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- PV to Virtual Bus Parallel Differential Power
Processing Architecture for
Photovoltaic Systems

Afshin Nazer

Abstract—This article introduces an innovative parallel
differential power processing (PDPP) architecture
designed to mitigate the effect of mismatch among photo-
voltaic (PV) strings. The proposed PV to virtual bus PDPP
architecture leverages a virtual bus as the input for all
string-level converters. Notably, this approach allows for a
reduction in the voltage rating of components since the
virtual bus voltage can be set lower than the main bus or
PV strings voltage. In this architecture, crucial require-
ments for the string-level converters (SLCs) include the
capability to generate positive and negative output vol-
tages and to provide isolation. To fulfill these require-
ments, a dual active bridge converter connected to a
bridgeless converter as the PDPP SLCs is considered. In
this architecture, while SLCs ensure maximum power point
tracking (MPPT) for each PV string using conventional
MPPT algorithms, the central converter controls the virtual
bus voltage. Experimental results validate the performance of
the proposed PV to virtual bus PDPP architecture with a sys-
tem efficiency ranging from 96.4% to 99%.

Index Terms—Differential power processing (DPP), maxi-
mum power point tracking (MPPT), photovoltaic (PV) system,
photovoltatronics.

I.  INTRODUCTION

HOTOVOLTAIC (PV) systems, developed over half a

century, offer a compelling solution to rising electricity
demand. They are favored for their access to free solar energy,
eco-friendly operation, longevity of over 25 years, easy installa-
tion, low maintenance, and suitability for remote areas [1], [2],
[3]. The early approach to connecting PV arrays to the grid was
the centralized architecture where PV modules are connected in
series to form PV strings; then, PV strings are connected in par-
allel at the input of a central inverter, as shown in Fig. 1(a).
While cost-effective and simple, they suffer from demerits such
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Fig. 1.

as high-voltage DC cables, diode losses, limited serviceability,
and scalability concerns [4], [5]. Additionally, mismatches
caused by shading, different tilt angles, dust, degradation, light
variations among PV modules, a short-circuited PV module,
and so on, reduce system efficiency [6], [7].

To mitigate mismatch losses and optimize energy yield vari-
ous distributed maximum power point tracking (DMPPT) archi-
tectures have been developed, offering solutions at different
levels of granularity. These range from multistring inverters [1],
which track the maximum power point (MPP) of PV strings
individually [Fig. 1(b)], to PV optimizers or microinverters,
which perform MPPT at the module level [7], [8], [9], [10],
[11], [12], [13], [14]. DMPPT architectures can generally be
divided into full power processing (FPP) and differential power
processing (DPP) categories. Although FPP architectures, such
as multistring architectures [Fig. 1(b)], are mature, proven, and
consolidated technologies with a wide variety of power convert-
ers already available in the industry, they process all the power
generated by the PV strings. Besides, the voltage and current
rating for the converters’ components used in these FPP archi-
tectures are determined by the voltage and current of the PV
strings/modules, which deteriorates power conversion efficiency,
size, reliability, and cost [6], [15]. To solve these problems, differ-
ential power processing (DPP) [7], [10], [11], [12], [16], [17],
[18], [19], [20], [21], [22], [23], [24], [25] has been introduced.
DPP architectures provide the advantage of processing only a por-
tion of the power generated by PV modules, allowing the majority
of power to be directly delivered to the output. This offers two
key advantages: 1) it reduces operational time and increases sys-
tem efficiency, even if DPP converters’ efficiency is lower than
that of FPP, 2) it alleviates stress on components, resulting in
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improved reliability and lifespan [10], [26]. DPP architectures
typically fall into two categories: series DPP (SDPP) [7], [10],
[11], [12], [13], [14] and parallel DPP (PDPP) [16], [17], [18],
[19], [20], [21], [22], [23], [24], [25].

As shown in Fig. 2(a), SDPP architectures regulate the differ-
ential current between individual PV modules (ipy,, ) and the PV
string current (ipy, ), effectively mitigating mismatch-related
losses within series-connected PV elements. Yet, they are insuffi-
cient in addressing mismatch losses among parallel-connected
PV strings [27], [28]. Thus, the concept of PDPP has emerged
(Fig. 2(b)] [16], [17], [18], [19], [20], [21], [22], [23], [24], [25].
PDPP architectures compensate for the differential voltage
between PV strings and a main bus, eliminating mismatch losses
among parallel PV strings. Despite all the current from the /" PV
string flowing through the respective string level converters
(SLC), the voltage across the jth SLC (vsLc,) may be lower than
the PV string voltage. This suggests that the power handled by
the SLCs may be less than that of conventional FPP multi-string
architecture, allowing for potential reduction in converter rating
and conversion losses.

PDPP architectures are categorized based on the connection
of the primary side of the SLCs. Typically, PV to bus (PV2B)
architectures are analyzed and reported, which are further classi-
fied into PV2B-I [17], [18], [19], [20], [21] and PV2B-II [22],
[23], [24], [25]. In PV2B-I, the primary side of the SLCs is con-
nected to the main bus [Fig. 2(c)], while in PV2B-II, the primary
side of the SLCs is connected to the PV strings [Fig. 2(d)]. The
most suitable architecture for a given application is the one lead-
ing to the lowest maximum power processing [29]. In [22], a
buck-boost converter has been selected as the SLC for the
PV2B-II architecture. While the SLCs compensate for the dif-
ferential voltage between the PV strings and the main bus, they
also have to handle the full current generated by the PV strings.
Additionally, the components must withstand the PV string volt-
age, resulting in SLCs with power ratings equivalent to those of
FPP converters. In [17], [21], [23], a flyback converter is utilized
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Fig. 3. PV systems using the proposed PV2VB PDPP architecture.

in both PV2B-I and PV2B-II architectures. Flyback converters
are advantageous due to their simplicity, but their application is
generally limited to power outputs of a few hundred watts. Con-
sequently, other studies [18], [19], [20], [23], [24], [25] have
employed different topologies to increase power handling capa-
bility, albeit at the cost of simplicity.

Although high efficiency has been reported for PV2B archi-
tectures, directly connecting SLCs to the main bus or PV strings
presents three main disadvantages. First, the voltage rating of
SLCs is determined by the PV strings or main bus voltage. Sec-
ond, the scalability of the PV system is limited: adding PV mod-
ules to a PV string increases the string’s voltage, necessitating
SLCs with higher voltage ratings. These first two issues also
exist in FPP SLCs. Lastly, PV2B PDPP requires SLCs with
high-voltage conversion ratio (vs.c/vs). To address the chal-
lenges of both PV2B PDPP and conventional FPP architectures,
we have proposed a novel PV2VB PDPP architecture [16]. This
article provides a comprehensive analysis and presents experi-
mental validations to demonstrate the performance of the archi-
tecture proposed [16].

As shown in Fig. 3, PV2VB PDPP is a novel architecture
where SLCs inputs are connected to a common isolated DC bus
called the virtual bus instead of the main bus. One key advan-
tage is the flexibility to select a lower voltage for the virtual bus
compared to the main bus, leading to a potential reduction in ini-
tial and repair cost of SLCs. Additionally, the use of low-
blocking voltage semiconductors in the PV2VB architecture
enables the use of MOSFETS instead of IGBTS, enabling higher
switching frequencies, reducing the size of passive components
and improving the converter’s power density. Moreover, there
will be less challenge in designing EMI/EMC filters for low-
voltage converters which simplifies compliance with electro-
magnetic compatibility standards [30], [31]. Besides, this archi-
tecture can mitigate the high voltage conversion ratio required
for SLCs in PV2B architectures.

This innovative architecture also offers superior scalability
compared to conventional counterparts. In the proposed PV2VB
architecture, the SLC input voltage corresponds to virtual bus
voltage not the PV string nor main bus voltage. Therefore, the
proposed architecture offers flexibility to incorporate new PV
modules into strings, making it a more adaptable and versatile
solution. This scalability enables its use for a wide range of
PV string lengths, facilitating mass production and lowering
manufacturing costs. A comparison between PV2B and pro-
posed PV2VB PDPP architectures is presented in Table 1.
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TABLE |
COMPARISON OF PDPP ARCHITECTURES
Ref. Feature Architecture SLCs Topology Bidisricctisonal ISSOIIJ%Zd CVR Scalability VCR IL)‘ZVJZ; Eff?c eig r??ye(z% )
[17] PV2B-1 Flyback No Yes High/low Low High 50 W 89-97
[18] PV2B-1 Series resonant converter No Yes High/low Medium | Medium | 4 kW 97.75-98.82
[19] PV2B-1I Current fed resonant push-pull Yes Yes High/low Low High 2.2 kW 97.8-98.8
[20] PV2B-1 Current-fed full-bridge Yes Yes High/low Low High 2.2 kW 95.5-98.2
[21] PV2B-I Flyback No Yes High/low Low High 25 W 98.5
[22] PV2B-1I Buck-boost No No High Low High 3.5 kW 96-98.9
[23] PV2B-1I Flyback No Yes High/low Low High 100 W 70-90
[24] PV2B-II Full-bridge No Yes High/low Low High 821 W 98-99
(25] PV2B-1I Full-bridge/Push-pull Yes Yes High/low Low High 750 W 98.6-99.58
PV2B-II Full-bridge No Yes High/low Low High 750 W 98.8
Proposed PV2VB DAB/BL Yes Yes Low High Low 4 kW 96.4-99

CVR: Components’ voltage rating; VCR: voltage conversion ratio; High/low: There exist components with high and low voltage ratings.

The proposed architecture performs string-level maximum
power point tracking (MPPT) while processing only a fraction
of the power generated by PV strings. The power processed by
the SLCs varies based on environmental conditions, PV module
specifications, string length, and the number of PV strings in
operation. To address this variability, this article introduces a
power flow analysis method. This method simplifies determin-
ing SLC power processing under different scenarios with multi-
ple PV strings and helps identify the required power rating for
SLCs under predefined environmental conditions or worst-case
shading scenarios.

The remainder of this article is structured as follows: Section II
provides an in-depth analysis of the steady-state operation of both
the central converter and SLCs and elucidates their respective
control objectives. In Section [11, the article derives the equations
governing the processed power to determine SLCs rating and to
compare it with that of the conventional FPP architectures. Sec-
tion I'V describes the different operational regions of the PV2VB
PDPP architecture, and Section V presents experimental results
that validate the architecture’s capability for string-level
MPPT, substantiating its inherent advantages. Finally, Section
VI concludes this manuscript.

II. OVERVIEW OF THE PV2VB PDPP ARCHITECTURE

As shown in Fig. 3, in the proposed PV2VB PDPP architec-
ture, SLCs inputs are connected to a shared, isolated DC bus
called the virtual bus. To ensure smooth and stable operation,
maintaining a power balance within the virtual bus is essential
to prevent fluctuations in its voltage. Thus, while certain PV
strings inject energy into the virtual bus through the SLCs,
others must draw energy from it. This architecture has two pri-
mary objectives: (i) maintaining the virtual bus voltage at a
constant level, a task overseen by the central converter, and (ii)
independently tracking the MPP of each PV strings, a responsi-
bility entrusted to the SLCs. The subsequent sections will pro-
vide an in-depth description of the converters and their
respective control principles.

A. Central Converter

In a PV2VB PDPP architecture, the central converter regu-
lates the main bus voltage (vg) by its duty cycle. However, this
control action is aimed at ensuring the stability of the virtual bus
voltage (vyp). This subsection delves into understanding the
relationship between the main bus and virtual bus voltage. Two
assumptions are considered for the sake of simplicity: 1) lossless
converters, and 2) the capacitive virtual bus is the main storage
element in the system. Then, the power relationship for the
PV2VB architecture can be derived as follows:

ey

In the context of the proposed architecture, pyg, pout, and pin
represent the instantaneous virtual bus power, power delivered
to the main bus, and power generated by the PV strings, respec-
tively; these values can be computed as follows:

PvB = Pout — Pin-

dv
pve = Cyp X vyp X TVB )
t
Npy
Pow = Vs X is=vs X > ipy, 3
=1
Npy
@

Pin = E vpy; X ipy,
=

where Cyg, is, VeV, iV, and Npy are the virtual bus capaci-
tance, main bus current, /™ PV string’s current, /" PV string’s
voltage, and number of PV strings, respectively; the following
equation can be obtained by substituting (2)—(4) in (1)

N
dvyp & . .
pVBZTXCVBXVVB: E vpy, X ipy, — Vs X g 5
Jj=1

While it may appear that there are numerous actuators to regu-
late virtual bus power, it is important to note that PV strings’
current and voltages are controlled by SLCs to make PV strings
operate at their MPPs. Besides, the main bus current is inher-
ently equal to the summation of the individual PV strings’
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currents. Thus, the sole variable available for controlling virtual
bus power and, consequently, virtual bus voltage is the main bus
voltage. When the average power of the virtual bus is main-
tained at zero, the following equation is derived:

Npy
2221 Vey, X Ipy,
N 9
>t 1y,

where V is the equilibrium main bus voltage at which the virtual
bus voltage is constant. It should be noted that capital letters indicate
steady-state value of the variables. Combining (5) and (6), the fol-
lowing equation, which describes the instantaneous rate of change
of virtual bus voltage as a function of bus voltage can be derived

dvyp Zjv:mf Vv, X Ipy, Vs
Vs

dt Cyg X vy

Equation (7) shows the virtual bus voltage rises when the main
bus voltage drops below the equilibrium level, and vice versa.

Realizing this control mechanism and ensuring the effective inte-
gration of it with MPPT algorithms in the architecture necessitates
a careful approach. To prevent interference between the controller
and to enable the MPPT algorithms to autonomously seek the MPP
of the PV string, it is recommended to implement a discrete control-
ler whose sampling time exceeds the perturbation period of the
MPPT algorithms. This design consideration ensures that the
MPPT algorithms have the required independency for their opera-
tion, unburdened by premature or conflicting control actions from
the central controller. Such harmony is needed for maintaining pre-
cise MPP tracking and overall PV system performance.

Pyp=0— Vi = Vyp = const (6)

B. SLCs

In the PV2VB PDPP architecture, the primary goal of SLCs
is to ensure that PV strings operate at their MPP. To accomplish
this, SLCs must also establish a path for the efficient transfer of
power to and from the virtual bus. It is possible to apply a vari-
ety of topologies as the SLCs as long as they exhibit three cru-
cial features. First, they must operate effectively within both the
first and fourth quadrants of the voltage-current (V-I) curve. To
elaborate further, the output voltage of the j™ SLCs can be
expressed as

VSLG; = Vs — Vpy;- 3

By substituting (8) into (5), in steady state we have

Npy Npy
Pyp = Z VSLCj X IPV,- = ZPSLCJ- =0. )]
j=1 j=1

Which means that the total output power of all SLCs sums to
zero, indicating that SLCs solely facilitate power exchange
among themselves. Furthermore, given that /py, is consistently
positive, (9) shows that some SLCs must produce negative out-
put voltage while others must generate positive output voltage
to maintain a constant virtual bus voltage during steady-state
operation. Second, to fulfil the requirements of the architecture,
SLCs must function as voltage-source converters to enable their
connection to the virtual bus. Eventually, isolation is imperative

|
|
Vv
|
|

Fig. 4. Proposed SLCs topology for PV2VB PDPP architecture: A DAB
converter followed by a BL converter.
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Fig. 5. Operation of the BL converter. (a) Topology. Blue dashed line:
operation during on-state, red dashed line: operation during off-state. (b)
Its waveforms. The voltage difference between points A and B is the volt-
age of BL converters before LC Filter (VSLCEFI ).

to enable independent control of PV strings’ voltage and to that
ensure the current from the /™ PV string exclusively flows
through the /™ SLC [16].

In [16], a bidirectional flyback converter followed by a
bridgeless (BL) converter was proposed and simulated. While
bidirectional flyback converters are well-suited owing to their
attributes such as simplicity and galvanic isolation, their use is
typically limited to power outputs up to a few hundred watts.
Beyond this power level, it is advisable to explore alternative
topologies better suited for higher power applications [32]. This
study replaces bidirectional flyback with dual active bridge
(DAB) converters as the first stage of the SLCs due to their suit-
ability for high-power applications, while the second stage
remains unchanged (Fig. 4).

As depicted in Fig. 4, the proposed topology for the SLCs
comprises two stages: a DAB converter followed by a BL con-
verter whose performance is decoupled by intermediate bus
capacitors. The second stage of the SLC topology is the BL con-
verter, providing both negative and positive output voltage
essential for PV strings to operate at their MPP, as well as a cur-
rent path for the PV string current (Fig. 5). Switches are
controlled using conventional carrier frequency pulse width
modulation, and the duty cycle of the BL converter in the j
SLC (dp,) is determined by the MPPT algorithm. As shown in
Fig. 5, during the ON state of the switches, the voltage polarity
before the j™ LC output filter (vsyc,, ), aligns with the /™ inter-
mediate bus voltage (viz), leading/ to the intermediate bus
capacitor discharge with power equal to

PCi, = ViB; X ipy; (10)

Conversely, when the switches are OFF, the BL converter inverts
the intermediate bus voltage, and the capacitor is charged

an

peu, = vig, X (=ipy).

Authorized licensed use limited to: TU Delft Library. Downloaded on April 28,2025 at 08:53:42 UTC from IEEE Xplore. Restrictions apply.



NAZER et al.: PV TO VIRTUAL BUS PARALLEL DIFFERENTIAL POWER PROCESSING

4837

Power Transfe WV N Vpi— —
Primary Side ) ) AV Nrveri— vsee —
>
+ »
o :
.

VB “V NiVprjmm VSec =
- >
— -(p t

VSec = V(21fsut-¢) =

(a) (b)

Fig. 6.  DAB converter operation. (a) Topology. (b) Its waveforms.

Considering (10) and (11), the average power over a switch-
ing period (T ) of intermediate bus capacitor the BL converter
will be

PCIB/- = pClsz

1 JdBLjXTsw 1 J(l—dBLj)szw

N Cp. +—
Tsw 0 P i Tsw

dBLj X Tow

= (ZdBL,v — 1) X VIBj X IPV, = VSLCJ» X IPV, (12)

where Pc,, is the power transferred from/to intermediate bus
to/from the string. To make the average power flow from the vir-
tual bus to the string, which corresponds to adding a positive
voltage to the PV string, it is essential to maintain a duty cycle
greater than 0.5 in the BL converter. When the duty cycle falls
below this threshold, the direction of average power flow
reverses, moving from the PV string back to the virtual bus, and
a negative voltage is added to the PV string.

To ensure the stability of the intermediate bus voltage (v;p),
DAB converters facilitate the transfer of power between the vir-
tual bus and an intermediate bus, primary and secondary sides,
respectively. While various modulation techniques are available
for DAB converters, this study employs single phase shift (SPS)
modulation [33]. In SPS modulation, all switches operate at a
constant frequency with a duty cycle of 50%, and the diagonal
switches switch ON and OFF in unison, resulting in a square
wave output. The power transfer is controlled by adjusting the
phase shift (¢) between two ac voltage waveforms across the
windings of the isolation transformer. The relationship between
the phase shift (¢) and the DAB average output power (Ppag) is
expressed as follows:

VVBXVIBX([)X(TE—(P)
Ny X faw %X L

where Nt, fyw, Lieak are the DAB transformer ratio, switching
frequency, and leakage inductance, respectively. A controller
such as proportional-integral (PI) controller receives the error
value of the intermediate capacitor voltage and adjusts the phase
shift accordingly to ensure that the necessary power for the BL
stage the variable Pp;, (as written in equation 14) is supplied

Ppag = (13)

Ppap, = Py, = Py - (14)

To transfer the energy from the virtual bus to the intermediate
bus, DAB converter primary side leads its secondary side (¢ >
0). If the energy transfer direction is reversed, the primary side
bridge lags behind the secondary (¢ < 0) (Fig. 6). In other
words, power flows from the leading to the lagging bridge.

[ll. PROCESSED POWER AND CONVERTERS RATING

The power processed by converters represents a crucial
parameter with implications for systems’ efficiency, availability,
and cost. In a PV systems based on PDPP architectures, part of
the power generated by the PV strings is processed by the SLCs,
which determines the power, voltage, and current rating of these
converters.

A. DAB Converters Processed Power

In the PV2VB architecture, the primary objective of DAB
converters is to maintain a constant voltage across the intermedi-
ate bus through controlled power exchange. This critical func-
tion ensures stability within the system. The power transferred
between the virtual bus and /™ intermediate bus results in the
processed power by the associated DAB converter, which con-
sidering (14), itis equal to

Ppap, = Ppr; = Vsie, X Ipy, = (Vs — Vpy,) X Ipy,  (15)

by considering (6) in the steady-state condition (Pyz = 0) and
substituting it into (15), we have

N,
p > itt Vv, X Ipy,
pAB, = | = —=pm —— — VP

25 tey,

As shown by (16), the processed power of the /™ DAB is not
exclusively dependent on the current and voltage of its own PV
string, but also depends on the current and voltage of other PV
strings. In a PV system consisting of Npy PV strings, let k of
these PV strings be shaded, producing voltage and currents of

7)

Ipv |z, = pvis Vevlizi, = Ve,

The remaining unshaded strings generate a current and a
voltage of

(18)

,,,,,,,,,,

Considering (16)—(18), the power processed by DAB converters
connected to the shaded and unshaded PV strings are deter-
mined by (19) and (20), respectively

(Npy — k) X Ipy,, X (Vpv,, = Vey,)

b _ x 1,
DB ((Npv — k) X Ipy,, + k X Ipy,,) o

(19)

k x Ipy, X (Vpv,, — Vpv,,)
va — k) X IPV + k x IPVA‘h)

un

PDABM = (( X IPVM- (20)
Figs. 7(a) and 8(a), generated using (19), depict the impact of
voltage and current variations among PV strings on the processed
power of DAB converters connected to shaded PV arrays. On the
other hand, Figs. 7(b) and 8(b), based on (20), illustrate the same
effect on the processed power of DAB converters connected to
unshaded PV strings. It is important to note that in the figures, the
sign of normalized powers indicates the direction of power flow:
a positive sign signifies power transfer from the virtual bus to the
PV string, while a negative sign indicates the opposite.

As previously discussed, the DPP architectures in PV systems
are designed to reduce processed power as the severity of mismatch
conditions decreases. When the difference between shaded and
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Fig. 7. Influence of voltage difference among PV strings on processed
power of DAB converters. (a) Connected to the shaded PV strings. (b)
Connected to the unshaded PV strings (va —6, 1),
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Fig. 8. Influence of current difference among PV strings on processed
power of DAB converters. (a) Connected to the shaded PV strings.
(b) Connected to the unshaded PV strings (NPV =6, Vevg _ 0.6 )

Vevun

unshaded voltages approaches 0 ((vash /Vey,,) — 1) , it signifies
a decrease in the severity of shading within the PV system. This
reduction in shading severity leads to a decrease in both Ppag,,
and |Ppag,, |, as illustrated in Fig. 7.

As depicted in both Figs. 7 and 8, an increase in the number
of shaded PV strings (k) consistently leads to a reduction in
Ppag,, and a concurrent increase in |Ppag,,|. This behavior is
attributed to the main bus voltage. As the number of shaded PV
strings rises, the influence of the shaded PV string voltage
becomes more pronounced, causing the main bus voltage to
approach the shaded PV string voltage while moving further
away from the unshaded PV string voltage. Consequently, given
that PDABj is proportional to the difference between the main
bus voltage and the voltage of the j™ PV string, as per (15),
Ppag,, decreases, while |Ppag,,| increases. Furthermore, as
illustrated in Figs. 7 and 8, Ppag,, is negative, while Ppag,, is
positive. This emphasizes the power transfers from the unshaded
PV strings to the virtual bus, while the shaded strings draw
power from the virtual bus.

Fig. 8 demonstrates an increase in current leads to a higher
processed power output for all DAB converters, whether con-
nected to shaded or unshaded PV strings. To delve deeper into
this observation, we can turn to (6), which describes the balanc-
ing of the bus voltage as a weighted average of all PV strings’
voltages, with the PV string currents serving as the weighting
factors. This means that a PV string with a higher current exerts
a more substantial influence on the bus voltage.

In scenarios where the voltages of PV strings remain constant,
an increase in the current of shaded PV strings pushes the bus
voltage closer to the voltage of shaded PV string while simulta-
neously moving it further away from the unshaded PV strings’
voltage. This initially might suggest that Ppag,, decreases, while
|Ppag,, | increases. However, it is essential to recognize that the
impact of increasing the shaded PV strings’ current outweighs
the effects of the mentioned phenomenon on Ppag,,. Thus, both
Ppasg,, and |Ppas,, | experience an increase.

dvis

dt

ut
down

o Pre-complete
MPPT  MPPT

Complete MPPT Post-complete
MPPT

Fig. 9. Operational regions of the PV2VB PDPP architecture.

To define the power rating of the converters, the worst-case
practical scenario should be considered. The theoretical
worst-case scenario occurs when Ipy,, equals Ipy, and Vpy,
equals 0, with k equal to 1. Considering (19), the ratio of the
DAB converters power rating to the PV string’s peak power,
with the latter defining the power rating of FPP SLCs in mul-
tistring architectures, is
(Npy — 1)

= . 21
Ny ey

Ppap

Ipy,, X Vpy,,

Equation (2 1) reveals that, when the PV string count is 2, 3, 4,
or 0o, the power rating of DAB converters is 50%, 66%, 75%,
and 100% of that of FPP converters, respectively for the theoret-
ical worst-case scenario. However, this scenario is exceedingly
stringent and rarely, if ever, occurs. Thus, DAB converters can
be designed with power ratings as a fraction of the PV string’s
peak power, reducing both size and cost.

B. BL Converters

BL converters have distinct ratings compared to DAB con-
verters, and determining their rating is a straightforward process.
BL converters must continually provide a path for the current
from their associated PV string, and this characteristic defines
the current rating of the BL converters. Additionally, the voltage
of the intermediate buses plays the role in determining the volt-
age rating of the components within the BL converters. Since
there is flexibility in choosing the voltage of the intermediate
buses, it becomes feasible to opt for a voltage lower than the PV
string voltage. Consequently, the component rating of the BL
converter can be lower than PV strings rating, which defines the
power rating of FPP SLCs.

IV. DESIGN SLC’S VOLTAGE

Restricting the virtual bus and intermediate bus voltage to a
fraction of the PV strings’ voltage offers several advantages
associated with a low voltage converter. However, it can lead to
ineffective MPPT during severe shading scenarios, since these
voltage defines the SLCs maximum voltage (= Vsic,,.)-

Fig. 9 illustrates five operational regions of PV2VB PDPP
architecture, which analysis allows understanding the impor-
tance of selecting an appropriate virtual bus and intermediate
bus voltage to ensure effective functionality.
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2)

A

dt

dvyp _ "N N>
= i1 (Ve = VS vy, + VSLCu Doi1 TPV,

In region 1, called No MPPT, the main bus voltage falls

within the range of

0<vs<A= (VPVMPPmi“ - VSLCmﬂx)’ VPVMPPmin > VSLCmmx
(22)

where Vpy,,,, is the minimum MPP voltage amongst all
PV strings. Such a low vg results in all SLCs operating at
their maximum inverted voltage (—Vsic,, ). Therefore,
none of the PV strings operate at their MPP, but instead,
their voltages align with the voltage specified by the SLCs

(23)

Therefore, PV strings operate within their constant cur-
rent region on their I-V curves, continuously charging the
virtual bus. Assuming a perfectly constant current, the
instantaneous rate of change of the virtual bus voltage
can be expressed as

ey, = VSLCp T+ Vs-

Npy
dvvg  VSLCww 2ot TPy,

dt Cyg X vyp

(24)

where Ipy,. represents the short-circuit current of the " PV
string. This indicates that the virtual bus voltage is consistently
increasing, leading to a lack of equilibrium point in this region.
Moreover, none of the PV strings are operating at their MPP.
As vg increases and reaches point A, the architecture
enters the region precomplete MPPT

= (VPvarry, = VSLCun ) S Vs <B = (VPVuery, — VSLCu)
(25)

where  Vpyy,, 18 the maximum MPP voltage amongst
all PV strings. At point A, the PV string with the lowest
voltage initiates MPPT while maintaining its SLC volt-
age within the permitted range, whereas other PV strings
still remain in the constant current region of their I-V
curves. With the gradual increase of the main bus voltage,
PV strings sequentially beginoperating at their respective
MPP. In this region, N; PV strings with MPP voltage lower
than (vs — Vsic,,.) achieve their MPP, while N, PV
strings with MPP voltage higher than (vs— Vsic,..)
remain in their constant current region of I-V curve. Simul-
taneously, the continuous charging of the virtual bus per-
sists according to the following rate of change:

, Ni+N,=Npy

3)

Cyp X vyp

(26)
where Vpy,,, and Ipy,,, are the operating MPP voltage
and MPP current of the i PV string. In this region,
although some PV strings may operate at their MPP, the
absence of an equilibrium point persists due to the continu-
ous charging of the virtual bus.
When vg rises and stays within the following range:

B = (VPVirr = VsLCua) S Vs <D = (Vevi,, + VSLCuw)

27)
the architecture enters in complete MPPT region where
all PV strings can work at their MPP. Based on the

4)
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voltage of main bus, the virtual bus can be charged or
discharged by the following rate of change:

N;
dvyp - ZI:P‘]/ (VPVMPP, - VS)IPVMPP,

dt Cvp X vyp

(28)

In this region, an equilibrium point, point C where all
strings work at their MPP and virtual bus voltage remains
constant, exists.
In the postcomplete MPPT region, when the voltage sur-
passes point D

D = (Vevyp,,, + Vsicuw) S Vs <E = (Vevoe,, + Vsicu)

5)

(29)

where Vpy,. ~ is the maximum open circuit voltage
amongst all PV strings, an increase in vg results in a rise in
the voltage of the PV string with the lowest MPP voltage,
causing it to no longer operate at its MPP. With further esca-
lation of vg, more PV strings deviate from their MPP, some
even reaching the open circuit state. In essence, within this
region, N; PV strings reach the open circuit voltage, N, PV
strings operate at (vs — VsLc,.. ), Which is between their
open circuit voltage and their MPP voltage, and N5 PV
strings operate at their MPP. Consequently, the virtual bus
undergoes continuous discharge described by the rate

N. N
dvvg  —VSLCua Zi:l Ipy, + Zi:sl (VPVMPPi - vS)IPVMPPi
dt Cyg X vy

(30)

where N3 + N4 + N5 = Npy. The PV strings at open circuit
voltage no longer contribute to discharging the virtual bus,
and there is no equilibrium point in this region.

Once the voltage exceeds point E, all PV strings operate
at open circuit, resulting in no current flow within the cir-
cuit (shut-down region). Thus, there’s no energy transfer
through the circuit, leading to a zero change rate of the vir-
tual bus voltage.

The system displays all five regions only when point A is
positive and points B, C, D, and E are sequentially positioned
(0 < A < B < C < D < E). However, the focus and interest
lie on the complete MPPT region, where an equilibrium point
exists. Therefore, it is imperative for point D to be positioned
to the right of Point B, which means that:

Vp VMPPmax Vp Vmpp

2

Based on (31), it is possible to increase the MPPT range
[VPViter,, » VPVitren,, | DY increasing the virtual bus or inter-
mediate bus voltage, since they define Vg ¢, . Furthermore,
it is crucial to ensure that the main bus voltage does not sur-
pass point E. Failure to do so might lead to controller failure
and an inability to reach the desired equilibrium point (point
C). On the -contrary, regarding the virtual bus’s
charging/discharging, there exists no specific constraint on
the minimum main bus voltage limit. Yet, for the central con-
verter to function properly, its input voltage must exceed a
certain threshold, thereby imposing a minimum limit.

VsLCh = min_ (31)
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Fig. 10. Photograph of the PV2VB PDPP architecture prototype. 1A:
SLC,, 1B: SLC,, 1C: central converter, 1-D: microcontroller, 2: YOKO-
GAWA DLM5038 oscilloscope, 3 and 4: SM1500-CP-30 bidirectional dc
power supplies, 5: 6210H-600S programmable dc power supply.

ELECTRICAL SPECIFICATIONS Iﬁf lC_)iI\IIIIPONENT PARAMETERS OF THE
SYSTEM
Parameter Symbol Value
PV system rated power Pgys 3.9 kW
Virtual bus voltage Vs 200 V
Nominal MPP voltage Vumpp 390 V
Electrical Nominal MPP current Ivipp 10 A
specifications SLC rated current Isi e 5A
SLC rated voltage VsLe 200 V
Number of PV strings Npy 2
Switching frequency Jfsw 100 kHz
Virtual Bus Capacitance Cyp 11.2 mF
BL inductance Lp;, 660 pH
Components BL capacitor CoL 3 pF
parameters DAB leakage inductor LpaB,., 22 pH
Boost inductor Lg 510 pH
Bus capacitor Cy 6.6 pF

V. EXPERIMENTAL RESULTS

This section highlights the ability of the proposed architec-
ture to perform MPPT at the string level without processing
the full power generated by the PV strings. While the prototype
of the proposed the PV2VB PDPP architecture is depicted in
Fig. 10, its detailed electrical specifications and component
values are summarized in Table II. Indoor experiments utilized
one 6210H-600S programmable dc supply as one PV string
and two SM1500-CP-30 bidirectional dc power supplies as the
other PV string and the dc output voltage of the central con-
verter (Vo in Fig. 12). Evaluation of the system’s operation
and performance was based on two different PV string curves
shown in Fig. [ 1. I-V curve 1 represents a uniform PV string,
while I-V curve 2 represents a PV string operating under par-
tially shaded conditions.

S

—Curve 2
—Curve 1

w

—~ ~1.5
<t =
z &
=

g3 5
E z

= >
Q2 =

0.5

1 —Curve 2
—Curve 1
0

0 100 200 300 400 0 160 200 360 460

Voltage (V) Voltage (V)
(@) (b)
Fig. 11. PV string’s. (a) I-V curves. (b) P-V curves were used in the

experiments.

s +

* d.
Vys O PI S Cd
Controller PWM Vg _|_ SL>_| Os
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Fig. 12.  The dc-dc stage of the central inverter. (a) Block diagram of the
controller. (b) Topology.

A. String-Level MPPT

In the proposed architecture, the central converter regulates
the virtual bus voltage, while the SLCs track the MPP of the PV
strings. Three scenarios were examined to evaluate system per-
formance. In all scenarios, PV string 2 consistently exhibits I-V
curve 1. On the other hand, PV string 1 transitions from generat-
ing I-V curve 1 to 2 in scenario I, whereas in scenario II, it
reverts from I-V curve 2 to 1. Lastly, scenario III was considered
to verify the performance of the proposed PV2VB PDPP archi-
tecture under irradiance variations. In this scenario, both PV
strings are subject to uniform conditions, hence they exhibit I-V
curves similar to I-V curve 1 (with a single power peak). How-
ever, while PV string 2 consistently generates I-V curve 1,
which represents the case of a PV string under 1000 W/m? irra-
diance, the irradiance over PV string 1 decreases over time to
700 W/m? and then to 500 W/m?2, before increasing back to
1000 W/m®.

1) Central Converter: Here, a boost converter among various
possible topologies has been chosen as the central converter to
regulate the virtual bus voltage via a PI controller with a sam-
pling time of 60 ms (Fig. 12). It controls the virtual bus by con-
trolling its input voltage, which is the main bus voltage. Figs. 13
and 14 illustrate the central converter’s capability to control the
virtual bus voltage via the main bus voltage. In Fig. 13, the sce-
nario I is depicted, demonstrating that after transitioning from
1-V curve 1 to curve 2, the virtual bus reaches the desired value
of 200 V in about 1 s. This is achieved by decreasing the main
bus voltage according to (0) after PV string 1 changes from I-V
curve 1 to I-V curve 2. Conversely, upon implementing the sce-
nario II, the main bus voltage increases and reverts to its initial
state (Fig. 14). Additionally, as depicted in Fig. 15 and expected
from (6), when both PV strings have identical MPP voltages
(uniform condition), the main bus voltage closely matches that
of the PV strings.
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Fig. 13.  Voltage waveforms. Scenario I: PV string 2 stays at I-V curve 1
whereas PV string 1 transitions from |-V curve 1 to |-V curve 2 at 0.25 s.
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Fig. 14.  Voltage waveforms. Scenario II: PV string 2 stays at |-V curve 1,

whereas PV string 1 transitions from |-V curve 2to |-V curve 1 at 0.2 s.

The irradiance level primarily influences the current gener-
ated by the PV string, exhibiting a linear relationship. In Sce-
nario III, the irradiance over PV string 1 changes from 1000 to
700 W/m?, then to 500 W/m?, back to 700 W/m?, and finally
returns to 1000 W/m? at 0.6, 2.7, 4.9, and 6.7 seconds, respec-
tively. As depicted in Fig. 15, the SLCs can track the MPP rap-
idly, while the central controller adjusts the virtual bus voltage
more gradually. This indicates that the slower response of the
central controller does not adversely affect the MPPT efficiency.

2) SLC Converters: A 1:1 conversion is feasible, allowing
symmetrical implementation with low-voltage devices on both
the primary and secondary sides of the DAB converter. The pri-
mary ports of DAB converters are connected in parallel. In turn,
the distribution of the virtual bus capacitor at the inputs of the
DAB converters is possible. Similar to industrial FPP multi-
string inverters [34], in the proposed PV2VB PDPP architecture,
SLCs can be integrated within the same inverter unit.

Here, SLC, is connected to the partially shaded PV string,
while SLC,; is connected to the unshaded PV string. Fig. 16
shows that the DAB converter phase shift related to SLC,
(DAB,) is positive, indicating power is drawn from the virtual
bus and transferred to PV string 1. Conversely, the phase shift
of the DAB converter related to SLC, (DAB,) is negative, signi-
fying that PV string 2 injects power to the virtual bus, compen-
sating for the power being drawn by string 1.

The task of finding the MPP of PV strings falls upon the BL
converters. Here, a Perturb and Observe (P&O) algorithm with
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Fig. 15.  Voltage waveforms. Scenario Ill: PV string 2 stays at |-V curve

1, whereas PV strlng 1 transitions from |-V curve 1 with 1000 to 700 W/m
and then to 500 W/m?, before i |ncrea5|ng back to 1000 W/m?. (i) 1000 W/m?,
(ii) 700 W/m?, and (i) 500 W/m2,
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Fig. 16. DAB operation. (a) DAB;. (b) DAB,. Primary and secondary

sides refer to the sides connected to the virtual bus and intermediate bus,
respectively.
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Fig. 17.  Voltage of BL converters before LC filter. (a) BL. (b) BL,.

a perturbation period of 15 ms and a perturbation step size of
duty cycle of 3.5% is employed. Figs. 13—15 prove the system’s
ability to independently find the MPP of both PV strings with
the typical behavior of P&O MPPT. When transitioning from
I-V curve 1 to I-V curve 2, the MPP voltage of PV string 1 shifts
from 390 to 300 V, while PV string 2 remains at the same volt-
age level, as there are no changes affecting PV string 2. More-
over, as illustrated in Fig. 17, the BL converter associated with
SLC, exhibits a duty cycle higher than 0.5, indicating that,
according to (12), it provides a positive voltage to deliver power
from the intermediate bus to the string.

The other BL converter operates in the opposite manner,
transferring power from the unshaded PV string to the virtual
bus. Thus, power can be efficiently exchanged with the virtual
bus through the SLCs, ensuring stability at the desired voltage.
Finally, Figs. 16 and 17 reveal that the switches of the DAB and
BL converters only need to withstand the virtual bus voltage of
200 V, even though the system operates under 390 V.

B. DAB Converter Processed Power

To analyze the power processed by the DAB converters, the
MPP voltage of PV string 2 is kept constant at 390 V while
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Fig. 18. Influence of (a) voltage difference between PV string 1 and

PV String 2 (Ipy, =Ilpy, =5.3 A, Vpy, =390 V). (b) Current difference
between PV string 1 and PV string 2 (Vpy, =300 V, Vpy, =390 V,
Ipy, =5.3 A) on processed power of DAB, (connected to the partially
shaded PV string).
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Fig. 19.  Averaged system and a single SLC efficiency for load voltage

from —55to 55 V as a function of load current.

varying the MPP voltage of PV string 1 from 280 to 390 V. The
current of both PV strings is kept at 5.3 A. In another experi-
ment, the MPP voltages of PV string 1 and 2 are kept constant at
300 and 390 V, respectively, and the current of

PV string 2 is kept at 5.3 A while varying the MPP current of
PV string 1 from 1 to 5.3 A. Fig. 18 shows that the power proc-
essed by the DAB;, as determined by experimental results,
closely aligns with the values predicted by (19). This result
serves as validation for the equation and the explanations pro-
vided in Section I1I.

C. Conversion Efficiency of the PV2VB PDPP
Architecture

The efficiency of the SLCs was measured under the following
conditions: 200 V input (virtual bus) voltage, load voltage
between —55 and 55 V, and varying load current between 1 and
5 A. Fig. 19 illustrates that, under these conditions, the average
efficiency of a single SLC ranges from 84.4% to 95.1%. Simi-
larly, the efficiency of the PV2VB PDPP architecture was mea-
sured, with the SLCs in the same conditions mentioned before.
This is achieved by keeping PV string 2 constant at 390 V and
5.3 A, while adjusting the MPP voltage of PV string 1 from 280
to 390 V, corresponding to the SLC voltage range of —55 to 55
V. The averaged measured conversion efficiency of the PV2VB
PDPP architecture shows an efficiency ranging from 96.4% to
97.2%. These results confirm that the system efficiency exceeds
that of a single SLC. Notably, when no mismatches occur
among PV voltage strings, deactivating the SLCs results in 99%
system efficiency. The high system efficiency, combined with

the other advantages of the PV2VB PDPP architecture, demon-
strates significant potential to reduce the levelized cost of energy
(LCOE).

Ultimately, the central converter consistently adjusts the main
bus voltage to maintain a steady virtual bus voltage, irrespective
of the number of PV strings. Each SLC operates independently
to track the MPP of its respective PV string. Therefore, adding
more PV strings does not introduce additional complexity from
a control standpoint.

VI. CONCLUSION

The article presented a novel PV2VB PDPP architecture
designed specifically for string-level MPPT. The innovation lay
in the architecture where integrate SLCs with a capacitive vir-
tual bus and a dual-loop control strategy. In this approach, SLCs
operated in a swift inner loop for MPPT, while a central con-
verter (e.g., boost converter) effectively regulated the virtual bus
voltage. The static performance of both the central converter
and SLCs was thoroughly analyzed, revealing the major SLCs
requirement in being able to operate in the first and fourth quad-
rants of the V-I curve. To address this, the article suggested
using a DAB converter followed by a BL converter. The study
demonstrated that SLCs handle a fraction of the power gener-
ated by the PV strings and need to tolerate lower voltages. The
experimental results confirmed the performance and theoretical
explanations outlined in the sections detailing the MPPT of the
proposed PV to virtual bus PDPP architecture at string level
with efficiency from 96.4% to 99%.
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