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Current Sensorless Equalization Strategy for
Single-Switch Voltage Equalizer Using
Multi-Stacked Buck-Boost Converters for
Photovoltaic Modules under Partial Shading

Masatoshi Uno, Member, IEEE, and Akio Kukita

Abstract— Differential power processing converters and
voltage equalizers have been proposed and used for photovoltaic
(PV) string comprising multiple modules/substrings connected in
series in order to preclude negative influences of partial shading.
The single-switch voltage equalizer using multi-stacked
buck-boost converters can significantly reduce the necessary
switch count compared to that of conventional topologies,
achieving simplified circuitry. However, multiple current sensors
are necessary for this single-switch equalizer to effectively
perform equalization. In this paper, a current sensorless
equalization technique (AV-controlled equalization) is presented.
The equalization strategy using the AV-controlled equalization is
explained and discussed on the basis of comparison with
current-controlled  equalization  strategies. = Experimental
equalization tests emulating partial-shading conditions were
performed using the single-switch equalizer employing the
AV-controlled equalization. Negative impacts of partial-shading
were successfully precluded, demonstrating the efficacy of the
proposed AV-controlled equalization strategy.

Index Terms— Buck-boost converter, partial shading, voltage
equalizer, AV-controlled equalization.

[. INTRODUCTION

In order to fully extract power generated by photovoltaic (PV)
panels, not only are efficient power converters necessary but
also utilization ratio of PV panels should be maximized.
Although numerous efficient switching power converters and
inverters have been proposed and developed, challenges to
improve the solar energy utilization still firmly remain.

A major stumbling block to the improved energy utilization
is the partial shading on PV panel/string comprising multiple
modules/substrings connected in series (hereafter, simply call
module). Since current generated by PV modules are strongly
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dependent on insolation levels, partial shading on a PV string
triggers current mismatch among modules. In a
partially-shaded PV string comprising series-connected
modules, shaded module(s) is bypassed by bypass diode(s)
connected in parallel with it, as shown in Fig. 1(a), resulting in
a significant mismatch in operation voltage. These mismatches
in current and voltage render the panel to have multiple
maximum power points (MPPs), including one global MPP and
local MPPs, with which ordinary MPP tracking algorithms
cannot perform normally — the partially-shaded panel is likely
to operate at its local MPP, a non-optimum operation voltage.
Advanced MPPT techniques allow the partially-shaded PV
string to operate at its global MPP but shaded module still
cannot be fully utilized.

The most straight forward approach to cope with the
partial-shading issues is the distributed MPPT system using
module-integrated converters (MICs), as shown in Fig. 2(a) [1],
[2]. PV modules are individually controlled by respective MICs,
overcoming the partial-shading issued. However, the number of
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Fig. 1. Influence of partial shading on PV string comprising
series-connected modules: (a) PV modules under partial shading
condition, (b) String characteristics with/without partial shading.
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converters necessary in the distributed MPPT systems is
proportional to that of modules, increasing the system cost and
complexity. In addition, not only is the efficiency penalty due
double power conversion likely but also each MIC needs to be
rated with full module power [3], [17]. These are cited as major
disadvantages when compared with differential power
processing (DPP) converters and voltage equalizers introduced
later.

Various kinds of differential power processing (DPP)
converters and voltage equalizers have been proposed and
developed to address the partial shading issues mentioned
above [3]-[26]. With these converters, a fraction of generated
power of unshaded modules is transferred to shaded modules so
that all the modules are able to operate at the same voltage or
even at each MPP [6], [7]. Numerous topologies have been
presented, and most of them are based on individual
non-isolated bidirectional converters, such as buck-boost
converters [3]-[11] and some extended topologies [12]-[14],
multi-stage choppers [15], [16], and switched capacitor
converters [17]-[19] that provide a power transfer path
between adjacent two modules. PV systems employing the
adjacent module-to-module equalization is illustrated in Fig.
2(b). In the topologies presented in [20]-[24] [see Fig. 2(c)],
each module is equipped with an isolated converter to provide a
direct power transfer path between a string and shaded module.
In other words, these conventional topologies require multiple
converters as well as switches in proportion to the number of
modules connected in series. This tendency is considered
undesirable from the viewpoints of system and circuit
complexity.

Meanwhile, the string-to-module equalization architecture,
shown in Fig. 2(d), can reduce the equalizer count, potentially
achieving the reduced system cost and complexity. This
equalizer is basically a single-input multi-output converter that
transfers power from the string to shaded module(s). The
two-switch equalizer using an LLC resonant voltage multiplier
[25] can be categorized into this architecture. In comparison
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Fig. 2. PV system architectures using (a) module-integrated converters,
(b) adjacent module-to-module equalizers, (c) isolated equalizer, and (d)
string-to-module equalizer.

with the equalization architectures shown in Figs. 2(b) and (c),
the switch count can be dramatically reduced but it still requires
two switches, implying there is still room for improvement. The
equalizer based on a multi-winding flyback converter [26] is a
single-switch topology, but the design difficulty of the
multi-winding  transformer may arise in practical
implementation.

A single-switch voltage equalizer using a multi-stacked
buck-boost converters, which had been developed for battery
equalization [27], has been proposed for PV strings under
partial shading [28]. This equalizer can be derived by stacking
multiple capacitor-inductor-diode (C-L-D) filters on a
traditional buck-boost converter, such as SEPIC, Zeta, and Cuk
converters. Regardless of the number of modules connected in
series, the required switch count is only one, considerably
simplifying the circuitry compared to conventional DPP
converters and voltage equalizers. However, in order for this
equalizer to work optimally, an equalization current supplied to
unshaded modules must be controlled to be nearly zero,
requiring multiple current sensors in proportion to the number
of modules connected in series. From the perspectives of cost
and complexity, a current sensorless voltage-based control is
preferable to the current-based one.

In our previous work [29], the current sensorless equalization
technique was proposed for the single-switch equalizer using
the multi-stacked buck-boost converters. This paper presents
the fully-developed work about the current sensorless
equalization strategy for the single-switch equalizer for PV
strings under partial shading. The proposed current sensorless
equalization strategy achieves reduced cost and simplified
measurement circuit as well as decreased processed power and
power conversion loss in the equalizer in comparison with the
previously-proposed equalization strategy [28]. In Section II,
the circuit topology of the single-switch equalizer is briefly
reviewed, and fundamental operation principle of the equalizer
employing the current sensorless control technique is explained.
The equalization strategy of the current sensorless control is
detailed and compared to the conventional equalization strategy
in [28] in Section III, followed by the feedback circuit
implementation in Section IV. Section V will present
experimental results of the equalization tests using the
proposed current sensorless equalization strategy. In addition to
the detailed analysis and experimental results, potential
applications of the proposed AV-controlled equalization
strategy will be discussed in Section VI.

II. SINGLE-SWITCH VOLTAGE EQUALIZER USING
MULTI-STACKED BUCK-BOOST CONVERTERS

A. Topology

By stacking C-L-D filters on a traditional buck-boost
converter, such as SEPIC, Zeta, and Cuk converters, as a
foundation, single-switch equalizers can be derived. A
SEPIC-based topology for three PV modules PV,—PV;
connected in series is shown in Fig. 3(a), as a representative
topology. The input of the SEPIC is tied to the string, while
output smoothing capacitors Coui—Cous are connected in
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Fig. 3. (a) Single-switch SEPIC-based voltage equalizer and (b) its
equivalent circuit.

parallel with PV,—PV3, respectively. A fraction of the generated
power of the string is fed to the input of the equalizer. Then, this
supplied power is redistributed to shaded modules so that all
module voltages are equalized, as will be explained in the
following subsection.

B. Equivalent Circuit and Mechanism of Voltage

Equalization

A rectangular wave voltage is generated at a switching node
of the SEPIC (i.e., the drain of the MOSFET). Since C,—C; are
connected to this switching node, these capacitors can be
regarded as coupling capacitors that allow ac components only
to flow through them. In other words, C-L-D filters are
ac-coupled, suggesting that although PV,—PV; are at different
dc voltage levels, these C-L-D-filters as well as PV,—PV3 can
be separated and grounded, as shown in Fig. 3(b).

ULin

e

Ip

ingVevi

Vps

Time
Fig. 4. Key operation waveforms in CCM when PV, and PV; are
moderately and severely shaded, respectively.

The equivalent circuit shown in Fig. 3(b) provides an
intuitive understanding of how module voltages can be
automatically equalized under partial shading conditions. All
the C-L-D filters as well as PV—PV; are equivalently
connected in parallel, and therefore, the equalizer preferentially
supplies an equalization current to the module having the
lowest voltage in a string. In general, a voltage of shaded
modules tends to be lower than that of unshaded modules, as
illustrated in Fig. 1(a). Hence, equalization currents
automatically flow toward shaded modules so that all the
module voltages become nearly uniform.

C. Fundamental Operation

Similar to traditional buck-boost converters, the
single-switch equalizer operates in either continuous
conduction mode (CCM) or discontinuous conduction mode
(DCM), depending on the degree of shading. Severely-shaded
conditions for the equalizer correspond to heavy loads for
traditional converters because large equalization currents are
needed to equalize module voltages, and therefore, the
equalizer operates in CCM. On the other hand, when the degree
of shading is light, the operation likely falls into DCM.

The key operation waveforms in CCM and current flow
directions of the equalizer with the current sensorless
voltage-based control, which will be proposed and discussed in
Section 111, are shown in Figs. 4 and 5, respectively. In this case,
PV, and PV3 are moderately and severely shaded, respectively.
The waveforms and current flow paths shown in Figs. 4 and 5
are slightly different from those using the previously-proposed

Fig. 5. Current flow directions during (a) Toy, (b) Torr or Torr a» (¢) Torr 5, and (¢) Torr peu-
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current-controlled equalization; with the voltage-based control,
the unshaded module PV; does not receive an equalization
current, while equalization currents flow toward all modules
when the current-based control is employed [28]. The
difference between the current-based and voltage-based
controls are detailed in the next section.

In Toy period, the switch Q is turned on, and all the inductor
currents, iz, and iz;—iz3, linearly increase and flow through Q,
as shown in Fig. 5(a). Similar to the traditional SEPIC, voltages
applied to inductors Li, and L; (i = 1...3) are equal to the input
voltages or the string voltage Ving.

The operation of the equalizer moves to Torr period as Q is
turned off, and all the inductor currents start linearly decreasing.
Applied voltages of inductors are equal to V'py; — Vp where
V'pyi is the lowest voltage of shaded modules in the string and
Vp is the forward voltage of diodes — V’py; = Vpys in the case
shown in Figs. 4 and 5. The volt-second balance on inductors
under a steady-state condition yields the voltage relationship
between Vsying and V'py; as

Vi = % Vewie =V > (1)
where D is the duty cycle of the switch Q. D is adjusted so that
the voltage difference (4V) between the measured highest and
lowest module voltages (Vi and Vi, respectively) in the string
to be a certain fixed value as will be detailed in Section III.

Diodes connected to the shaded modules of PV, and PV3 (i.e.,
D, and Ds3) conduct, whereas that corresponding to the
unshaded module of PV, (D)) is still off, as shown in Fig. 5(b).
From Kirchhoff’s current law, an equalization current supplied
to PVi, L4, is equal to an average current of L; or D; (/1 or Ip;)
because an average current of C; must be zero under a
steady-state condition;

Iﬁqi = [Li = IDI * (2)

Since D; does not conduct under this shading condition, no
equalization current is supplied to the unshaded module PV,
and therefore, the average current of Ly, Iz;, is zero although a
current ripple exists in iz;.

Key operation waveforms in DCM are shown in Fig. 6. The
current flow directions in 7oy and Torr o in DCM are identical
to those in Toy and Torr in CCM, respectively, while the period
of Torr pcuis unique to the DCM operation. In Torr pem period,
all the diode cease to conduct, and all the inductor currents
become constant, indicating the applied voltages of inductors
are zero.

Similar to the CCM, the voltage relationship between Viing
and V"p; can be expressed as

Vi =V Vs, 3)

ab
where Dy is the duty cycle of the sum of Torr o and Torr »
periods in DCM, as designated in Fig. 6. The boundary between
CCM and DCM can be established based on whether all diode
currents reach zero in switch-off state. In other words, if D, is
shorter than 1 — D (i.e., Ds» < 1 — D), the operation falls into
DCM. The critical duty cycle D¢yiicar can be yielded as
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Fig. 6. Key operation waveforms in DCM when PV, and PV; are
moderately and severely shaded, respectively.
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1. EQUALIZATION STRATEGY

In order to effectively preclude the negative impacts caused
by partial shading, the equalizer needs to be properly controlled
with minimizing power conversion loss in the equalizer.
Although voltage equalization does not guarantee that all the
modules operate at each MPP, the loss in energy yield is
reportedly satisfactory small and less than 2% below the ideal
individual MPPT [23]. Hence, equalization strategy discussed
in this section is aimed for voltage equalization.

The proposed single-switch equalizer is basically a
single-input multi-output power source with one control
freedom (i.e., duty cycle). In order to equalize (or supply
equalization currents to) multiple PV modules with single one
control freedom, the equalizer should be operated with a proper
equalization strategy. Depending on strategies, there are three
conceivable equalization scenarios (see Fig. 7) that are
considered in this section. This section deals with a partial
shading condition where PV, and PV; are moderately and
severely shaded, respectively, similar to the case discussed in
the previous section. For the sake of clarity, the equalizer is
illustrated as a multi-output power source of V., having
respective equivalent output resistors R,.; and output diodes.
From Fig. 7, the relationship between the shaded module’s
voltage V"py; and V. can be yielded as

Vi = Ve _quiRum _VD . (5)
From (1) and (5),
D D
Ve = E VSIring - quiRzmr * S VS”i’lg > (6)

indicating that V-, is essentially duty-controllable.

A. Equalization Scenarios

In the first scenario, the over-equalization scenario shown in
Fig. 7(a), equalization currents are supplied to all modules
including the unshaded module PV;; a difference between
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Fig. 7. Equalization scenarios: (a) Over-equalization, (b)
current-controlled equalization, and (c) current sensorless A V-controlled
equalization.

IString and /py; corresponds to an equalization current I, as
designated in the figure. Since all the output diodes of the
equalizer conduct, all the module voltages are equalized as V. —
Vb = Vpyi if voltage drops across R, are neglected. However,
the unshaded module PV; unnecessarily receives an
equalization current, increasing the processed power as well as
power conversion loss in the equalizer.

In the current-controlled equalization scenario, which is
shown in Fig. 7(b) and has been previously employed for the
single-switch equalizer [28], the unnecessary equalization
current for the unshaded module PV, is minimized. Similar to
the over-equalization scenario, all the output diodes of the
equalizer conduct, equalizing all the module voltages as V. — Vp
= Vpyi. In addition, the minimized unnecessary equalization
current for the unshaded module reduces the processed power
as well as the power conversion loss in the equalizer. However,
in order to minimize the unnecessary equalization current for
the unshaded module, this equalization current needs to be
measured and controlled using a current sensor, which is not
desirable from the cost perspective. Besides, the
current-controlled equalization strategy requires multiple
current sensors in proportion to the module count because all
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Fig. 8. Analogue feedback circuit for A V-controlled equalization.
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modules are potentially shaded and receive the controlled
minimized equalization current, depending on partial shading
conditions in practical use.

In the third equalization scenario, the
voltage-difference-controlled equalization scenario (hereafter,
simply call AV-controlled equalization), module voltages are
‘nearly’ equalized without measuring the equalization current
for the unshaded module, and therefore, it is essentially a
current sensorless equalization method. Instead of currents, the
voltage difference between the modules having the highest and
lowest voltages (¥ and V7) is controlled, as shown in Fig. 7(c).
Equalization currents are supplied to shaded modules only, and
their voltages are equalized as Vpy: = Vpys =V, — Vp =V —the
voltage drops across R is ignored —, while the unshaded
module PV, receives no equalization current and the output
diode for PV, does not conduct because Vpy; is higher than V., —
Vp. In other words, Vy (= Vero = Veyz = Vo — Vp) is
duty-controllable as (5) and (6) indicate, while Vi (= Veyy) is
independent on duty cycle, and therefore, the voltage difference
of Vi — Vi = AV can be adjusted by duty cycle —AV decreases
with an increase in duty cycle. In the AV-controlled
equalization scenario, the equalizer operates so that AV is
controlled to be a certain fixed value as will be discussed in
Section III-C.

B. Features of AV-Controlled Equalization

In comparison with the previously-reported control strategy
using multiple current sensors in proportion to the number of
modules [28], the proposed AV-controlled equalization is
current sensorless, therefore achieving reduced cost and
dramatic simplification in measurement circuits by eliminating
current sensors.

In addition, the AV-controlled equalization can reduce power
conversion loss by completely eliminating the unnecessary
equalization current for the unshaded modules. With the
previously-reported equalization strategy [28], an equalization
current unnecessarily flows to unshaded module PV [see Fig.
7(b)], increasing the processed power and conversion loss in
the equalizer. With the AV-controlled equalization, on the other
hand, no equalization current flows toward the unshaded
module PV, [see Fig. 7(c)], hence reducing the processed
power as well as power conversion loss in the equalizer.

However, module voltages with the proposed A V-controlled
equalization cannot be completely equalized because of the
existence of AV = Vy — V.. This incomplete voltage
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equalization might lead to a decreased energy yield, especially
when the value of AV is set large. However, by setting the value
of AV to be small enough compared with module voltages, all
the module voltages can be adequately equalized without
significantly degrading the energy yield from the PV string
under partial shading conditions.

C. Determination of AV for AV-Controlled Equalization

The value of AV needs to be determined considering noise
and an equivalent output resistance, which was neglected in the
previous subsection for the sake of clarity. In the case of Fig.
7(c), module voltages, Vpy;—Vpys3, are expressed as

VPV] = Vs - VD
VPVZ = VL - VD - [quRmu > (7)
VPV] = VL - VD - [z‘quou/

where R, is the equivalent resistance value. By defining
shaded and unshaded module voltages as Vspadea and Vunshadeds
respectively, (7) can be arranged as

2Vua LR, - 8)

Shaded eq VN out
In the AV-controlled equalization, AV (= Vu — Vi)
corresponds to the voltage difference of Vnadea and Vunshadeds
and therefore,

AV>1R . )

eq” out

Unshaded

This equation suggests that AV must be determined
considering R, and potentially largest equalization current /o,
so that no equalization current flows toward unshaded modules.

IV. FEEDBACK CIRCUIT IMPLEMENTATION

The proposed current sensorless AV-controlled equalization
strategy can be implemented by either an analogue or digital
control circuit. In this paper, an analogue feedback circuit was
employed.

The analogue feedback circuit for AV-controlled
equalization is shown in Fig. 8. All the module voltages are
individually measured using operational amplifiers A;—As.
Outputs of A;—Aj are connected in parallel through respective
output diodes and are tied to the inputs of the differential
amplifier VD so that the highest and the lowest module
voltages (i.e., Vx and V) in the string are inputted to the
inverting and non-inverting inputs of the VD, respectively; Vy—
Vrand Vi + Vi are inputted to the inverting and non-inverting
inputs, respectively, where V7 is the forward voltage drop of
diodes in the feedback circuit. Hence, VD outputs 2Vr— (Vy —
Vi) for the error amplifier to generate a PWM signal in the
comparator stage. Therefore, with the known value of Vr, the

Table I
Component values for the prototype.
Comp onent Value
C,-C; Ceramic Capacitor, 44 pF, 5 mQ
Cour—Cous Ceramic Capacitor, 141 uF
Di-Ds PDS4150, Vp =0.71 V
L, 82 uH, 87.3 mQ
L-L, 68 uH, 72.1 mQ
Q FDS86240, Rps =35.3 mQ

voltage difference AV (= Vu — Vi) can be arbitrary determined
by properly setting V..

V. EXPERIMENTAL RESULTS

A. Prototype and its Output Resistance

A 75-W prototype for three modules connected in series was
built and its component values are listed in Table I. The
measured average power conversion efficiency of the prototype
operating at a switching frequency of 170 kHz was
approximately 90%.

The output resistance R, was measured with the
experimental setup shown in Fig. 9(a). The equalizer was fed
by an external voltage-source power supply, while PV modules
were removed and a variable resistor was connected in parallel
with Cou. The prototype was operated at a fixed duty cycle of
D=0.25.

12.0
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11.7
11.6
11.5

Voltage [V]

11'%.0 0.5 1.0 1.5 2.0 2.5

Current [A]
(b)
Fig. 9. (a) Experimental setup for output characteristic measurement and
(b) measured output characteristic.
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Fig. 10. Individual module characteristics used for the first partial shading
case.
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Fig. 11. Experimental results in the first partial shading case: (a) String
characteristics with/without equalization, (b) individual module
characteristics with equalization.

The measured output characteristic of the prototype is shown
in Fig. 9(b). From the slope of the measured /~/ characteristic,
the value of R, was calculated to be 0.188 Q. Assuming the
potentially largest ., is 1.0 A with considering the influence of
noise, the value of AV was determined to be 300 mV according
to (9).

B. Equalization Tests Emulating Partial Shading Conditions

Solar array simulators (Agilent Technology, E4360A) were
used to emulate two partial shading conditions. The equalizer
was controlled using the feedback circuit shown in Fig. 8 for
the current sensorless AV-controlled equalization with AV =
300 mV. A resistance of an electronic load connected to the
string was manually varied in order to sweep the string
characteristics with/without the equalizer.

Individual module characteristics used for the first partial
shading case are shown in Fig. 10; PV, and PV3 are moderately
and severely shaded, respectively, similar to the case taken in
Sections II and III. The measured string characteristics
with/without the equalizer are compared in Fig. 11(a). Three
MPPs, including one global and two local MPPs, were
observed when without equalization, and the extractable
maximum power was merely 34 W at Vy.ine =24 V. Meanwhile,
with the equalizer, the local MPPs successfully disappeared and
the extractable maximum power increased to as high as 46 W at
Vsiring = 35 V. This result indicates that 92% of the string power

1.6 ——————————————————
12F ]
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0.4 4
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2.0

1.0 £ 3

i [A]

i [A]

0.0/ /

-1.0
80

60F | -

40 -
20+ B

Time [1 ps/div]

vps [V]

Fig. 12. Measured waveforms in the first partial-shading case.

was extracted with the support of the equalizer, and the rest 8%
of the string power was dissipated in the form of power
conversion loss in the equalizer and/or was not extracted
because voltage equalization does not guarantee that all the
modules operate at each MPP.

The measured individual module characteristics with the
equalizer are shown in Fig. 11(b). All the module
characteristics were nearly unified by the support of the
equalizer. The voltage difference between the highest and
lowest module voltages was controlled to be approximately 300
mV.

Measured key waveforms at Vs,ing = 35 V are shown in Fig.
12. The average current of iz»> and ir3 were higher than zero,
depending on the degree of shading, while that of i;; was zero,
suggesting no equalization current was supplied to the

unshaded module PV| — an equalization current flowing to a
module is equal to an average current of corresponding inductor,
as expressed by (2).

The experimental equalization test for the second case was
performed emulating a slightly-shaded condition so that the
equalizer operates in DCM. The individual module
characteristics used for the second partial shading case are
shown in Fig. 13.

The measured string characteristics with/without the
equalizer are shown and compared in Fig. 14(a). Similar to the

Fig. 13. Individual module characteristics used for the second partial

shading case.
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Fig. 14. Experimental results in the second partial shading case: (a) String
characteristics with/without equalization, (b) individual module
characteristics with equalization.

first experiment, the local MPPs were successfully eliminated
by the equalizer, and the extractable maximum power was
increased to 57.9 W which accounts for 95.7% of the string
power. The measured individual module characteristics with
the equalizer operating in DCM are shown in Fig. 14(b).
Similar to the first case, the module voltages were successfully
uniformed within 300 mV even in DCM condition.

The measured waveforms in the second partial shading case
are shown in Fig. 15. All inductor currents were discontinuous
triangular waves, and voltage oscillation caused by resonance
between the output capacitance of the MOSFET and inductors
was observed in the drain-source voltage vps. The average of iz,
was zero while those of ir» and iz 3 were substantial, indicating
that the equalizer supplied no equalization current for the
unshaded module PV, even in DCM operation. These results
demonstrate the efficacy of the proposed AV-controlled
equalization under both CCM and DCM operations.

VI. APPLICATION OF 4V-CONTROLLED EQUALIZATION TO
OTHER EQUALIZERS

The AV-controlled equalization strategy has been proposed
for the single-switch equalizer that is equivalently a
multi-output power source with one control freedom, as
mentioned at the beginning of Section III. The proposed
AV-controlled equalization can be applied to other voltage

iy [A]

i [A]

vps [V]

Time [1 ps/div]

Fig. 15. Measured waveforms in the second experiment.

(2) (b)
Fig. 16. (a) Single-switch equalizer based on multi-winding flyback
converter [26], (b) two-switch equalizer using LLC resonant voltage
multiplier [25].

equalizers that are equivalently a multi-output power source
with one control freedom. For instance, the single-switch
equalizer based on the multi-winding flyback converter [26], as
shown in Fig. 16(a), is a duty-controlled multi-output power
source. Another example is the two-switch voltage equalizer
using an LLC resonant voltage multiplier [25] shown in Fig.
16(b) that is a frequency-controlled multi-output power source.
Both equalizer can be equivalently expressed as the
multi-output power source of V. having equivalent output
resistance Rout and output diodes, as illustrated in Fig. 7.
Although open-loop control may be feasible (e.g., as reported
in [25]), the AV-controlled equalization would improve the
equalization performance of these equalizer.

VII. CONCLUSIONS

The single-switch equalizer presented in this paper can
reduce the switch count compared to conventional topologies,
achieving  simplified circuitry. = However, with a
previously-employed current-controlled equalization strategy,
the number of current sensors necessary is proportional to the
module count, likely resulting in increased cost and complexity
of a feedback circuit.

Three equalization strategies, including the
previously-employed current-controlled equalization and
proposed current sensorless AV-controlled equalization, were
compared and discussed. The AV-controlled equalization was
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concluded to be a preferable equalization strategy because of
the lack of current sensors while achieving a reasonable
equalization performance.

Experimental equalization tests emulating partial shading
conditions were performed using the single-switch equalizer
employing the proposed AV-controlled equalization. With the
support of the equalizer, local MPPs were successfully
eliminated and the extractable maximum power was
significantly improved. All the module voltages were nearly
unified, demonstrating the efficacy of the proposed current
sensorless A V-controlled equalization.
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