the benefits of the dead-beat controller as a fast
transient response, especially at mode transitions between the
step-down and step-up and positive and negative half cycles;

4) it offers a low leakage current;

5) it retains the advantages of the interleaved DC choppers
as reduced current through the passive and active components
and the increased ripple frequency;

6) it offers reactive power exchange.

The main shortcomings of the DMIMI are the relatively
high number of semiconductors (10 switches and 4 diodes)
and the presence of high frequency components in Vcewm during
the step-up mode.
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