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Abstract—Conventional microinverter or module-
integrated converter (MIC)-based photovoltaic (PV)
systems are prone to be complex and costly because each
MIC requires not only a boost converter to bridge a huge
voltage gap between a PV panel and grid but also desirably
a differential power processing (DPP) converter to preclude
partial shading issues. This paper proposes a novel MIC
based on cascaded quasi-Z-source inverters (qZSIs) with
DPP capability. A traditional qZSI and voltage multiplier
(VM)-based DPP converter are integrated into a single unit
with sharing active switches and magnetic components,
achieving system- and circuit-level simplifications. In
addition, a novel control strategy utilizing two control
freedoms of shoot-through duty cycle di» and modulation
index M to simultaneously perform maximum power point
tracking (MPPT) and DPP function, respectively, is also
presented. A 150-W prototype for a standard PV panel
consisting of three substrings was built, and experimental
tests were performed emulating partial shading conditions.
The results demonstrated that the proposed integrated
qZSI could perform MPPT with satisfactory preventing
partial shading issues while generating ac voltage at the
inverter output.

Keywords—Differential  power  processing  (DPP)
converter, module-integrated converter (MIC), quasi-Z-
source inverter (qZS1), partial shading, photovoltaic system

L INTRODUCTION

Microinverter or module-integrated converter (MIC)-based
power conversion has become an important trend in
photovoltaic (PV) systems. Each PV panel is installed with an
MIC, allowing flexible system design and good scalability of
the PV system because the number of panels can be arbitrarily
extended by installing PV panels with MICs, without
redesigning power conversion electronics.

MIC-based PV systems, however, are prone to be complex
and costly because boost and inverter stages are separately
necessary [1], [2]. Voltages of standard 72-cell PV panels, in
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general, are as low as 30-50 V, and therefore, a high step-up
boost converter is indispensable for PV panels to be connected
with the grid through the inverter stage. Input-series—output-
parallel converters are an alternative solution [3], but each
converter must be a high step-up converter to bridge the huge
voltage gap between a PV panel and a grid.

Z-source inverters (ZSIs) have been vigorously studied and
developed as a single-stage inverter with buck-boost capability
[4], [5]. Among various kinds of ZSIs proposed, quasi-ZSIs
(qZSIs) have gained popularity [6]. qZSIs utilize shoot-through
(ST) states, during which inverter legs are short-circuited to
charge their impedance network to achieve buck-boost
operation. Furthermore, they offer high reliability since their
impedance networks allow inverter legs to be short-circuited,
whereas it is prohibited in traditional voltage-source inverters
for preventing catastrophic failures.

In order for PV panels to be connected with the grid, high
step-up voltage conversion is mandatory even for qZSIs. Boost
factors of ordinary qZSIs, however, are practically less than 2.0
[7] and are not high enough for PV panels. To achieve higher
boost operations, various kinds of advanced ZSIs, such as
diode- or capacitor-assisted extended-boost qZSIs [8], I'-source
inverters [9], switched-inductor and switched-capacitor ZSIs
[10]-[12], trans-ZSIs [13]-[15], and coupled-inductor ZSIs
[16]-[18], have been proposed. These ZSIs achieve high boost-
factor operations with shorter ST states than do traditional ZSIs.

Cascaded MICs that interface PV panels with a single-phase
grid in a modular structure have become a trend in PV systems
[19], [20]. The modular structure reduces the voltage gain
requirement for each MIC, allowing single-stage power
conversion and higher switching frequency operations. In
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Fig. 1. Shaded and unshaded substrings in PV panel.



=
PV e 5 PV | o
m ]
B2 T8
S| | Boost % Boost
8| [PV, Converter pv,| | © Converter
e B = = | &
e 2 a
3 i
O
PV, PV,
(a) (b)
é 4 DPP [] é DPP
PV, Converter| PV Converter
DPP [ Boost % DPP
pv,| _{Converter| 4! [Converter Pv,| |Converter Boost
- Converter
DPP DPP
PV Converter Converter

(© (d
! DPP
PV, Converter
Cp

DPP |_' Boost
pv,| _|Converter Converter

DPP
PV Converter

©

Fig. 2. DPP converter system architectures. (a) Adjacent substring (PV-to-
PV). (b) String-to-substring with single-input-multi-output converter. (c)
String-to-substring with multiple converters. (d) Substring-to-bus. (e)
Substring-to-IP (virtual bus).

previous work, the GaN-based cascaded qZSI has been
developed for PV MICs, whose input and output voltage ranges
are 25-50 V [19].

Meanwhile, to maximize power yield from PV panels, so-
called partial shading issues originating from mismatched
irradiance on series-connected substrings should be properly
precluded [21]. Partial shading on a PV panel/string (hereafter,
call string) comprising multiple substrings connected in series
triggers characteristic mismatch of substrings, as shown in Fig.
1. The shaded substring, which is less capable of producing
current, is bypassed by a parallel-connected bypass diode, and
therefore its voltage is subzero value. Since the shaded
substring no longer produces power, the power generation of
the string as a whole significantly drops. In addition to the
reduced power yield, multiple power point maxima appear on
string’s P—V characteristic that hinders and confuses ordinary
maximum power point tracking (MPPT) algorithms.

To preclude such partial shading issues, various kinds of
differential power processing (DPP) converters or voltage
equalizers (hereafter, call DPP converters unless otherwise
noted) have been proposed and developed [22]-[44]. With DPP

Panel DC Link
\

Substring

Boost c
—— |Inverter )
Converter . G

/

DPP Converter

ST S

Fig. 3. Conventional MIC system with DPP converter.

converters, a fraction of generated power of unshaded
substrings is redistributed to shaded ones so that all substrings
can operate at the same voltage or even at each MPP. All
substring characteristics, including not only unshaded
substrings but also shaded ones, can be virtually unified by DPP
converters, and hence the string can behave as if there is no
partial shading.

Depending on power redistribution strategies, DPP
converter architectures can be categorized into several groups,
as shown in Fig. 2, in which a boost converter before an inverter
stage is also illustrated. The adjacent substring DPP architecture
[see Fig. 2(a)] is based on nonisolated bidirectional converters,
such as PWM converters [23]-[27], multi-stage choppers [28],
[29], and switched capacitor converters [30]-[33], through
which neighboring two substrings transfer power each other.
String-to-substring DPP architectures employ either a single-
input—multi-output converter [34]-[38] [Fig. 2(b)] or multiple
isolated bidirectional flyback converters [39], [40] [Fig. 2(c)] to
provide power transfer paths between a string and substrings.
The substring-to-bus architecture [44] [Fig. 2(d)] is very similar
to the string-to-substring one but its power transfer is between
a bus and substrings. In the substring-to-isolated port (IP) DPP
architecture with a virtual bus [39]-[43], any substrings can
directly exchange power through the IP.

A conventional PV MIC system with a string-to-substring
DPP converter is illustrated in Fig. 3, as a representative
configuration. Although the partial shading issues can be
prevented by DPP converters, three converters (i.e., the boost
converter, inverter, and DPP converter) are separately
necessary, increasing the system complexity and cost. If these
three converters were to be integrated into a single unit with
reducing passive and active devices, the PV MIC system would
potentially be simpler and less expensive.

To achieve simplified PV systems, the qZSI integrating a
DPP converter has been proposed in our prior work [45]. This
paper presents the extended and fully developed work of [45].
The notional PV MIC system using the proposed integrated
qZSI is shown in Fig. 4. The proposed integrated qZSI is based
on the combination of a traditional qZSI and a voltage
multiplier (VM)-based string-to-substring DPP converter [37],
[38]. A gqZSI and VM-based DPP converter are integrated into
a single unit with reducing active switches and magnetic
components, hence contributing to reduced circuit complexity
and cost. This paper is organized as follows. The derivation
procedure and major features of the integrated qZSI are
discussed in Section II, followed by the operation analysis in
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Section III. A control strategy to perform both MPPT and DPP
function will be presented in Section IV. Section V shows
experimental results performed emulating partial shading
conditions.

II.  PROPOSED INTEGRATED QUASI-Z-SOURCE INVERTER

A. Key Circuits for Integrated Quasi-Z-Source Inverter

The proposed integrated qZSI is derived from the
combination of two key circuits of a traditional qZSI and VM-
based DPP converter, as shown in Figs. 5(a) and (b),
respectively.

The gZSI is the foundation of the proposed circuit. The dc-
link voltage v in the qZSI is zero during ST states, in which
both the high- and low-side switches are simultaneously on.
During active and zero states, vq is at its high level of V.
Hence, v swings with a peak-to-peak voltage of V.. At the
same time, voltages across inductors also swing with a peak-to-
peak value of Vg, generating square wave voltages across
inductors, as shown in the inset of Fig. 5(a). In general, a
voltage gain of qZSIs is dependent on two control degrees of
freedom: an ST duty cycle dis and modulation index M [4], [19].
A boost factor, which is the ratio of V. to an input voltage, is
dependent on dy. Meanwhile, M dictates the relationship
between V. and output peak phase voltage of the inverter.

The DPP converter using a VM [shown in Fig. 5(b)] has
been proposed as a simple voltage equalizer for PV panels to
preclude partial shading issues [37], [38]. The VM is driven by
a square wave voltage generated by a leg consisting of Qu and
Qr [as depicted in the inset of Fig. 5(b)], and equalization
currents are automatically supplied to shaded substrings even
without feedback control. The detailed automatic equalization
mechanism is found in [37], [38].

B. Derivation of Proposed Integrated qZSI

The proposed integrated qZSI can be derived from the
combination of the key circuits shown in Fig. 5. By utilizing the
square wave voltage produced across L; in the traditional qZSI
to drive the VM-based DPP converter, the two circuits can be
integrated into a single unit with eliminating some key circuit
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Fig. 5. Key circuits for integrated qZSI. (a) gZSI. (b) Voltage multiplier
(VM)-based DPP converter.

elements, as shown in Fig. 6. L; in the traditional qZSI is
replaced with the transformer primary winding of the VM-
based DPP converter. The VM consisting of capacitors and
diodes is connected to the transformer secondary winding and
is essentially switchless. The structure of the VM can be applied
to an arbitrary number of substrings connected in series by
simply stacking capacitor-diode network in the VM, as reported
in the previous work [37].

The magnetizing inductance of the transformer Ly, behaves
as an inductor L, in the traditional qZSI. The resonant capacitor
C: in the conventional VM-based DPP converter [see Fig. 5(b)]
is removed not to block a dc current component in the primary
winding. As v4 swings, a square wave voltage is generated
across the primary winding, by which the secondary circuit of
the VM is driven.

As mentioned in Section II-A, there are two control
freedoms of di; and M in conventional qZSIs. In the proposed
integrated qZSI, d, is used for MPPT of the PV string, while
the DPP converter is controlled with M. The details about the
control strategy will be discussed in Section IV.

C. Major Features

In comparison with the conventional PV MIC system shown
in Fig. 3, three separate converters (the boost converter, inverter,
and DPP converter) are integrated into a single unit,
contributing to the simplified system and potentially reducing
the cost. In addition, the circuit-level simplification is also
feasible because the DPP converter in the integrated qZSI is
essentially switchless—the VM circuit is driven by the square
wave voltage generated in the qZSI.

In contrast, the major drawback is that individual
performances as a qZSI and DPP converter cannot be optimized
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Fig. 6. Proposed integrated qZSI for three substrings.

due to the integration. More precisely, the qZSI and VM share
the transformer primary winding, and its operation can never be
optimized for both circuits. Hence, the proposed integrated
qZSI is considered suitable for relatively low-power
applications where system simplification and cost reduction are
prioritized over performance optimization.

In general, a square wave voltage is produced in any
inverters, including extended versions of ZSIs [8]-[18], and the
integration concept of the proposed qZSI can be applied to other
types of ZSls, potentially generating novel integrated inverter
topologies—a search for novel topologies will be a part of our
future works.

D. Qualitative Comparison with Conventional DPP
Converter Systems

The proposed integrated qZSI is qualitatively compared
with conventional DPP architectures listed in Fig. 2, from the
viewpoint of complexity, voltage stress of switches, scalability,
and efficiency. Since the VM-based DPP converter in the
proposed integrated qZSI is categorized into the string-to-
substring DPP architecture [Fig. 2(b)], major benefits and
drawbacks of the string-to-substring architecture are inherited
to the proposed qZSI.

Complexity: The conventional DPP architectures, except for
the string-to-substring architecture [Fig. 2(b)], require multiple
DPP converters each having at least two switches for
bidirectional power flow, hence increasing the system and
circuit complexities. In the string-to-substring DPP architecture,
on the other hand, one single DPP converter with less than two
switches handles all substrings, achieving the simplified system
by reducing the DPP converter count. The VM-based DPP
converter in the proposed integrated qZSI is essentially
switchless (see Fig. 6), hence realizing the further circuit
simplification.

Voltage stress of switches: DPP converters in Figs. 2(b)—(d)
are connected to a string or bus, and therefore their switches
must be rated for relatively high voltage. On the other hand,
switches with low voltage rating can be used for the adjacent
and substring-to-IP DPP converters. Meanwhile, the VM-based

DPP converter in the proposed qZSI is switchless, and therefore
the switch voltage rating is no longer an issue.

Scalability: Architectures using multiple DPP converters
[Figs. 2(a) and (c)—(e)] can be flexibly scaled up for large PV
systems by adding DPP converters. On the other hand, the DPP
converters in the string-to-substring architecture [Fig. 2(b)] and
the proposed qZSI need to be redesigned for different number
of substrings, impairing the scalability.

Efficiency: Power conversion efficiency of individual DPP
converters are reportedly 85-95%. However, an overall
efficiency is more dependent on DPP architectures and system
scale rather than individual converter efficiencies. Power
transfer in the adjacent DPP architecture is limited only
between neighboring substrings, and power conversion losses
might be collectively large in a long string. The substring-to-IP
architecture [Fig. 2(e)] realizes direct power transfer among
substrings, but it is essentially based on two-stage power
conversion via the IP. DPP architectures of Figs. 2(b)—(d) allow
direct power transfer between a substring and string or bus
without multi-stage power conversion. Overall efficiencies
would be maximized in the DPP systems allowing bidirectional
power flow [Figs. 2(c) and (d)] by minimizing processing
power.

E. Extended Topology for Higher Step-Up Voltage
Conversion Ratio

The step-up ratio of the proposed qZSI is practically limited
to less than 2.0 due to limitations of duty cycle d;, and
modulation index M, similar to ordinary qZSIs [7]. To achieve
higher step-up voltage conversion ratios, extended ZSI
topologies can be employed as a foundation of the proposed
integrated qZSI concept, as exemplified in Fig. 7. In this
example, a capacitor-assisted qZSI [8] is used as the foundation
that realizes twice higher voltage gain than does the basic
topology shown in Fig. 6, while the transformer is shared by the
capacitor-assisted qZSI and VM. Other extended ZSI
topologies [8]-[18] can also be employed by replacing one of
the inductors in ZSIs with a transformer. A proper topology
should be selected with considering voltage step-up
requirement and design difficulty.
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F. Leakage Current Suppression and Isolated Micro-Inverter
Applications

The conventional qZSIs, including the proposed integrated
qZSlI, are transformerless topologies and may introduce leakage
current issues due to the common-mode voltage. The past work
about the cascaded qZSI system [20] discusses the leakage
current suppression issue and refer to [46] that the filter-based
solution will help to suppress leakage current through
employing common mode (CM) chokes, CM capacitors, and
ac-side CM chokes, as shown in Fig. 8. A circulating leakage
current loop is formed due to a grounding point and a parasitic
capacitance C, between the PV panel and the earth. The
common mode voltage v is defined as (v, + v5)/2 where v, and
vy are the phase-leg voltages as designated in Fig. 8. The filter
consisting of the ac- and dc-side CM chokes of Lemac and Lem de,
filter inductor Lt, and CM capacitors Ccm is designed to lessen
the high-frequency harmonics across C, so that the leakage
current is suppressed. The detailed analysis and results of
experimental verifications can be found in [46].

To adequately preclude the leakage current issues,
transformer-based isolated converters with galvanic isolation,
such as flyback converter [47], forward converter [3], and
cycloconverter [48], would be a better option. In such isolated
converters, a square wave voltage is generated across
transformer windings, hence driving expectations that the
concept of the proposed integration may potentially be applied
through the transformers. A search for feasible isolated micro-

inverter topologies with integrated DPP capability will be a part
of our future works.

III.  OPERATION ANALYSIS

A. Fundamental Operation

In this subsection, the fundamental operating principle is
explained with an example case where PV is partially-shaded.
All circuit elements are assumed ideal. Although a simple boost
control method is employed throughout this paper, other
modulation methods, such as maximum constant boost control
and space vector modulation, can be applied to the integrated
qZSI.

Key operation waveforms and current flow directions in a
single switching cycle are shown in Figs. 9 and 10, respectively.
It is noted that the inverter leg is depicted as a current source or
short-circuit depending on switching states. According to
switching patterns of qZSIs, there are an ST, active, and zero
states. The current flow path in the ST state corresponds to those
in Modes 1 and 2. Modes 3 and 4, on the other hand, represents
active or zero states.

Mode 1 [Fig. 10(a)]: Both the high- and low-side switches
are on in this ST state, and v, is zero. The currents of Lng and
L2, izmg and iz2, decrease and increase linearly, respectively. The
voltage across the transformer primary winding v; is equal to
Viring + Ve = Vea [see (8)]. On the transformer secondary side,
the current i flows through C, and D, the low-side diode that
is connected in parallel with the shaded substring PV;. i is
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reflected on the primary side in the form of i, (= is/N) and is
superimposed on izmg, becoming iz

Mode 2 [Fig. 10(b)]: This mode begins as i; becomes
positive. In the VM, is flows through D,, the high-side diode
connected in parallel with the shaded substring. i; and iz, show
a typical LR response that reflects Li, and collective resistance
in the current path. Both Ly, and L, store energy and their
currents increase.

Mode 3 [Fig. 10(c)]: This mode corresponds to active or
zero states. irme still linearly increases, whereas L, starts
discharging through the diode D and its currents iz, linearly
decreases. v, is at a high level, and its peak value is equal to
the sum voltage Ve+Ves. vi 1S Vining=Vea = —Vep [see (8)] and
its polarity is negative. On the transformer secondary side, i,
keeps flowing through D, but it sharply decreases.

Mode 4 [Fig. 10(d)]: This mode starts as i; becomes negative
in active or zero states. The low-side diode D; conducts again.
Both iz.e and iz» decrease. This mode lasts until the inverter leg
is short-circuited.

Assuming the collective resistance in the current path is
negligibly low and both iz, and izme change linearly, the current
flowing through the primary winding, i, is expressed as
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where V¢; is the average voltage of Ci, and V7 is the forward
voltage of diodes in the VM.

Modes 1 and 3 are short enough to be neglected, and
therefore duty cycles of D; and D, can be approximated to be
1—dy and d, respectively. The average voltage of the mid-point
of D; and D; is dyVpyr;. Since the average voltage of the
transformer secondary winding must be zero under steady-state
conditions,
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Assuming Vy= 0 for the sake of clarity, substitution of (2)—(4)
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In summary, v, swings and its peak-to-peak voltage is equal
to that of v, Va, as designated in Fig. 9. At the same time, a
square wave voltage with the peak-to-peak voltage of Vi/N
appears across the secondary winding, by which the VM is
driven. In the VM, D1 and D; that are connected in parallel with
the shaded substring PV, are in operation, whereas others do
not conduct for the entire period, meaning only the shaded
substring receives the current from the VM. Since the average
current of C; must be zero under steady-state conditions, the
average current of D; or D; is equal to the current supplied to
the shaded substring from the VM. Although the PV -shaded
condition was taken as an example case, the VM in the proposed
integrated qZSI can operate similarly under any shading
conditions, as reported in the previous work [37].

B. Quasi-Z-Source Inverter

The operation principle of the qZSI in the proposed circuit
is essentially identical to that of traditional ones. The peak value
of the dc-link voltage vac, Vi, is expressed as [49]

Vstring

Ve = —219_
71— 2dg,

=Vea + Ves, (7)

where Viying 18 the string voltage. Vcy and Vg are given by [19]

V., = 1_7615‘[/ . Ven = LV . 8)
CA 1-— stt string» CB 1-— stt string*

Equation (7) suggests that, at a given value of Vi, Vying 1

controllable and MPPT is feasible with manipulating d;.

The output peak phase voltage of the qZSI, V,, is given by
Vo = MVy, €)]

where M is the modulation index. This equation means that the
peak dc-link voltage Vi can be arbitrarily determined by
adjusting M at a given value of V,,. As will be discussed in detail
in the next subsection, the operation criterion of the VM in the
integrated qZSI is dependent on Vg, and therefore M is used to
control the VM-based DPP converter.

Under unshaded conditions, no currents from the VM flow
toward substrings. The current of the secondary winding i (=
Nip) is zero, and therefore ik, is equal to izu. Since the VM is
inactive under unshaded conditions, the proposed integrated
qZSI just operates as an ordinary qZSI. It suggests that, except
for the part of the VM-based DPP converter, the proposed

integrated qZSI can be designed identically to traditional ones.
Current and voltage stresses of a traditional qZSI are
summarized in [50]. Under shaded conditions, on the other hand,
the peak value of i tends to be high due to the operation of
the VM-based DPP converter, as can be seen in Fig. 9. From
the derived 1, pear (5) with the generalized current stresses of the
traditional qZSI [50], current stresses in the proposed integrated
qZSI can be determined.

C. Voltage Multiplier-Based DPP Converter

The detailed operation of the VM-based DPP converter
alone has been thoroughly analyzed in the past works [37], [38].
As discussed in Section III-A, the capacitor C;, which
corresponds to the shaded substring, is charged and discharged,
and its operation can be expressed using an equivalent
resistance.

The dc equivalent circuit of the VM-based DPP converter is
shown in Fig. 11 [37]. Reqi—Reqs are equivalent resistors that
represent the charge-discharge operation of capacitors Ci—Cs,
and Ry is an equivalent resistance of the circuit on the primary
side. Values of Req and Ry are inversely proportional to
capacitances and switching frequency [37], [38]. The primary
winding of the ideal multi-winding transformer is connected to
the voltage source, and its value is equal to the peak-to-peak
voltage of v;. Hence, in the integrated qZSI, its value is Vg
because the peak-to-peak voltage of v, is equal to Vg, as
explained in Section III-A.

All the substrings are connected to the secondary winding
of the ideal multi-winding transformer through two diodes and
a respective equivalent resistor. In order for the VM to supply
equalization currents /; (i = 1...3) for shaded substrings, Vg
needs to fulfill the following relationship;

Vae > N(Vpy + 2V}), (10)

where Vpy is the substring voltage. From (9) and (10), the
operation criterion of the VM-based DPP converter in the
integrated qZSI is obtained as
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Fig. 11. DC equivalent circuit of VM-based DPP converter.



This equation suggests that the VM-based DPP converter can be
enabled/disabled by properly manipulating M depending on
partial shading conditions. When the DPP converter is enabled
by setting M low, an equalization current /; automatically flows

toward shaded substring(s) having the lowest voltage in the string.

D. Design of Transformer and Voltage Multiplier-Based DPP
Converter

This subsection presents a design example of the
transformer as well as the VM-based DPP converter for the
proof-of-concept prototype (see Table I in Section V) with
operation constraints of dy; < 0.3 and M < 1—d; for V, =50 V
at f; = 20 kHz. All substring voltages are assumed to be equal
to Vey=12 V.

The transformer turns ratio N is determined from (11), as
Vo

N _
< M(Vey + 2Vf)

=552 - 5.5, (12)

where Vy=0.47. Since Ly, corresponds to L; in ordinary qZSIs
[see Fig. 5(a)], the number of turns should be properly
determined to have a desired inductance value of Ly,.

As can be seen in Fig. 10, Ly, and a capacitor in the VM (i.e.,
C, in the case of PV)-shaded condition) might resonate,
depending on operating conditions. The VM-based DPP

converter can be driven in either resonant or non-resonant mode.

The conventional VM-based DPP converter is driven with a
duty cycle of 0.5 and is suitable for resonant operations [37].
The DPP converter in the integrated qZSI, on the other hand,
operates with dy < 0.3, and the resonance leads to a higher peak
and RMS currents in the VM. However, large capacitances are
necessary to avoid the resonance, resulting in increased circuit
volume. A compromise design guideline is

1

L )
21 ’%CL

where C; is the capacitance (i is the subscript number of shaded
substring). For N = 5.5 and L, = 7.8 pH of the designed
transformer (see Table I) at f; = 20 kHz, (13) produces C; > 61.4
UF. Thus, C; is determined to be 66 uF (=3 x 22 uF).

2f, > f, = (13)

IV. CONTROL STRATEGY

As mentioned in Section II-A, there are two control degrees
of freedom in qZSIs, and conventional qZSIs in energy storage
or PV applications utilize dy, and M to control input and output

Qo
Varig=  MPPT T 9 5 =
Lping —>| (Hill Climbing) | S 2%
Limiter =z 5 Qum
+ _ MI|& S§—
e PL A0 % Sl
Ve — AV Limiter 1
Viyy —
12 Calculation | 4V
Veyz —

Fig. 12. Control block diagram of AV-controlled equalization and MPPT
for integrated qZSI.

powers independently [49], [S1]. The proposed integrated qZSI
also utilizes dy; and M to realize MPPT and DPP function
simultaneously.

As mentioned in Section III-C, the operation criterion of the
DPP converter in the integrated qZSI depends on Vg or M.
Currents for shaded substrings are supplied only when (10) is
satisfied. In other words, currents might unnecessarily flow
even under unshaded conditions if (10) is improperly fulfilled.
Therefore, V4 should be properly regulated by adjusting M
depending on shading conditions so that currents are supplied
only for shaded substrings under shaded conditions. To this end,
Vae needs to be higher and lower than N(Vpy+ 2 V) under shaded
and unshaded conditions, respectively.

The control block diagram for the integrated qZSI is shown
in Fig. 12. It is noted that the control framework for grid
synchronization is not included for the sake of clarity. The
MPPT control is performed by adjusting di,. Meanwhile, M is
manipulated to control the VM-based DPP converter properly.
In order to supply currents only for shaded substrings under
partial shading conditions, the current sensorless A V-controlled
equalization strategy is employed [36]. The voltage difference
AV between the maximum and minimum voltages among Vpy;—
Vpys is calculated and regulated to be a constant value of AV,.r
so that only shaded substrings receive equalization currents
from the VM-based DPP converter. Under partial shading
conditions, AV tends to be large, and the output of the PI
controller grows, consequently reducing M. Hence, according
to (10), V4 is controlled to be high under partial-shading
conditions. Conventional qZSIs were thoroughly analyzed to
get its transfer function [20], [49]. However, deriving a transfer
function of the VM-based DPP converter in the proposed
integrated qZSI is a daunting challenge as it operates with four
operation modes (see Figs. 9 and 10) and contains numerous
additional state variables, such as iz, irmg, and voltages of Ci—
Cs and Cpy1—Cpy3. Given that partial-shading conditions do not
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Fig. 13. AV-controlled equalization scenarios. (a) PV, is shaded. (b) PV, and PV,
are heavily- and lightly-shaded.



change rapidly, PI parameters for the AV-controlled
equalization loop are determined with trial-and-error basis so
that its gain in a high-frequency region can be low enough to
ensure the stability.

Images of the AV-controlled equalization strategy are
illustrated in Fig. 13. Figure 13(a) deals with the case that PV,
is partially-shaded. The operating point of the unshaded
substrings, PV, and PV3, is determined to be at point A, the
intersection point of /e and characteristics of PV, and PVs.
Meanwhile, since AV is controlled to be a certain fixed value,
the operating point of the shaded substrings PV must be AV
lower than point A. The operating point of PV; must be on the
dashed line L and is determined to be B. The current difference
between A and B corresponds to /; (i.e., a current supplied to
the shaded substring from the VM). Although substring
voltages cannot be completely equalized, the shaded substring

PV, can operate at near its MPP by setting AV as low as possible.

The substring voltages in the case of Fig. 13(a) are given by
{VPV1 =V - 2Vf - IlReq
Veyz = Vpyz 2 Vs — 2V’
where R., is the equivalent resistance, and V; is the secondary
winding voltage. The combination of these two equations

produces the voltage difference AV between the shaded and
unshaded substrings

AV = Vpyz = Vpy1 2 LR

(14)

(15)

eq*

This equation suggests that the value of AV, needs to be
determined with considering R., and the largest expected
equalization current under partial shading conditions. To
minimize the voltage difference and to satisfactorily equalize
substring voltages, AV..rshould be set to be as small as possible
with ensuring a margin for noise and double-line frequency
ripples. If this equation is violated, currents unnecessarily flow
toward unshaded substrings, resulting in increased processing
power as well as losses in the VM. The value of AV for the AV-
controlled equalization strategy will be determined from the
experimentally-obtained R., (see Section V-B).

Figure 13(b) illustrates the case that PV, and PV, are
heavily- and lightly-shaded condition. Both PV, and PV,
receive currents from the DPP converter. The current supplied
to PV, I;, is larger than that for PV, I, causing a larger voltage
drop across R.y for PV, in the form of /;R.,. Therefore, the
voltage of the heavily shaded PV, Vpy;, tends to be lower than
Vpy2 because of the larger voltage drop. The voltage difference
AV between the maximum and minimum voltages in this case
is Vpys — Vpyi, and therefore the operating point of PV must be
AV lower than point A and is determined to be B. Vpy; is
between Vpy; and Vpys, and the operating point of PV, is at C.

The substring voltages in the case of Fig. 13(b) are
expressed as
VPV]. s VS - 2Vf - IlReq
Veye = Vs — 2Vy — IR,
va3 2 Vs - 2Vf

(16)

Since AV in the case of Fig. 13(b) is Veyz — Vpy, the
rearrangement of (16) produces an equation identical to (15).
This fact suggests that the AV-controlled strategy can equalize
all the substring voltages with an error of AV, regardless of
shading conditions.

V.  EXPERIMENTAL RESULTS

A. Prototype

The operation of the proposed integrated qZSI was verified
using the prototype for a standard 72-cell PV panel comprising
three substrings. The prototype and its component values are
shown in Fig. 14 and Table I. PV MICs are often installed on
the back of PV panels, and the proposed integrated qZSI would
be installed similarly. This prototype, however, was designed
for proof-of-concept, not for practical use. Bulky high-profile
components, such as the transformer with an RM14 core,
should preferably be replaced with low-profile ones for the
integrated qZSI to be installed on the back of PV panels.

TMS320F28335 control card (Texas Instruments) was used for
the MPPT and AV-controlled equalization. The prototype operated

Switches ™. D
Voltage Multiplicr ‘\4‘/. N
\ <

e Drivers

90 mm
Front

Fig. 14. 150-W prototype of proposed integrated qZSI.

Table I. Component values used for the prototype.

Component Value

C

Aluminum Electrolytic Capacitor, 330 pF x 6

ext

C,, Cy Aluminum Electrolytic Capacitor, 1 mF x 4
L, 150 uH
Switches BSC320N20NS3, R | =32 mQ
Diode Fast Recovery Diode, BVY29, ¥V, =1.05V
Transformer N,:N, =224, Lkg =7.8 uH, ng =263 pH
C,-C, Ceramic Capacitor, 22 pF x 3
Cp\,]—Cp” Ceramic Capacitor, 47 pF x 4
D-D, Schottky Barrier Diode, SL42, V. =0.47 V
Gate Driver IRS2186
cB
L2 J
D6
f Coxt A o
Ve ““cpvs
VLT[ s
Lf
= Ly W ca QHa QHb
/ “—cpv2 +— - S Ro
A —
Rvar D3 i 100
f D2g 1 : ﬁ QIEE
Ve SRvar ——Cpvi ¢—]
\ Y

Fig. 15. Experimental setup to measure output characteristics of VM-
based DPP converter.
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Fig. 16. Measured output characteristics of VM-based DPP converter.

at a switching frequency of 20 kHz. The measured power
conversion efficiency under an unshaded condition with Viying =36
V was 83-90% in the output power range of 50—-160 W.

B. Output Characteristics of VM-Based DPP Converter

The output characteristics of the VM in the integrated qZSI
was measured using the experimental setup shown in Fig. 15.
Substrings were removed, and an external power supply Vex; of
36 V was connected to the input. By directly connecting the
variable resistor Ryar to Cpyi, the current-flow-path under the
PV,-shaded condition (see Fig. 10) can be emulated. The output
current /.- and the voltage across Cpvi, Vpy1, were measured
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Fig. 17. (a) Substring characteristics, (b) string characteristics with/without
DPP function.

with manually regulating V4. to be 52, 60, 72, or 90 V. M was
fixed to be 0.78, and a load resistance R, of 100 2 was
connected to the output of the inverter.

The measured output characteristic of the VM-based DPP
converter is shown in Fig. 16. Vpy; almost linearly decreased
with . Slopes of the measured characteristics were
independent on Vg, and R., was determined to be 0.60 Q.

C. String Characteristics under Partial Shading Condition

A partial shading condition was mimicked using solar array
simulators (E4361A, Keysight Technologies). Individual
substring characteristics used for the experiments are shown in
Fig. 17(a). PV, and PV; were unshaded, while PV was shaded.
The string power available in the ideal case under this partial
shading condition was 141.2 W (= 27.2 W + 57.0 W x 2). The
current difference between the shaded and unshaded substrings
was approximately 2.0 A in this case, and R., was determined
to be 0.60 Q from the measured characteristics of the VM (see
Fig. 16). Accordingly, AV,, for the current sensorless
equalization was set to be 2.0 V to fulfill (15) with considering
the influence of noise and leaving enough margin. M was
manipulated to achieve AV-controlled equalization, while dy
was fixed to be 0.2 and the load resistance R, was manually
varied in order to sweep the string characteristics.
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Fig. 18. Measured waveforms at string’s MPP. (a) Key waveforms. (b) v,
and vg..



The measured inverter output power characteristics as a
function of string voltage with/without the DPP function are
shown and compared in Fig. 17(b). In the case without the DPP
function, the secondary winding was opened to disable the
operation of the VM. Without the DPP converter, two power
point maxima (a local and global MPPs) were observed, and the
maximum power available at the inverter output was merely 87.0
W at Viping = 25.5 V. With the DPP function of the integrated
qZSI, on the other hand, the local MPP disappeared, and the
maximum output power increased to as high as 113 W at Viging =
36.7 V. The available power at the inverter output increased by
30%, and 80% of the ideal string power (= 113 W/141.2 W) could
be delivered to the output port. Given that the power conversion
efficiency of the prototype was 83—90% in the range of 50-160
W, the string was utilized well even under this partial shading

condition, demonstrating the DPP function of the integrated qZSI.

At Viying=36.7V with dy = 0.2, Ve, Ve, and Vep were measured
to be 61.6, 48.7, and 12.0 V, respectively, agreeing well with the
theoretical values of (7) and (8).

The measured key operation waveforms at the string’s

maximum power point of Viing=36.7 V are shown in Fig. 18(a).

These waveforms matched well with the theoretical ones shown
in Fig. 8. The measured v, and v, are shown in Fig. 18(b). va.
swung while generating ac voltage with an RMS value of 36 V.
These results demonstrated that the proposed integrated qZSI
can produce ac output voltage with precluding the negative
issues of partial shading.

D. MPPT under Partial Shading Condition

The experimental MPPT test employing the proposed
control strategy was performed emulating a partial shading
condition. From the experimentally obtained R., of 0.60 Q (see
Fig. 16), AV,.r was determined to be 2.0 V for an equalization
current of 1.0 A with considering a margin for noise and double-
line frequency ripple. AV of substring voltages was regulated to
be 2.0 V by manipulating M, while the MPP of the string was
tracked using the hill climbing algorithm with a duty cycle
perturbation Ad,; of 0.2%. The sampling interval for the MPPT
was set to be 2.0 s, which is hundred times greater than the line
frequency period of 20 ms, so that the MPPT operation is not
affected by the line frequency of 50 Hz. The key parameters of
substring characteristics used for the MPPT test are listed in
Table II. The maximum powers of shaded and unshaded

Table II. Key parameters of substring characteristics in MPPT test.

Vip VI Voo [IVI 1Ly [A] 1y [A] Pupp [W]
PV, (Shaded) 11 14 0.95 1.0 10.5
PV,, PV; (Unshaded) 12.4 16 1.9 2.0 23.6
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Fig. 19. Experimental results of MPPT with AV control.

substrings were 10.5 and 23.6 W, respectively, and the available
maximum string power was 57.7 W in this condition.

The experimental results are shown in Fig. 19. The voltage
difference between the shaded and unshaded substrings was
controlled to be about 2.0 V, though substring voltages fluctuated
due to the duty cycle perturbation. The extracted power reached
around 57.0 W after the operation came to the steady state,
demonstrating the integrated functions of the MPPT and
preclusion of decreased power yield by partial shading.

VL

As depicted in Fig. 3, PV systems consist of multiple
converters and therefore should be evaluated and compared
based on system efficiencies, not converter efficiencies alone.
This section presents the comparison between the proposed
integrated qZSI system and several representative conventional
DPP converters for PV panels comprising three substrings, as
shown in Table III. DPP converter efficiencies are a power
conversion efficiency of a DPP converter alone. Irradiance

SYSTEM EFFICIENCY COMPARISON

Table III. System efficiency comparison.

Topolo Architecture Control DPP Converter Trradiance Extraction  System
pology Efficiency Condition Efficiency Efficiency
Res‘“[‘;g; sce Adja[firgn iz‘;’ﬁmng qu:llsieion 99%  100%, 100%, 60%  98.0%  84.3%
Multi-Stacked Buck-  String-to-substring Voltage o o o o o o
Boost Converter [35] [Fig. 2(b)] Equalization 90% 100%, 6%, 33% 91.6% 78.8%
Flybac‘;;;;’“"emr Smﬁ‘;";‘él:)s]m“g EqZ:llitzag:i:on 90%  100%, 100%, 60%  96.3%  82.8%
F lybad; ﬁ}’“ve”er S“[b;itg“'f(';’]' P dMPPT 94%  100%, 100%, 50%  98.0%  84.3%
F lybad; g}’mmr S“[b;itgmf(';’]' P qu:llsieion Not Reported  100%, 75%, 50%  96.5%  83.0%
Topose . e 6, 6, 60% 0%
Proposed mte%;ﬁtge‘z;‘zs ! Eq:x/:lllt;ag:on N/A 100%, 100%, 60%  N/A 80.0%




conditions represent relative values of short-circuit currents or
maximum powers of individual three substrings. The extraction
efficiency is defined as a ratio of an extracted power to an ideal
panel power under partial shading conditions. System
efficiencies were determined with a premise that a gZSI with a
power conversion efficiency of 86% was employed for all
conventional DPP  systems—the 86%-efficiency was
equivalent to the measured efficiency of the proposed
integrated qZSI under unshaded conditions.

Extraction efficiencies of conventional DPP systems are
reportedly higher than 90%, depending on topologies and
irradiance conditions, and their system efficiencies are around
83%. Meanwhile, the measured system efficiency of the
proposed integrated qZSI is 80% (see Section V-C). The
inferior system efficiency is chiefly attributable to that the
individual performances as a qZSI and DPP converter cannot
be optimized due to the integration, as discussed in Section II-
C. Furthermore, with the AV-controlled equalization strategy,
the residual voltage difference AV remains even with the DPP
function, impairing the system efficiency. Thus, the proposed
integrated qZSI is considered better suitable for applications
where the system simplification and cost reduction are
prioritized over system efficiency enhancement, as mentioned
in Section II-C.

VII. CONCLUSION

A novel PV MIC based on cascaded qZSI with DPP
capability has been proposed in this paper. The proposed qZSI
can be derived by integrating a traditional qZSI and VM-based
DPP converter into a single unit with sharing active switches
and magnetic components, realizing the simplified system and
circuit. The operational analysis revealed that two control
freedoms of shoot-through duty cycle ds; and modulation index
M can be utilized to simultaneously perform the MPPT and
DPP function, respectively.

The control strategy for the integrated qZSI has also been
presented. MPPT is performed by adjusting dy, while M is
manipulated based on the AV-controlled equalization strategy,
with which a voltage difference between shaded and unshaded
substrings is controlled to be a certain fixed value so that partial
shading issues are prevented by the DPP converter.

The 150-W prototype of the integrated qZSI was built for a
standard 72-cell PV panel comprising three substrings.
Experimental tests were performed emulating partial shading
conditions. The extractable maximum power from the partially-
shaded panel increased by 30% under a certain condition,
demonstrating the DPP function of the integrated qZSI. With
the proposed control strategy, the MPP was properly tracked
with regulating AV to be a fixed value, demonstrating the
integrated functions of MPPT and DPP.
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