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Abstract—In the past two decades, the operating voltage of pho-
tovoltaic (PV) installation has increased in order to reduce current
ratings and system installation costs. Such a large number of PV
panels in series (e.g., 1000-1500 V systems) lead to wide variations
of PV voltage due undesirable effects such as shading, soiling/dust,
aging, and hot surface temperature. A partial shade would nor-
mally shut down solar inverters, unless a boost stage is added to
the system input to ensure a proper dc-link operating voltage for
the inverter. A boost input stage can double the input voltage oper-
ating range to extract maximum power under any possible shading
and temperature condition. In this paper, a new PV string boost
topology arrangement is proposed in the form of a miniboost used
for three-phase grid-connected converters. The string miniboost
increases the dc voltage range to extend power extraction under
shading and low irradiance conditions and only requires to process
a fraction of the rated power. The proposed cost-effective solution
is further improved by using the inverter peak power envelope at
boundary operation, resulting in expanded energy extraction be-
yond existing techniques. A design procedure to optimally size the
miniboost and the peak-power envelope is presented along with a
comparative analysis, under different irradiance levels, to illustrate
the advantages in energy extraction obtained with the proposed PV
string miniboost solution under low voltage and boundary opera-
tion. Furthermore, improved efficiency operation schemes and is-
sues of common-mode current are discussed, and three mitigation
design techniques intended for three-phase, three-level inverter
transformerless topology are presented. Simulations and experi-
mental results using a dual miniboost dc—dc stage and three-phase
three-level neutral point clamped inverter are presented to validate
the proposed dc-bus extension range and system design.

Index Terms—DC-bus voltage utilization, leakage currents, peak
power maximum power point tracking (MPPT), photovoltaic (PV)
energy production, PV string boost design optimization.

I. INTRODUCTION

RANSFORMERLESS grid-connected photovoltaic (PV)
T inverters present the merits of high efficiency and den-
sity to perform renewable energy production and power con-
version. The most common roof-top residential and commercial
PV installations are designed for operation under 1000 V open-
circuit voltage due to safety regulations and system component
ratings [1]. The inverter may operate up to 850 Vic (Vicnmax)
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at full nominal power (FPj.y) and extend the range up to
1000 Vg, (Voy) with reduced power operation due to limited
voltage/power characteristics of commercially available power
devices [2]-[4]. Single-stage converters operate from a mini-
mum dc voltage (Vicumin) that is in relation to the grid voltage
and below this value, the inverter does not produce power. This
challenge can be mitigated by introducing a boost input stage
that converts the voltage of the panel to the required rated bus
voltage. This approach requires the addition of a second power
stage with nominal power rating (P, ) so cost considerations
and efficient operation are critical. Grid-connected PV inverters
require advanced power conversion control strategies to inte-
grate and enable energy production with high efficiency, power
quality, and reliability [S]-[9].

Modern PV power plants have been studied in the literature
including energy production maximization, control strategies
related to reduced irradiance and PV modules orientation [10]—
[15]. The PV module manufacturer specification is given at stan-
dard test conditions (STC, 1 kW/m?, 25 °C cell temperature, and
air mass of 1.5). In real applications, these ideal conditions are
almost simultaneously nonexistent. The negative factors which
impact the PV power extraction are related to low irradiance
conditions, nonoptimal tilt angles, PV cell soiling and dust, PV
modules aging, and partial shading of the modules resulting in
power production degradation.

Maximum power point tracking (MPPT) is one essential part
of any PV application. These algorithms ensure the PV array
operates at the most efficient condition, producing as much en-
ergy as possible, even under changing environmental conditions
[16]-[18]. One of the main problems with MPPT algorithms is
related to local maxima created by partial shading conditions
[19]-[21]. Although many solutions have been proposed that
tackle the issue of local maxima [22]-[26], a key problem still
remains: the global maximum can be located at a voltage that is
much lower than the overall voltage of the array. PV inverters
with a single stage [see Fig. 1(a)] will not be able to operate at
such low voltages, making the inverter useless or significantly
reducing the production energy below what is available. This
problem is especially important when the PV string becomes
larger, leading to the presence of more operation points at local
maxima.

The operating region of the typical single-stage PV grid-
connected inverter is illustrated in Fig. 1(a). It is delimited by
VieMin» below which the inverter enters in nonoperational mode;
above Vienrin, the inverter can operate at full Py, until Vienrax,
and after that power is curtailed to extend the range to V,,, ; above

See http://www.ieee.org/publications_standards/publications/rights/index.html for more intormation.
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Fig. 1. PV power versus dc-bus voltage utilization characteristics for:
(a) inverter without boost stage, (b) inverter with standard boost stage, and
(c) proposed optimized inverter with miniboost and peak-power envelope at
boundary conversion operation solution. u#v: nonoperational under dc voltage
shutdown range. b Operation with boost converter. n: nominal power opera-
tion (MPPT). p: power limit/curtailing mode. ov: overvoltage dc nonoperational
(components failure). 7: grid interfaced with line transformer for increased oper-
ational voltage (optional). i increased converter power, optimization for constant
input PV current and constant power losses operation.

Viv, the inverter is nonoperational. This range can be extended
(indicated by (¢)) by using a transformer to interface the grid,
but the weight, volume, and the efficiency are penalized. In
Fig. 1(b), the two-stage power conversion PV operating region
is presented. The boost power converter follows the slope (1)
that is reduced until new minimum voltage (V,,) is achieved.
Unfortunately, since the PV array will not produce the nominal
power when the shades and problems cause it to operate at the
lower voltage, the boost converter is overdesigned causing the
cost to be unnecessary high.

The PV module’s energy production reduction is attributed
to several factors, including irradiance variability, partial
shading, soiling, cells delamination and discoloration, and
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Fig. 2. Typical representation of PV energy production over time.

increased operation temperature. The use of the standard boost
design would lead excess of materials (e.g., magnetics, elec-
tronic components) while not being able to benefit of its full
rated power capability.

In Fig. 2, a typical representation of PV module energy pro-
duction over time used by manufacturers to provide required
warranty or to differentiate their performance is shown. The
power loss (A P,ss) over time is inherent and the standard boost
becomes evidently an overdesign. In contrast, the proposed PV
string miniboost design leads to an improvement in energy pro-
duction over time in terms of both initial cost and return of
investment.

In this work, a new topology and design methodology based
on a string miniboost converter at the input of the PV inverter
is presented. In Fig. 1(c), an improved PV inverter operational
range for power extraction and design optimization is presented
using a miniboost. The boost stage converter is designed to
operate only when the voltage is lower than Vj.\ri, and becomes
disengaged when PV voltage exceeds Vjcnin, for anincrease in
system conversion efficiency and the operation at rated power.

The proposed PV string miniboost is designed to process
only a fraction of the PV inverter nominal power Py.y , leading
to the use of smaller, and therefore lower cost components.
The inverter sizing is further optimized based on a proposed
peak power envelope at the boundary of the operating area.
This technique allows for extra room in the operating region, to
generate more power into the grid than previously possible.

Transformerless grid-connected PV systems are susceptible
to leakage current generation above the required safety limits.
The stray capacitance between the PV array positive and nega-
tive terminals and grounded frame provides a current circulation
path among the PV source, converter, and ac grid port. In three-
phase neutral point clamped (NPC) topology, the neutral point
can be bonded to grid neutral in order to suppress the leak-
age current [27]. Modulation techniques have been proposed
in three-phase systems for leakage current reduction [28]-[30].
However, with these methods, the modulation index is limited
and maximum dc bus utilization cannot be achieved. In this
work, three methods are discussed that minimize current leak-
age while maintaining the maximum dc-bus utilization.

The work is organized as follows. The characteristics of the
typical grid-connected inverter (single-stage and two-stage) are
presented in Section II. The advantages of the proposed topol-
ogy compared with the existing ones are presented in Section III.
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The design considerations for the string miniboost with peak
power envelope optimization are presented in Section IV.
Section V presents a case study of a PV plant designed using the
proposed guidelines, and discusses issues and solutions to min-
imize common-mode (CM) current circulation in three-phase
three-level inverter transformerless topologies. The simulation
and experimental validation of the extended range, improved
efficiency, and reduced leakage current of the grid-connected
PV conversion system is presented in Section VI. Finally, the
conclusions and observations are presented in Section VII.

II. PV INVERTER WITH SINGLE- AND TWO-STAGE
POWER CONVERSION

Fig. 1(a) and (b) shows the operating region of the two tradi-
tional PV grid-connected inverter topologies. In the following
paragraphs, the details of the design and operating boundaries
will be presented along with the resulting advantages and disad-
vantages comparison. The proposed PV string miniboost topol-
ogy is presented in Section III.

A. PV Inverter With Single-Stage Power Conversion
(No Boost Converter)

The single-stage PV inverter operating area is presented in
Fig. 1(a). The single-stage inverter is simple and efficient, since
it does not include a second stage, but the operation is limited at
the minimum operating voltage (Vi ) that is required to syn-
chronized to the grid voltage. The region below V,,, represents
the under voltage (uv) region, where the inverter is nonopera-
tional.

A single-stage inverter may operate from Vi, = 975V
(lower dc-bus limit) to Vgenax = 850V (upper de-bus limit) at
Pjycn, and extend the range up to 1000 V. with reduced power
operation due to limited voltage blocking of commercially avail-
able power devices. The Vi is dependent of the modulation
strategy used as per

6]

Viesin = 2+ Viy + Viccomp (SPWM)
Vietin = V3 Vi + ViacComp (ZS — PWM).

The minimum dc voltage is selected considering the com-
pensation voltage Vjccomp, in addition to grid phase voltage
magnitude Vin, ensuring the inverter operation in linear modu-
lation. The zero-sequence (ZS) pulse-width modulation is used
in this work, and provides an advantage over sinusoidal pulse-
width modulation (SPWM) with an extension of 2/ /3 for the
dc input voltage utilization. If a line transformer is interfaced
between the output of converter and grid for lower ac grid volt-
age inverter operation (e.g., 15% lower), then, the minimum
voltage can be extended to lower PV input voltage. However,
adding a line transformer to the system does not provide a cost-
effective solution since it increases weight, volume, and reduces
efficiency [1].
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B. PV Inverter With Two-Stage Power Conversion (With the
Boost Converter)

The operating region for the PV inverter with boost stage
is presented in Fig. 1(b). In this case, the operating region is
extended (although not at full nominal power). This topology
design allows more energy to be extracted; however, its compo-
nents are oversized and the efficiency is reduced. For uniform
irradiance, the voltage will rarely drop below (Vgcnmin) and for
partial shading, the available power is less than the rated power.
At lower voltage levels, the inverter is able to extract the avail-
able power from the PV modules. The rated boost power at
lower PV voltage is limited by the current ratings of power de-
vices, current sensors, and magnetics. As shown in Fig. 1(b),
the boost power stage is not optimized since the boundary of the
operating region boot power (Pp = Vj.14.) is greater than the
available power from PV-string modules (P, ). It can be noted
that the boundary power gradient of the boost stage (mp)

_ dPg
~ v,

(@)

mp
is greater than the gradient determined by the series/parallel
combination of PV modules (my )

_dP,,
TV,

my (3)
Furthermore, considering the shading effect, the available PV
power decreases further; therefore, the boost power stage is not
optimized which leads to an overcost design.
The maximum recommendable design sizing criteria for PV
voltage and current (J,y\ax, VpvMax) are given by

{IvaaX = NpIschax < ImaXAdm (4)

vaMaX = NS‘/OCTlniH < VmaxAdm

where NV, and N, are the number of parallel strings in the ar-
ray and the number of series cells in each string, respectively,
Lsermax and Vo .rmin are the short-circuit current at the maxi-
mum temperature T;.x and open-circuit voltage, respectively,
at the minimum temperature Thriy, Ipaxadm 1S the maximum
admissible current given by the ratings of the power devices, in-
ductors, switch-gear, and cables, and V},axA dm 18 the maximum
admissible voltage given by the components ratings.

It can be argued that connecting more PV stings in parallel
would increase the power gradient, beyond my .

However, an important cost-effective design criterion is the
maximum short-circuit current that the switch gear and the ca-
bles can handle, which leads to selection of maximum number
of PV strings parallel (/V,,) and series (/V,) connected is given
by

Np ImaxAdm

IN

Ischax (5)

Ng V;n axAdm

IN

V:)CTmin

In this context, it is clear that the boost stage has been dimen-
sioned for the full rated power Py, although it will only ever



SERBAN et al.: IMPROVED PV INVERTER OPERATING RANGE USING A MINIBOOST

8473

Mini-boost1 kp1 11 ; h
PV1 [)Plf.;ij e P Ve
L'p\g_ Rpv.p | v Yivin
- | Lem.de == ‘T‘_’ Al B1] Cl st
.=. i = Cat Lf j Lemac  7g
[R{RY 'Il f . v
)_‘ cm
; r{r‘)?n Rpv.nt
Mini-boost2 P2
PV2
Cpv.p. Rpv.p
_ = Lem.de
3 o] I
Bun e r
Lyl
PE Ty 1CM
Cpv.n, Rpv.n
PV Inverter > i—» abc
control i,—>]
i —
V.f- * |
| 4= 1y MPPT PWM(AL-Ad
I ;.—» Control PWM(B1-B4 =
‘5[2\-911”_&1[’21'_ B PWM(C1-C4)3
P e
MPPT LI
Controller| |
|@) Mini-Boost MPPT
v vl — =V, w r .
) 2 Bst.MPPT|__mpp.p¥! PWM  EpwM(Q1 )|
1;,; —»_Control L ownmions!
A Modulator P“‘I{Q.H" ol Le
i L ] ¢ PD-PS
I ('p\'z (5) |
Boost | Vi Y % [ 4
control S BstMPPT LT elafx=abe
| Iy —» Control / vV
\ e T 01 T H P et = t'._,.l'l.l'=r:.|'1.t' /}

Fig. 3.

Power conversion stage and control block diagram with miniboost engagement at low PV voltage operation. The maximum power point is determined

by the MPPT block algorithm, that shifts control from the PV inverter to the miniboost stages under different operating conditions.

process a fraction in it. Therefore, the implementation through
the traditional approach results in an overdesigned solution.

III. PV INVERTER WITH THE PROPOSED PV
STRING MINIBOOST

A novel approach solution is presented in Fig. 1(c): the mini-
boost stage with peak power envelope boundary operation. In
this case, a boost stage is included that is designed for a fraction
of the rated power of the PV inverter and that can be bypassed
if the PV array can provide the voltage by itself.

This solution offers a tradeoff between the single-stage con-
verter and the two-stage converter, offering the benefits of both
parts without the additional losses and cost of a full size boost.
When large PV plants are considered, the miniboost stages can
be distributed to each string and rated for a fraction of each
strings power.

A schematic of the proposed topology is included in Fig. 3. In
this schematic, two strings are included in the PV array, and each
string is assigned to a miniboost, dc—dc conversion. The dc—ac
power stage conversion is implemented using a three-level NPC
PV inverter. Each dc—dc miniboost stage is built using an in-
ductor, a capacitor, a switch (Q1,Q2), and a diode (Dj1, Dy2)
while the stage can be bypassed using diode D,,1, D,» when the
boosting is not needed. Conversely, if D), D)2 are not imple-
mented, the current flows through two series elements: a boost

inductor (L /L) and a boost diode (Dy; / Dya—silicon car-
bide) which leads to additional losses. Instead, the bypass diodes
D,1, D,y are selected with a low voltage-drop and low-cost
standard recovery silicon-type rectifiers. Furthermore, the re-
placement of the bypass diode with an even lower on-resistance
switch (k,1, k2, e.g., low-cost relay) will result in lower losses
and heat dissipation. A simple control signal between k1, k2 ,
and @1, Q- is implemented with a mutually exclusive logic.
Therefore, the proposed redesign of the bypass boost switch
provides an opportunity for higher efficiency operation, as will
be demonstrated in Section VI.

The combined output of the miniboost stages is connected to
dc link, V., which represents the input voltage for the dc—ac
inverter power stage. The three-phase inverter topology selec-
tion is a three-level T-type NPC as shown in Fig. 3. The inverter
three-phase currents from natural abc coordinates ¢,, %, %. are
transformed to stationary o3-frame, i,,, ig, which are then con-
verted to synchronously rotating reference dg-frame i, i,, as
shown in Fig. 3. The grid-connected converter (miniboosts and
inverter) MPPT active power is achieved by the active current
controller G4 with feedforward grid voltage d-axis component
Vin =V and decoupling from d-axis with the cross-coupling
term wli,. The peak power envelope inverter operation is de-
termined by the active current component (%) generated to the
grid network. The active current reference 7, is obtained from
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TABLE I
GRID-CONNECTED INVERTER WITH- AND WITHOUT BOOST PV SYSTEM COMPARISON SUMMARY

Criterion Inverter without boost Inverter with standard boost Inverter with PV string
miniboost
MPPT range (dc-ratio) Reduced Improved Optimized
System cost/W Reduced High Medium/Optimized
System weight/power density Reduced Standard Medium/Optimized
PV system power production at low irradiance levels Restricted Improved (e.g. Optimized (e.g.
(e.g.< Vmprr, Plim) Vatpp, Pupp) Wirp, Purp)
Operation voltage at high PV cell temperature (MPP Restricted Improved (e.g. Optimized (e.g.
locus) (e.g.< Vapp, Plim) Vapp, Pyapp) Vapp, Pupp)
PV string design flexibility due to extreme temperature Restricted Improved Optimized
conditions
PV power system application: ground mounted, Restricted Optimized Optimized
residential/commercial roof-top, car-ports
PV inverter design Reduced Complex Complex
the dc-link voltage regulator Gy : Ppv [1kw] Inverter with Inverter
optimized-boost
iy = (Vae = V4.)Gv. (6) ' \[Peak Power 25°
| Envelope
globall MPP M1
The inverter dc-link voltage reference V', is a programmed Bl T
value determined by the MPPT controller. The inverter MPPT PdeN
active power is controlled by the equivalent inverter output av- PenbNN

erage voltage e, given by

€ = ‘/;1 — wLiq + (lfl - id)Gid (7)
eq = Vg +wlig —i,Gyy.

Fig. 3 also shows the proposed control and MPPT implemen-
tation of the system. As it can be observed, the MPPT algorithm
block is not only in charge of determining the MPP but also of
moving back and forth between the single-stage and two-stage
topologies. Eq. (8) shown at the bottom of this page.

The arbitration of MPPT algorithm-control between the string
miniboosts and inverter power stages is performed as per relation
(8).

The MPPT controller (see Fig. 3) selects the execution of
maximum power tracking according to (8). In addition, the se-
lection functions F,,1, F},y2 determine the boost current ref-
erences [y, Ij,,, where in normal operation, these functions
use the output of G,,,1, G,,2 control blocks. However, in a grid
fault case scenario, the selection functions use the output of the
Gy q. controller which must regulate the dc-link voltage at the
reference voltage established by V' 5.

A comparison summary for a grid-tie inverter with standard
boost, without and with miniboost power stage, is presented
in Table I. It can be seen that the proposed PV string mini-
boost topology introduces improvements in almost all the as-
pects compared in the table, which represent the main concerns
when designing a power inverter for PV applications.

T Gedecreasing] My AT S
PV aging

PdcMin

+ 4 4
VdeMin  Vdem VdeMax Vov
Vpv [V]

Fig.4. P-Vcharacteristics under STC uniform insolation (G, ) and two-step
partially shaded (G'y,, ) operating conditions for boost design optimization. This
shading profile is used to obtain the miniboost characteristics.

IV. DESIGN OF THE MINIBOOST STAGE WITH PEAK POWER
ENVELOPE OPTIMIZATION

The renewable power that can be utilized and delivered to the
ac grid, using an inverter with an optimized miniboost power
stage, is illustrated in Fig. 4. This design adds two major new
features: the PV string miniboost topology and the peak power
envelope optimization. The design procedure for the proposed
architecture will be outlined in the following paragraphs.

A. PV String Miniboost Stage Design

The design of the miniboost is based on selecting a power
rating and gradient (m;,) that will be enough to tackle the power
of the inverter at when the voltage has dropped below Vi, and
no more. The boost boundary power gradient (/mp) is designed
to be less than or equal to the gradient of the PV-string (my ),
considered at STC.

a.MPPTisperformedbytheinverter if (Vpy1 and Viv2) > Viemin
b.MPPTisperformedbyeachminiboost it (Vpy1 and Viv2) < VieMin (8)

c.MPPTisperformedbyoneminiboostandinverter if (Viy1 or Voya) < Vaein-
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A convenient design consideration is that the my of the PV
modules is practically independent of the operating cell temper-
ature, as can be seen from Fig. 1.

The linearity of P-V characteristics and the close matching
curves below MPP voltage determines the sizing boost selection
criteria

mpg S my. (9)

The minimum dc (Pycpin ) power is less than the MPP voltage
(Vs p) at the same power gradient

Pacviin = mp Vi < IvppVarep (10)

where in a practical design, the minimum miniboost start-up
voltage (V,,,) is correlated with the internal auxiliary supply

V;w = (11)

auxMin + V:)ffsct .

The string boost is designed for the power size considering
@), (5), (7T)—(9). At low irradiance levels, the boost extracts the
available energy from the PV string modules. The string boost
sizing design optimization methodology is proposed as follows.

1) N,, Ny: select the number of series and parallel PV mod-
ules (e.g., using (5)).

2) my: determine power gradient of the PV modules given
by the equation of the line (M, M; ). The maximum boost
size is less or equal to the nominal inverter rated power
(e.g. Puyn < Pyen).

3) mp: calculate the boost boundary power gradient using
(10).

4) P, pn: the selection of miniboost boundary power is
suggested within a range, with a maximum power se-
lected at M (Vaerin, Pacn ), Fig. 4. However, the mini-
boost maximum power can be selected at a lower value,
My (Viemin, Pmon), Fig. 4. This is selected based on
the shading profile, components cost design optimization,
and PV modules aging-degrading prediction. The boost
component cost reduction aims for design optimization in
cooling, magnetics, current sense transducer, and power
semiconductor devices.

The PV voltage variation with the MPPT control arbitration
between the boosts and inverter power stages among the inverter,
miniboost, and hybrid cases is shown in Fig. 5. The proposed
string miniboost provides an advantage over the standard so-
lution, in the optimization for cost, size, and power density.
During the tracking process, when the PV voltage ramps above
Viemy, the PV inverter transitions to operate without the mini-
boost stage (boost disengaged) and the MPPT control moves to
the inverter stage (n-region). When the operating voltage drops
below Vjcmuv, the boost is turned on again and the MPPT is
transferred to the miniboost stage (b-region). The PV operat-
ing range of the string boost and inverter power ratings can be
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Fig.5. Inverter input dc voltage control by the MPPT algorithm; when the PV
voltage is lower than the minimum voltage of the single-stage PV inverter, the
boost stage is engaged and the MPPT control shifts to the miniboost stage with
peak power envelope operation. V71 : nonoperational dc under voltage (uv, e.g.,
200 Vdc). Vgenmin: minimum de-link voltage for inverter operation in linear
modulation range (per (1)). V;_; : de-link reference voltage under inverter—
MPPT control mode. V' ,, : dc-link reference voltage under boost voltage
regulation mode. Vyy : Nonoperational dc over voltage (ov, e.g., 1000 Vdc).

described through the following expression:
Puv (Vpv)

Iip Vi if Vi < Viow < Ve
P,(V,,) = P I
b(Vov) {PmbN if Vup < Vv < Viedax

Vv =ViaeMmax \ 3
Py - (1 -7 Ll ) if Vaemax < Vi)v < Voy

Vov —VieMax

0if Vyy > Viy .
(12)

The string boost is designed with an adaptive duty-ratio, func-
tion of the grid ac voltage and is expressed as follows:
1- Vo .

Vae(Vac)

In this case, the inverter control establishes the dc-bus regu-
lation level (V] ;, Fig. 3), which is adaptive to the grid voltage
variations (e.g., line voltage 400™ V. &+ 15%). As a result, two
immediate benefits are established: 1) lower boost duty-ratio
D(V},y, Vi) operation leads to higher efficiency; and 2) the in-
verter performs with higher efficiency at lower dc-bus voltage
range, as will be demonstrated by the measured efficiency in the
experimental section.

Fig. 6 shows the boost and inverter operating range derived
from (12) and (13) and the PV current drawn from the PV array,
I(VPV) = Pb(‘/iav)/VPV'

D(Vov, Vae) = 13)

B. Peak Power Envelope Optimization

An additional proposed optimization criterion is the power
conversion system design selection at peak power envelope
boundary operation. The inverter power stage is designed for
operation over its rated power (Pgcnax > Paen)- The Py
represents the inverter nominal MPPT power and is selected
at maximum dc voltage (Vycnmax), wWhere the inverter exhibits
the higher conversion losses (due to increased power devices
switching losses and core magnetics losses). Pycnax represents
the maximum inverter MPPT power, operation at optimum dc
input voltage (V.. ) where the conversion losses are lower than
at the maximum voltage Vicnax-
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Fig. 6. Grid-connected system operating range: boost rated power (P ), input

current (/3 ), and duty-ratio as a function of PV voltage.

The inverter MPPT power operation is designed for two in-
tervals, given by

mr; = AP >0
AVivi (14)

mpy = 282 <

12 AV,yve .

During the first interval, the inverter operates with constant
current

I _ Picinv _ Pacnax (15)
o Vvchin Vdcm
and the dc power can increase linearly to Pycnax
AP = PyeMax — Paciny (16)

AVi)vl = V:lcm - Vchin-

At the beginning of second interval, the dc power decreases
linearly toward Py.y due to increase in power losses

APry = PyeMax — Paen

a7
AV})VQ = VaeMax — Videm-

The inclusion of these power gradients in the inverter oper-
ating area optimizes the utilization of the inverter power semi-
conductors. Instead of taking the conservative approach and
defining the operating limit all through Vgcain t0 Vienax as
Pyc.n (which is only true at Vjcaax), @ more realistic approach
is presented that has the benefit of being shaped as the PV curve
of the panel, adding operating region where it is most needed.

V. PV SYSTEM OPERATION CASE STUDY

A. PV String Miniboost Stage Design Considerations Using
P-V Characteristics

A solar array power installation is designed with PV modules
connected in series—parallel configuration in order to ensure the
desired working voltage and current within the power system.
The PV array maximum open-circuit voltage is calculated at the
lowest daily minimum temperature (with PV module voltage
temperature coefficient ) and maximum-power point voltage
(Vinp) for the PV array string is determined at the daily PV cell
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temperature (7.), with the consideration of STC of 1000”W / m?
irradiance and Tg;. = 25 °C reference temperature

‘/oc = Voc.ste [1"_6‘/“ (T(’ - T:qtc)]

(18)
Vmp = Vmp.stc []-"_/BVH,p (T(‘ - Tstc)] .

As per (4), (5), and (18), the selection of number of series
(Ns) connected PV modules is maximized up to the V,caqm
(with the constraint of V. 1. = 1000 V) calculated at the low-
est ambient temperature (e.g., Ty, = —20°C). The selection
of parallel (/V,,) connected PV modules is selected based on
grid-tie converter availability, cable sizing, and maximum short-
circuit switch-gear capability. Using (4) and (18), the series-
and parallel-connected PV modules are N, = 19, respectively,
N, = 2.

In this case, the proposed string miniboost design considers
the use of up to two strings connected in parallel (Nppy,.x = 2)
for the balance-of-systems cost reduction due to fuse elimination
(cost reduction), the higher MPPT granularity, and the arc-fault
detection that can use the same current sensors used in the
miniboost control.

The over-sizing power ratio selection (e.g. Py /Picny = 1.2)
between PV array and electronic converter (i.e. boost, inverter)
is dependent on project location including tilt angle, orientation,
dc switchgear, wiring losses. Safety regulations and standards
imposes design margins, in addition to oversizing ratio, for ca-
bles, bus bars, switchgear which further leading to increased
system cost. Therefore, the oversizing power ratio is practically
limited and the proposed string miniboost stage provides an
improved and optimized solution.

The PV array strings are prone to nonuniform solar irradiance,
and the cases considered in this analysis are shown in Table II.
The I-V and P-V characteristics under different irradiation (two-
and three-step change) and temperature conditions, as explained
in Table II, are shown in Figs. 7 and 12.

The optimization of the string miniboost size is based on
practical shading and lower irradiance profile, components cost
and PV modules aging resulting in performance degradation.
The miniboost component cost reduction aims for design op-
timization in cooling, magnetics, current sense transducer and
power semiconductor devices, as it can be seen in Table III.
The proposed peak power envelope operation provides optimal
inverter operation by maximizing the utilization of the power
components. The use of the proposed new methodology allows
the PV inverter to operate at high efficiency while extending the
operating range and keeping the system cost down.

The MPPT algorithm implemented is a perturb and observe
with capabilities for detecting the global maximum using a peri-
odic sweep. Other algorithms can be included to target specific
needs given by the situation.

The sizing concept can be applied to a cost-performance op-
timization design, applicable to any PV system installation.

In the following section, experimental results of the proposed
topology are presented in order to validate the system design.
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TABLE II
CASE STUDY: SERIES- AND PARALLEL-CONNECTED PV MODULES WITH STEP-CHANGE IRRADIANCE

Case

Trradiance distribution

Converter topology

Ns/G1[no.PV]/ Ns1/Gayi[no.PV]/

Ns2 /G22[no.PV]/ Ns3/G23[no.PV]/ Inverter without

Inverter with
miniboost

[(W/m?] [W/m?] W/m?] (W/m?] boost power stage  power stages
Cl (see Fig. 7) 19/1000 13/1000 6/600 - Limited power MPPT power
production. Shade production. Shade
intolerant. tolerant.
C2 (see Fig. 8) 19/1000 13/1000 6/400 -
C3 (see Fig. 9) 19/1000 13/800 6/600 -
C4 (see Fig. 10) 19/1000 13/800 6/400
C5 (see Fig. 11) 19/1000 7/1000 6/600 6/200
Co6 (see Fig. 12) 19/1000 7/800 6/400 6/100

PV module characteristics: Vi ste = 44.8 V, Viipp ste = 36.3V, Inpp ste = 8.41 A, Isc ste = 8.97TA, 8= —0.34%/°C, Pyax = 305 W (Canadian Solar CS6X-
305P) with surface cell temperatures 7. = —20, 0, 25, 50, 65, 80 °C at 1 " kW /m2 . The 1000 V system has two parallel strings of 19 PV modules in series.
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G2) Np=2; Ns1/G21=13/1000W/m? Ns2/G22=600W/m’

Fig. 7. Case Cl: comparison between uniform irradiance G1 =
1000 W/m? and partially shaded G2 = Gy = 1000(Nsl = 13), G2 =
600 (Ns2= 6) W/m?. The solution with string miniboost is able to success-
fulcover the inverter operating regions.

B. CM Circulating Current Issues and Improvement Solutions

The inclusion of ZS triple harmonics components in three-
phase converter’s modulation (M. = 2/ V3) provides ex-
tended dc-bus utilization that is 15% higher than the SPWM
(Mmmax = 1). As a result, the operation can be performed at
a lower dc-bus voltage range, which leads to two advantages
in terms of efficiency: lower switching losses (dc—ac inverter
stage) and a lower conversion ratio between dc—dc boost and
dc—ac inverter power stages.

In order to benefit from the above advantages, the three-
phase 3L-TNPC considered in this work is designed with
a neutral-point floating potential, i.e., the mid-point between
top and bottom capacitors (C,r,C,p, Fig. 3). However, due
to the nature of nongalvanic isolation between the PV mod-
ules and the grid, leakage currents are generated and propagated
through the stray impedance (e.g., capacitance Cyy ,, Cpy.,, and
resistance Ry ,, Ry, Fig. 3). The variability of the stray
capacitance between the grounded PV module frame and the
floating positive and negative terminals is mainly influenced by

TABLE III
B0OOST DESIGN COMPARISON

Parameter Standard bSesing miniboost

Boost boundary maximum power, Pp .« [p-u.]1 (12.5 kW)0.48 (6 kW)
Power gradient mp [W/V] 26.7 17.5
Maximum operating current (/qc, ) [p-u.] 1(26.5A) 0.64 (17 A)
Power semiconductor devices (Q, Dy) sizing [p.u.] 1 0.6
Inductor (L) size [p.u.] 1 0.7
Current sensor ratings [p.u.] 1 (40 A) 0.625 (25 A)

cell construction and weather conditions. In this case study, the
stray capacitance is considered to have a value of 100 nF/kW.

The CM voltage is the sum of the phase voltages at each filter
inductor terminal with respect to a common point (e.g., neutral-
point (z) point, negative (n) and positive (p) dc terminals). The
three-phase balanced voltage system and the CM voltage of the
inverter output with respect to grid neutral (V) and neutral point
(z) is expressed

Van +Viy +Venw =0

_ VetV Ve,
‘/;‘,IILZ 3 .

19)

The voltage fluctuation at the dc positive and negative ter-
minals becomes the generator source for the CM current. The
circulation path formed through the PV stray capacitance and
resistance (Cyy, Ry ) leads to CM current generation:

Zz:a,b,c IT = Icm 7é 0

(20)
(Ir =14+ 1c3m ) |x:a,b,c .

The phase output current contains the differential term (I, 4),
and one third of the CM current (I.,,). The CM current mag-
nitude is influenced by the PV stray impedance elements (e.g.,
Cpv, R,y—Ileakage resistance provides a damping effect), the
system components (L, Ley.decs Lem.ac), the de voltage op-
eration (Vj.), the modulation strategy and switching frequency
impact on dVi,y (2) /dt:

dVCpV (t)

tem (t) = Cpv 7

21



8478

20
15 1py
5A/div)
10 ¢
5 {
0 : -
15 [Ppv (SkWidiv) T Peak Powel
PdeN|----eann-an T O R— P i “nvelope
i,
S
: ’I
mini-boost ' 70 2 )
0 ' .
0 200 400 600 800 1000

Gl) Np=2; Ns/G1=19/1000W/m? (200V/div) Vpv [V]
G2) Np=2; Ns1/G21=13/1000W/m? Ns2/G22=400W/m>

Fig. 8. Case C2: comparison between uniform irradiance
G1=1000 W/ m?  and partially shaded G2 = G2; = 1000 (Nsl = 13),
Goo = 400 (N52=6)W/m2. The solution with string miniboost is able to
successful cover the inverter operating regions.
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Fig. 9. Comparison between uniform irradiance G1 = 1000 W/m? and par-
tially shaded G2 = G271 = 800(Nsl=13), G2 = 600 (Ns2= 6)W/m2. The
solution with string miniboost is able to successfully cover the inverter operat-
ing regions.

The duration and magnitude of the leakage current above
certain limits present a safety hazard by allowing the current
to flow through the human body or to create fire hazards. The
conditions for a current leakage and residual fault must occur
when the current’s value (RMS, average and sudden change)
is above a permissible threshold (e.g., 300 mA, P<30 kVA,
and 10 mA per kVA, P>30 kVA), which is usually determined
by standards. The issue of CM (leakage) current reduction is
addressed in this work using three different techniques: CM
inductors, capacitive filtering, and modulation strategy.

The first technique reuses the dc and electromagnetic compli-
ance (EMC) components (Le¢my.dcs Lem.ac, Fig. 3), which now
are designed for a dual purpose: electromagnetic emissions
(e.g., EN61000-6-3) and current leakage (e.g., IEC62109-2,
VDE-AR-N-4105) compliance. This technique introduces high
impedance in the leakage current path. Furthermore, an inductor
(Lgna, Fig. 3) can be placed between the grid ground bonding
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Fig. 10. Comparison between uniform irradiance G1 = 1000 W/m? and par-
tially shaded G2 = G321 = 800 (Nsl=13), G22 = 400 (Ns2= 6)W/m2. The
solution with string miniboost is able to successfully cover the inverter operating
regions.
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Fig. 11. Case C3: comparison between uniform irradiance G 1= 1000 W/ m?
and partially shaded G2 = G3; = 1000(Nsl = 7), G22 = 600 (Ns2=6),
Ga3 = 200 (Ns3 = 6) W/m?. The solution with string miniboost is able to suc-
cessfully cover the inverter operating regions.

and protective earth of the PV system. However, the ground
inductor Lg, 4 has the disadvantage of increasing the cost of the
system.

The second technique involves adding relatively low-cost film
ac capacitors (C', ), between the inverter output and neutral point
(z). In this way, a fraction of I, is returned to its source and
the leakage current circulation through the grid conductors is
reduced.

The third technique is implemented at the three-phase in-
verter modulator level: while maintaining the ZS, the three-
phase carriers are shifted as shown in Fig. 3. The concept intro-
duced is a modified phase disposition (PD) modulation with a
phase-shift (PS) angle () between the inverter’s three phases.
Using this technique, the dV,y (t)/dt term from (21) is reduced
in magnitude, and the end result is a lower CM voltage spec-
trum, with lower leakage current, as will be demonstrated in the
next section.
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Fig. 12.  Case C4: comparison between uniform irradiance G 1= 1000 W/ m?
and partially shaded G2 = G321 = 800(Nsl = 7), G22 = 400(Ns2 = 6),
Ga3 = 100 (Ns3 = 6) W/m?. The solution with string miniboost is able to suc-
cessfully cover the inverter operating regions.

TABLE IV
BOOST AND PV INVERTER MAIN CHARACTERISTICS

Power Nominal Switching Power DC operation
stage power Py.n, P, frequency Inductor range
Vch in _Vch ax
stage Picy. Pulpu]  [kHz] [mH] v
Miniboost1 0.25 20 Ly =1 200-850
Miniboost2 0.25 20 Lys =1 200-850
Three-phase 1 20 Ly =038 575-850
PV inverter

VI. SIMULATION AND EXPERIMENTAL RESULTS

An experimental setup was developed in order to evaluate the
proposed architecture design for energy production on a three-
phase 25-kVA inverter with dual string PV system. The char-
acteristics of the experimental setup are presented in Table IV.
As it can be observed, each miniboost stage is sized to 1/4 of
the total rated power of the PV inverter, using components that
are much smaller and more economical than the corresponding
full-rated components for a 25 kW boost. The grid-connected
PV inverter with dual miniboosts prototype configuration, used
for experimental evaluation, is shown in Fig. 13. The sizing of
the converter components was performed following the design
procedure based on the optimized peak-power envelope in order
to maximize the device utilization.

Fig. 14 shows the key waveforms of PV inverter operation
with dual miniboosts using the proposed control structure from
Fig. 3.

During the first interval (¢, — ¢ ), both miniboosts operate in
independent MPPT mode, converting power from two separate
and balanced PV arrays, P,y1 = P,y2 = 2kW. At moment ¢;,
an imbalance is produced (sudden difference jump in irradiance
on PV1 array), and MPPT1 (miniboost 1) detects an increase
power available solely from PV1 array source and the total
power generated is increased from 4 to 7 kW, which corresponds
to the maximum power production available from PV arrays.
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Fig. 13.  Three-phase grid-connected PV inverter with string miniboosts pro-
totype stage configuration for experimental evaluation.
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Fig. 14.  Grid-connected PV inverter power conversion with dual miniboosts
under balanced and imbalanced test cases: key waveforms.

Y-axis: Cl—inverter phase currents I,, I, I., and active current compo-
nent I, 10 A/div. C2—boosts power, P,y1, Ppy2, and inverter active power,
P, 2 kW/div. C3—dc-link voltage V{j. and input voltages of two miniboost
stages, Vpv1, Vpva, 200 V/div. C4—Miniboosts inductor currents 1, Ipo,
5 A/div. C5—three-level three-phase control signals e, , e;, e, and ZS Vzg,
0.5 p.u./div. X-axis: 20 ms/div.

Part of the effectiveness of the inverter’s control structure of
Fig. 3 is demonstrated in the dynamics evaluation tests from
Fig. 14.

Fig. 15 shows the grid-connected PV system’s performance
under step-load, i.e., PV array irradiance sudden profile change.
In Fig. 15(a) and (b), prior to moment t,, the two arrays PV1
and PV2 are exposed to a similar irradiance level. In this case,

the miniboosts execute the MPPT algorithms (V5 15 Vinppios
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Fig. 15. Grid-connected PV inverter power conversion with dual mini-
boosts under two step-irradiance test cases. (a) System operation with
MPPT transition from miniboost] and miniboost2 to inverter stage.
The PV1 and PV2 array characteristics are changed at ¢y as fol-
lows: (Imp1, Vinpt, Pmp1) = (15 — 13 A,400 — 850 V,6 — 11 kW ) and
(Imp2, Vinp2, Pmp2) = (15.5 — 14.1 A,400 — 850V, 6.2 — 12kW). At
to, PV1 and PV2 characteristics are returned to values prior to fg.
(b) System operation with MPPT transition from miniboostl to in-
verter stage: PVI array characteristics change (Impi, Vipi, Pupt) =
(15 — 14.8A,400 — 800 V,6 — 11.8kW) while PVI remains constant
(Imp2: Vinp2, Pmp2) = (15.5A,405V,6.27TkW). At to, PV1 character-
istics is returned to values prior to tg. Y-axis: Cl—inverter phase cur-
rents I, I, I., 20 A/div. C2—PV input voltages of two miniboost
stages Vpv1, Vpva, de-link voltage V., 200 V/div. C3—PV input currents
Ipv1, Ipyv2, 10 A/div. C4—Dboosts power, P,yv1, Ppyve.and total dc power, Py,
5 kW/div. C5—MPPT control signals (see Fig. 3), Vntpptl R Vr;;ppt% Vo
200 V/div. X-axis: 200 ms/div.
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Fig. 3) while the inverter regulates the dc-link voltage (V] ;
Fig. 3).

Fig. 15(a) demonstrates the MPPT steady-state operation and
transition of both miniboosts, from step-up conversion to bypass
mode, where the MPPT is executed by the inverter stage. At the
moment ¢, the available power at PV1 and PV2 ports suddenly
approximately doubles. Consequently, the PV1 and PV2 volt-
ages increase from V;,,,1 = 400V (prior to ¢;) until the MPP
voltage is determined and settled by the inverter’s MPPT al-
gorithm. At ¢; the miniboosts transition to bypass mode and
the task of tracking the maximum power is transferred to the
inverter controls, regulating the de-link voltage at Vg, = 850 V.
At t9, the PV1 and PV2 characteristics return to their initial
values prior to £, with stable transitions and, at t3, the system
resumes its initial operation.

Fig. 15(b) demonstrates the system’s ability to operate flex-
ibly using independent MPPT controls, fulfilled by the mini-
boosts and inverter conversion system. At the moment ¢, the
available power at the PV1 port suddenly approximately dou-
bles. As aresult, the PV1 voltage increases from V},,,1 = 400V
(prior to tp) until the MPP voltage is determined and settled
by the inverter’s MPPT algorithm. At ¢;, the miniboost tran-
sitions to bypass mode and the task of tracking the maxi-
mum power is transferred to the inverter controls, regulating
the dc-link voltage at Vj. = 800V. At 9, the PV1 charac-
teristics returns to their initial values prior to %y, while PV1
profile remains constant. The interchange of MPPT boosts-
inverter functionality demonstrates the system’s stability and
robustness.

The experimental results of the inverter operation, with
single- and two-stage, under dynamic and steady-state condi-
tions for the MPPT arbitration are presented in Fig. 16-18.

The single-stage inverter operation is shown in Fig. 16 since
the PV voltages, (Vpv1 and Viv2) > Viemin are sufficient to
bypass the miniboosts (case a, relation (8)). The MPPT is
performed by inverter stage, with two PV strings balanced at
3.93 kW for power production. The MPPT perturbation (volt-
age steps from the control set-point V' ;, Fig. 3) is proportion-
ally reflected in the dc components, V1, V,vo and Vieain as
it can be noted in Fig. 16(a). The inverter gradually increases
the operating point of the converter until it reaches the 99.8%
mark.

Fig. 17 shows the two-stage inverter conversion operation,
with PV voltages (Vjv1 and Viy2) < Viewmin (case b, (8)). The
two miniboost power stages are enabled due to low PV volt-
age operation. The MPPT perturbation (voltage steps from the
control set-points Vi [ i1, Vi, 02, Fig. 3) is independently per-
formed by the two miniboosts as it can be observed in waveforms
Vovi and V,,y0 in Fig. 17(a).

A single-stage PV inverter (without miniboost) would not be
able to operate under these conditions since the voltage is less
than the required Vyemin = 575 Vde (e.g., 230 Vix /400V 1,
grid).

In Fig. 18, the experimental results with an imbalance of
power between two independent PV input strings (Fig. 3,
miniboost 1 and 2 with conduction diodes D,, D,2) are
shown. This case corresponds for the case with different ori-
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Fig. 16. Single-stage PV inverter operation (miniboosts are switched auto-
matically off), The MPPT is performed by the inverter (V},y1 and Vo) >
Vienin- Experimental results with inverter—MPPT control dynamics under
irradiance-power change: 1-8 kW, grid-connected three-phase 230/400 V-
50 Hz. PV1: [-V, P-V characteristics with inverter-MPPT algorithm efficiency
0f 99.8%.
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Fig. 17. Two-stage PV inverter operation, with two miniboost engaged (PV1
and PV2). The MPPT is performed by two miniboosts (V},v1 and Vjva) <
VieMin - Experimental results with string miniboosts-MPPT under steady-state
conditions with 7.6 kW grid power production, with MPPT algorithm efficiency
of 99.8%.
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Fig. 18.  Single-stage PV inverter operation (miniboosts are switched automat-
ically off). Inverter MPPT-control dynamics under imbalanced PV input strings
loading: 5 and 1.96 kW, grid-connected three-phase 230/400 V=50 Hz. PV1:
-V, P-V characteristics with inverter-MPPT algorithm efficiency of 99.7%
(miniboost = off with D1, D2 = on).
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Fig. 19. Power conversion efficiency measurements: (1), (2) are with by-

pass switch and dc—ac inverter and (3), (4) are with two miniboosts (each
rated at P, /4) and dc—ac inverter. The auxiliary system power consump-
tion is included: electromagnetic interference filters, cooling fans, ac dis-
connect relays, signal conditioning. Test conditions: unity power factor
(PF = 1), 230~VLN//400~VLL, 50 Hz, P, = 25kVA.

TABLE V
SYSTEM DESIGN PARAMETERS

Value

Description

Symbol

Boost diode voltage

Vi (Dy1,2) (type:

1.8V (P, = 2P; =

drop (Iy = silicon carbide) 57.6 W)

16 A, T; = 100°C)

By-pass diode voltage Vi(Dp1,2) (type: 0.825V (P, =
drop (Iy = standard recovery) 2P; = 26.4W)
16 A, T; = 100°C)

Bypass switch Ry (kp1,2) (type: 10 mQ (P, =
resistance relay) 2P; =5.12W)
Rated power (PF = 1) P, 25 kW

PV operating voltage Vvt = Vpvi = Ve 800 V

PV stray capacitance Cpy = ZGPV""" . 2.5 uF

PV stray resistance pv.equivalent 1Q

AC filter Cy 10 uF

CM ac neutral-point C, 4.7 uF
filter

CM dc filter Lem de 2 mH

CM ac filter Lem ac 1.5 mH
Differential ground Lgna 1 mH

filter

Grid impedance
Maximum CM current
(Limits imposed by
safety standards)

Zy = Ry + jwl,

cm.max

[0.14+jw (0.1 mH)]

300" mA s (detection
time: 0.3 s)

entation of PV modules (e.g., rooftops angle) fixed typical
position, without the capability to track the sun throughout
the day. The inverter-MPPT algorithm performs periodic volt-
age sweeps in order to determine the global maxima for op-
timal energy production. The miniboost is able to increase
the dc voltage to the operating point for improved PV in-
verter energy production, with reduced size and power rating
components.

Fig. 19 shows the power conversion system’s efficiency,
where higher performance is achieved when the boost stages
are switched off, i.e., when using a bypass switch and dc—ac in-
verter, especially at higher modulation index (e.g., 620 V, curve
(1)) operation.

Table V shows the bypass switch design comparison and
the necessary design parameters for the CM current circulation
reduction evaluation.
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CM current reduction techniques: (a) PD modulation and modified PD-PS (p4 = 0, op = 7/2, o = ) strategies comparison. Y-axis: C1—inverter
phase currents I,, I, I., and active current component I; , 20 A/div. C2—CM (leakage) circulating current, /., , 5 A/div. C3—CM voltage waveform with
respect to neutral-point (z) (see (17) and Fig. 3), Vi, 200 V/div. C4—dc-link voltage V., and bottom and top voltages with active neutral-point regulation
control, V. g, V.7, 200 V/div. X-axis: 30 ms/div. Test conditions: V},v1 = V2 = Vg, = 800V (bypass mode), PF = 1, 230~VL1\~//400~VLL, 50 Hz,
P, = 25kVA.

TABLE VI
PARAMETERS OF THE SIMULATION EVALUATION

Time Improvement Modulation

interval solution strategy Iem [Arms]  Iem < 300mA

tog —t1 None PD 4.53 No
PD-PS 1.78 No

tp — 12 Lem.de + Lem ac PD 0.357 No
PD-PS 0.255 Yes

to — 13 C, PD 0.202 Yes
PD-PS 0.158 Yes

ts —ty Lgnd PD 0.186 Yes
PD-PS 0.155 Yes

To present a practical and relevant example, when using a low
voltage-drop diode (D, 2), the bypass losses (P,) are 50%
lower than the bypass losses produced when the boost diode
(Dy1,2) is used. Further improvement is obtained by using a low-
cost relay (k1 ), which reduces the losses by 90%, as shown
in Table V. Evidently, the bypass switch design has significant
consequences for power dissipation (F},,), which affects system
cooling and efficiency.

The investigation of circulating CM current uses the de-
sign parameters from Table V. The evaluation is conducted
at high dc operating voltages (e.g., 800 V) where the leak-
age current attains maximum values (due to dVi,y (¢)/dt term
from (19)).

Fig. 20 shows the inverter operating with (a) PD and (b) mod-
ified phase-disposition phase-shift (PD-PS) modulation strate-
gies. In both modulation cases, the CM is measured under four
identical test cases, as specified in Table VI. Prior to moment ¢,
an ideal case is considered, without stray capacitance, where the
CM current is zero, as per (21). At ¢y, the stray capacitance Cy
is suddenly connected (see Fig. 3) resulting in a leakage current
of approximately 12% I, [see Fig. 20(a)]. The connection of the
stray capacitance is also reflected in the inverter output current,
as per (20). The modified PD-PS modulation provides a better
performance, with a leakage current of 5% I,,. However, even
this value is over the maximum continuous current limit (e.g.,
300 mA).

The test continues with the insertion (¢;) of EMC filter
components, Lepy dc, Lem.ac, Which dramatically reduces the
CM current. Under these conditions, the grid-connected PV
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system is standards-compliant only when using PD-PS mod-
ulation technique, as can be seen in Fig. 20(b) and Table VI.
Using the standard PD modulation, the CM current is still over
the required limit, as shown in Fig. 20(a) and Table VI. Further
CM current improvement is achieved by connecting, at 2, an
impedance branch (C',) from the inverter output to the common
neutral-point (z), as shown in Fig. 3. In this way, a fraction (value
dependent of C',) of CM current circulates back to the source
through this newly inserted path. As a result, the leakage current
is reduced and the PV system is compatible with both modula-
tion strategies. The last test occurs at t3, where a ground induc-
tor is enabled in the CM current path for further leakage current
attenuation.

VII. CONCLUSION

A graphical approach using /-V and P-V characteristics pro-
vided remarkable insights interactions of the PV—converter sys-
tem. A new architecture for PV grid-connected converters based
on a string miniboost stage to increase the operating region of
the inverter without the losses and cost of a full size boost
stage was introduced in this paper. In essence, the miniboost
is a PV string boost converter equipped with an efficient by-
pass switch element. The PV string boost concept is developed
in design size optimization, for the typical PV modules used
worldwide. The design optimization maximizes the utilization
of the power components by using the proposed peak power
envelope inverter operation and only engaging the miniboost
when necessary given the array conditions.

The proposed architecture kept the advantages of the current
single-stage PV inverter (increased efficiency using a bypass
switch) when the PV voltage was high enough avoiding the use
of the miniboost and allowed the operation when the PV array
voltage dropped below the minimum voltage, likely due to par-
tial shading phenomena. The proposed topology was composed
of one or more boost stages rated for a fraction of the nominal
power of the PV inverter connected to each string of the PV
array that could be bypassed if the PV string met the voltage
requirements of the PV inverter by itself, avoiding the losses
when the additional boosting is not needed and limiting the
cost. Individual miniboost stages could be used for multistring
PV arrays reducing the possibility of operation at local max-
ima and providing improved energy extraction capabilities. The
proposed inverter peak power envelope at boundary conversion
operation provides design optimization for energy production
maximization. Three methods of CM reduction for safety and
standards-compliance were discussed. The overall performance
and the utilization of the PV array and PV inverter were im-
proved by the use of this topology and design methodology
novel approach.

Experimental results using a three-phase 25-kVA inverter
with dual string PV system and the same inverter with two
string miniboost stages were presented showing the advan-
tages for improved energy production of the proposed new
architecture.
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