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Abstract— Various kinds of differential power processing 

(DPP) converters and voltage equalizers have been proposed for 

series-connected photovoltaic (PV) modules to prevent negative 

influences of partial shading, such as significant reduction in 

power generation and the occurrence of multiple maximum power 

points (MPPs), including local and global MPPs, that hinders and 

confuses MPP tracking algorithms to operate properly. However, 

since conventional topologies are based on multiple individual 

dc-dc converters, the required switch count increases 

proportionally to the number of modules connected in series, 

increasing the complexity. A two-switch voltage equalizer using an 

LLC resonant inverter and voltage multiplier is proposed in this 

paper. The circuitry can be dramatically simplified compared with 

conventional topologies thanks to the two-switch configuration. 

Detailed operation analyses for the LLC resonant inverter and 

voltage multiplier are separately performed. Experimental 

equalization tests emulating partially-shaded conditions were 

performed for four PV modules connected in series. With the 

proposed voltage equalizer, local MPPs successfully disappeared 

and extractable maximum powers increased compared to those 

without equalization, demonstrating the effectiveness and 

performance of the proposed voltage equalizer. 

 
Index Terms— LLC resonant inverter, partial shading, 

photovoltaic system, voltage equalizer, voltage multiplier. 

 

I. INTRODUCTION 

artial shading on a photovoltaic (PV) string comprising 
multiple PV modules/substrings (hereafter, simply called 

modules) connected in series causes a significant characteristic 
mismatch among modules; shaded modules are generally less 
capable of generating current due to reduced irradiance. If 
shaded modules are incapable of a string current, they are 
bypassed and the string current circumvents through the bypass 
diode, as shown in Fig. 1(a), which means shaded and unshaded 
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modules in a string are operated at totally different voltage 
levels. The characteristic mismatch due to partial shading is 
well known as triggering not only significantly reduced power 
generation but also multiple maximum power points (MPPs), 
including one global MPP and local MPP(s), as shown in Fig. 
1(b). The existence of multiple MPPs confuses and hinders the 
conventional MPP tracking (MPPT) algorithm to extract 
maximum power. Although advanced MPPT algorithms have 
been proposed, with which a global MPP can be found by 
sweeping operation voltage over a wide range and tracked even 
under partially-shaded conditions, a significant reduction in 
power generation due to the bypassed shaded modules is 
inevitable. 

In decentralized power management for PV systems, 
micro-converters or -inverters have been introduced as 
module-level power converters. Since each individual PV 
module is controlled by a module-level micro inverter/converter, 
issues on partial shading are resolved [1], [2]. However, 
increased cost and complexity due to multiple 
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(a) Current path and module characteristics. 
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Fig. 1.  PV string under partially-shaded condition: (a) current path and 
module characteristics, (b) string characteristics. 
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micro-inverters/converters are very likely. In addition, the lower 
power utilization due to the efficiency penalty of the added 
power conversion stage is also considered a major drawback [3], 
[17]. 

Various kinds of differential power processing (DPP) 
converters and voltage equalizers have been proposed and 
developed to address issues on partial shading in 
series-connected PV modules [2]–[24]. These converters 
transfer part of the generated power of unshaded PV modules to 
shaded modules so that all the individual PV modules connected 
in series can operate at virtually the same voltage or even each 
MPP. With DPP converters or voltage equalizers, an efficient 
central converter/inverter can be used without suffering from 
the partial shading issues, hence increasing total power 
conversion efficiency and decreasing system cost and 
complexity compared with conventional decentralized systems 
requiring multiple module-level converters/inverters. 

The basic concept and circuit topologies of conventional 
DPP converters and voltage equalizers are very similar to cell 
voltage equalizers used for series-connected energy storage 
cells, such as lithium-ion batteries and supercapacitors; these 

equalizers are based on buck-boost converters [25]–[28], 
switched capacitor converters [29]–[33], flyback converters 
[34], [35] and multi-winding flyback/forward converters 
[36]–[38], etc. [39], [40]. Representative DPP converters and 
voltage equalizers are listed in Fig. 2. Most conventional 
topologies are based on individual multiple bidirectional dc-dc 
converters such as buck-boost converters [3]–[10] (and some 
extended topologies [11]–[14]), multi-stage buck-boost 
converters [15], [16], and switched capacitor converters [17], 
[18], shown in Figs. 2(a)–(c), respectively. Since the power 
transfer in these topologies is limited to two adjacent modules, 
the generated power of unshaded modules may have to traverse 
multiple converters and modules (especially when numerous 
modules are connected in series) before reaching the shaded 
module, collectively decreasing efficiency [14]. In addition, the 
number of switches required is proportional to the number of 
modules connected in series, which means complexity tends to 
soar, since each switch requires a driver IC and several auxiliary 
devices including passive components and opto-coupler. With 
bidirectional flyback converters [19]–[23], power transfer 
between a shaded module and string is feasible, but multiple 
transformers are required, as well as multiple switches. 

In the multi-winding flyback converter [24], shown in Fig. 
2(d), the number of switches can be minimized. However, it is 
known that the transformer needs to be designed so that 
parameters of multiple secondary windings are tightly matched. 
Accordingly, the transformer design tends to become more 
complex with an increasing number of modules connected in 
series [39], [40]. Modularity, or extendibility, is not good 
because the multi-winding transformer needs to be redesigned 
without impairing parameter matching when the number of 
modules connected in series changes. 

In this paper, a two-switch voltage equalizer using an LLC 
resonant inverter and voltage multiplier is proposed for 
partially-shaded series-connected PV modules. The two-switch 
configuration can dramatically simplify the circuitry compared 
to conventional DPP converters or voltage equalizers. A 
representative circuit description is introduced, and the major 
benefits of the proposed voltage equalizer are discussed in 
Section II. Detailed operation analyses for the LLC resonant 
inverter and voltage multiplier are separately performed in 
Section III, followed by derivation for a dc equivalent circuit of 
the proposed voltage equalizer. Power distribution scenario 
with the proposed voltage equalizer under a partially-shaded 
condition is discussed in Section IV. Major losses in the voltage 
equalizer are modeled in Section V, while in Section VI, 
experimental equalization tests emulating partially-shaded 
conditions are performed for four PV modules connected in 
series, and the experimental results are compared with 
simulation results of the derived dc equivalent circuit. 

II. TWO-SWITCH VOLTAGE EQUALIZER USING AN LLC 

RESONANT INVERTER AND VOLTAGE MULTIPLIER 

A. Circuit Description 

The proposed voltage equalizer is basically a combination of 
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Fig. 2.  Conventional differential power processing converters and 
voltage equalizers based on (a) buck-boost converter, (b) multi-stage 
buck-boost converter, (c) switched capacitor converter, and (d) 
multi-winding flyback converter. 
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an LLC resonant inverter and voltage multiplier, as shown in Fig. 
3, which illustrates an example configuration for four PV 
modules (PV1–PV4) connected in series. Ca–Cb and Da–Db in 
the LLC inverter are the parasitic output capacitances and body 
diodes of the MOSFETs Qa–Qb, respectively. The voltage 
multiplier is composed of energy transfer capacitors C1–C4 and 
diodes D1–D8. The series-connected PV modules are tied to the 
input of the LLC inverter, and the individual outputs of the 
voltage multiplier are connected to each PV module. The LLC 
inverter is powered by the series connection of PV1–PV4 and 
produces an ac voltage/current wave at its output (i.e. at the 
transformer secondary winding). The voltage multiplier is 
driven by the ac wave generated by the LLC inverter and 
theoretically produces uniform voltages at each output. The 
voltage multiplier preferentially supplies power to a module 
with the lowest voltage among PV1–PV4. In other words, the 
series connection of PV1–PV4 provides power for a module 
having the lowest voltage through the proposed voltage 
equalizer. In general, an operation voltage of a shaded module 
tends to be lower than that of unshaded modules when they are 
connected in series, as mentioned in Section I. Accordingly, the 
proposed voltage equalizer operates so that all series-connected 
PV modules support and provide power for a shade module. 

Although one side of the transformer secondary winding is 
connected to the mid-point of the voltage multiplier in Fig. 3, it 
can be tied to other junction points in the stacked Cout1–Cout4 
(including the ground). Since an average voltage of a 
transformer winding under a steady-state condition is zero, the 
mid-point of the stacked Cout1–Cout4 is the best place in terms of 
reducing voltage rating of C1–C4. The average voltage of  C4, for 
example, is equal to VPV3 + VPV4/2 in the case of  Fig. 3 —odd- 
and even-numbered diodes in the voltage multiplier alternately 
conduct with the same duty cycle, as will be shown in Fig. 5, and 
hence, only a half of VPV4 is applied to C4. On the other hand, if 
the secondary winding is tied to the junction of Cout1 and Cout2, 
the average voltage of C4 is increased to VPV2 + VPV3 + VPV4/2. 

The number of PV modules connected in series can be 
arbitrary extended by adding capacitors and diodes in the 

voltage multiplier. The voltage multiplier generalized for n 
modules connected in series is shown in Fig. 4, in which the 
LLC resonant inverter and series-connected PV modules are not 
illustrated for the sake of simplicity. The junction of Cout-k and 
Cout-(k+1) it is tied to the secondary winding. From the perspective 
of voltage rating of C1–Cn, the junction of Cout-k and Cout-(k+1) 
should be the mid-point. If n is an odd number and there is no 
mid-point, the best design effort is k ≈ n/2. 

B. Major Benefits and Comparison with Conventional 

Topologies 

In general, each switch requires ancillary components, 
including a gate driver IC and its power supply, and several 
passive components, and therefore, the switch count is 
considered a good index to represent the circuit complexity. 
Only two switches are necessary for the proposed voltage 
equalizer, regardless of the number of modules connected in 
series, significantly simplifying the circuitry compared to 
conventional DPP converters and voltage equalizers based on 
multiple dc-dc converters shown in Figs. 2(a)–(c) —switches in 
Figs. 2(a)–(c) cannot be replaced with diodes because these 
converters must be bidirectional. The reduced switch count is 
the most prominent benefit of the proposed voltage equalizer, 
whereas diode conduction loss that naturally becomes the most 
predominant loss factor (as will be shown in Fig. 17) would be a 
drawback. 

The conventional topologies shown in Figs. 2(a)–(c) offer the 
best modularity, as they can be arbitrary extended by increasing 
the number of converters. Meanwhile, the proposed voltage 
equalizer needs to be redesigned by adding capacitors and 
diodes, and adjusting component voltage/current rating and 
transformer turns ratio. However, its modularity is considered 
fair compared to that of the equalizer shown in Fig. 2(d) because 
of lack of a multi-winding transformer; the parameter matching 
requirement for multiple secondary windings is the most 
cumbersome issue that impairs the modularity [39], [40]. 

As briefly mentioned in Section I, the power transfer in the 
conventional topologies shown in Figs. 2(a)–(c) is limited only 
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Fig. 3.  Two-switch voltage equalizer using an LLC resonant inverter with 
voltage multiplier for four PV modules connected in series. 
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between two adjacent modules, and hence, the collective power 
conversion loss might be significant, depending on 
partial-shading conditions and the number of modules 
connected in series [14]. For example, in the case that the PV1 in 
Fig. 2(a) is partially-shaded, powers from PV2–PV4 have to 
traverse one, two, and three DPP converters, respectively, 
before reaching PV1. With the proposed voltage equalizer, on 
the other hand, the power from the string can be directly 
transferred to PV1, reducing the number of power conversions.  

The proposed voltage equalizer is operable with open-loop 
control and operating voltages of PV modules are automatically 
nearly unified by the proposed equalizer, even at a fixed duty 
cycle and fixed frequency. This means the feedback loop and 
control circuit can be eliminated, further simplifying the 
circuitry; details of which will be discussed in Section III. 

With the DPP converters based on buck-boost converters 
shown in Figs. 2(a) and (b), by properly controlling duty cycles, 
each individual PV module can operate at its MPP, even when 
partial shading occurs [5], [6], [15], [16]. However, control for 
individual MPPT tends to be complex because the duty cycle 
for each DPP converter needs to be individually controlled 
according to shading conditions. With the proposed equalizer, 
conversely, the operation voltages of series-connected modules 
cannot be individually controlled, similar to voltage equalizers 
based on switched capacitor converters, because the voltage 
multiplier in the proposed voltage equalizer comprises solely 
passive components. The proposed voltage equalizer operates 
so that all operating voltages of modules become nearly uniform 
(as will be experimentally demonstrated in Section VI), 
indicating the individual MPPT is unfeasible; dc equivalent 
circuits (Figs. 8 and 11), which will be derived in the following 
section, would better explain how module voltages are 
equalized under partially-shaded conditions. Although 
individual MPPT is not feasible with the proposed voltage 
equalizer, equalizing module voltages simply would be 
beneficial enough when considering MPP voltages relatively 
insensitive to shading conditions compared to currents [17], 
[21], [22]. 

III. OPERATING ANALYSIS 

A. Key Waveforms and Current Flow Directions 

Similar to conventional LLC resonant inverters, the LLC 
inverter in the proposed voltage equalizer is operated between 
two resonant angular frequencies of ωr and ω0, 

( ) rmgr

r

rr CLLCL +
=≥≥=

11
0ωωω ,       (1) 

where ω is the angular switching frequency, Lr and Lmg are the 
inductances of the resonant inductor Lr (or the leakage 
inductance of the transformer) and magnetizing inductor Lmg, 
and Cr is the capacitance of the resonant capacitor Cr. As will be 
discussed in Section III-C, the proposed voltage equalizer is 
designed to satisfy Lmg >> Lr and is operated at ωr > ω >> ω0. 

Here, the case that PV1 is partially shaded is taken as an 
example to explain the fundamental operation of the proposed 

voltage equalizer. Key operation waveforms and current flow 
directions when PV1 is partially-shaded and its voltage VPV1 is 
the lowest among VPV1–VPV4 are shown in Figs. 5 and 6, 
respectively. Switches Qa and Qb are alternately driven at a fixed 
duty cycle of just under 50%. Figure 6 is illustrated assuming 
that currents in the voltage multiplier are buffered by smoothing 
capacitors. 

In Mode 1, Lr and Cr resonate and the current of Lr, iLr, 
sinusoidally changes, whereas the current of Lmg, iLmg, linearly 
increases. In the voltage multiplier, the odd-numbered diode, D1, 
conducts to charge C1, and currents in the voltage multiplier 
(iVM and iD1) are also sinusoidal waves. The next mode, Mode 2, 
begins when iLr and iLmg become the same. In Mode 2, Lmg starts 
participating in the resonance but iLmg can be assumed to 
increase linearly because of ω >> ω0. Both iLr and iLmg linearly 
increase at the same rate, while no current flows in the voltage 
multiplier. By removing the gating signal of vGSa, Qa is turned 
off at zero voltage, achieving zero-voltage switching (ZVS), 
and the operation moves to Mode 3, in which Lmg and Ca–Cb 
resonate. Despite the resonance, iLmg can be assumed constant 
provided that the total capacitance of Ca–Cb is negligibly small 
compared to Cr. Ca and Cb are charged and discharged, 
respectively, by iLmg, and voltages of Qa and Qb, vDSa and vDSb, 
rise and fall, respectively. As vDSa and vDSb reach VString (i.e. the 
sum of VPV1–VPV4, or the input voltage of the LLC inverter) and 
zero, respectively, the voltage equalizer starts operating in 
Mode 4, in which iLr is freewheeling through Db. At the same 
time, the even-numbered diode, D2, starts conducting to 
discharge C1 in the voltage multiplier. As iLr decreases and 
becomes negative, the operation moves to Mode 5, in which Db 
ceases to conduct and iLr starts flowing through the channel of 
Qb, achieving zero-voltage and zero-current switching 

 
Fig. 5.  Key operation waveforms when PV1 is shaded. 
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(ZVZCS). Modes 5–8 are symmetrical to Modes 1–4. 
As shown in Fig. 6, only D1, D2, and C1 that are connected to 

the shaded module of PV1 are in operation. This operation can 
be extended to a general case; currents in the voltage multiplier 
flow through capacitors and diodes that are connected to shaded 
modules.  

B. Voltage Multiplier 

The configuration of the voltage multiplier varies with the 
number of PV modules, as shown in Fig. 4. In this subsection, a 
voltage multiplier for two PV modules, PVj and PVk, shown in 
Fig. 7, is considered and its operation is generalized so that it 
can be extended to the case of n modules connected in series. 

As shown in Fig. 5, currents in the voltage multiplier (i.e. iVM 
and iD) flow during Modes 1, 4, 5, and 8, while no current flows 
in the remaining operation modes. By neglecting these inactive 
operation modes, in which no current flows in the voltage 
multiplier, the secondary winding voltage vTS can be 
approximated as a square wave voltage. Since odd- and 
even-numbered diodes in the voltage multiplier alternately 
conduct, voltages at the junctions of diode pairs are also square 
wave voltages. Based on the fundamental harmonics 
approximation (FHA), square wave voltages in the voltage 
multiplier can be transformed into sinusoidal waves, as shown 
in Fig. 7, where vj and vk are voltages of diodes D(2j-1) and D(2k-1) 
relative to ground level. The voltages of vTS, vj and vk as well as 
those amplitudes Vm-TS, Vm-j and Vm-k, are expressed as 
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where VPVj and VPVk are the voltages of PVj and PVk, 
respectively, and VD is the forward voltage drop of diodes. Since 
vj and vk in (2) are expressed in the identical form, they can be 
generalized as 

( ) tVVtVv rDPVirimi ω
π

ω sin2
2

sin +== − ,       (3) 

where i is the arbitrary integer number (i.e. i = 1…n). 
vTS and vi are in the same phase, and hence, the amplitude of 

the capacitor current iCi and the secondary winding current iVM, 
Im-Ci and Im-VM, can be yielded as 
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where ri is the ESR of Ci. 
The average current flowing over Ci, ICi, is expressed as 

πω
ω

ω Cim
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1
,       (5)  

where TS and Tr (= 2π/ωr) are the switching and resonant periods, 
respectively. 

Substituting (4) into (5) produces 
( ) ieqCiDPViTS RIVVV −=+− 2 ,           (6) 

where 
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Fig. 6.  Current flow directions when PV1 is shaded in Modes (a) 1, (b) 2, 
(c) 3, and (d) 4. 
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From (6), a dc equivalent circuit of the voltage multiplier for 
n modules can be derived, as shown in Fig. 8. All the modules 
are connected to a common terminal of voltage VTS through two 
diodes and one equivalent resistor Req-i, and receive currents of 
ICi. In general, voltages of shaded modules tend to be lower than 
those of unshaded modules provided they are in the same string, 
as mentioned in Section I. The derived dc equivalent circuit 
indicates that if the voltages of modules are nonuniform, the 
voltage equalizer preferentially supplies current for the module 
with the lowest voltage in the string so that all module voltages 
become nearly uniform. Although Req-i is expressed as 
resistance in the “dc equivalent” circuit, it is actually impedance, 
rather than fully dissipative resistance, as expressed by (7). 

C. LLC Resonant Inverter 

The proposed voltage equalizer should be designed to 
consume minimal power when not needed (i.e. when there is no 
partial shading). In other words, power consumption at no load, 
or light load efficiency, is an important factor to minimize the 
no-load loss in the equalizer. Traditional LLC resonant 
converters are generally designed so that the ratio of Lmg/Lr is 
about 5 to obtain the desired gain-frequency characteristic, with 
which an output voltage is properly regulated by frequency 
control [41]. This implies there is a tendency for the value of Lmg 
to be small and for a relatively large iLmg current to flow, even at 
no load, causing relatively large Joule loss. The LLC resonant 

inverter in the proposed voltage equalizer, conversely, is 
operated at a fixed frequency, as mentioned in Section II-B, and 
used to drive the voltage multiplier to simply equalize voltages 
of series-connected PV modules. Therefore, the ratio of Lmg/Lr 
can be arbitrarily chosen without considering gain-frequency 
characteristic. To minimize the Joule loss at no load (i.e. that 
associated with iLmg), the value of Lmg should be as large as Lmg 
>> Lr to obtain the minimal value of iLmg, with which parasitic 
capacitances of MOSFETs, Ca and Cb, can still be sufficiently 
charged/discharged to recycle the stored energy in Ca and Cb. 

To this end, the duty cycle needs to be properly determined. 
To simplify the analysis, it is assumed that iLmg in Modes 3 and 7 
is constant and its value is ± ILmg-peak, expressed as 

mg

SDPVi

peakLmg
L

DTVVN

I
2

2

1







 +
=− ,          (8) 

where D is the duty cycle of each switch. The time needed to 
fully charge/discharge Ca and Cb, Tx, is yielded as 

( ) SDPVi

mgStringoss
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==
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,        (9) 

where Coss is the capacitance of Ca and Cb. For Ca and Cb to be 
fully charged/discharged in Modes 3 and 7, D needs to be 
determined so that the length of Modes 3 and 7 exceeds Tx. 

The voltage multiplier, including the transformer, can be 
replaced as an equivalent resistor, Re; 
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The impedance of the resonant circuit is given by 
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where 
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rDS, rr, rTP, and rTS are the resistances of switches, resonant 
circuit and primary and secondary windings, respectively. From 
the FHA, the amplitude of iLr, Im-Lr, is expressed as 
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                       (13) 
where Vm-String is the amplitude of the fundamental component of 
vDSb, as designated in the inset of Fig. 9. Since the proposed 
voltage equalizer is designed to fulfill Lmg >> Lr (i.e. A ≈ 0), and 
is therefore operated at ωr > ω >> ω0, (13) can be simplified as 
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Fig. 7.  Square wave voltage and approximated sinusoidal waves in 
voltage multiplier. 
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Fig. 8.  DC equivalent circuit for voltage multiplier. 
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The average input current of the LLC resonant inverter, Iin-ave, 
can be yielded as 

π
ω LrmST

Lrm

S

avein

I
dttI

T
I −

−− == ∫
5.0

0
sin

1
.       (15) 

Substituting (14) into (15) produces 

inaveinTSString RINVV −=− ,             (16) 

where 

rin RR
2

2π
= .                 (17) 

From (16), a dc equivalent circuit for the LLC resonant 
inverter can be derived as shown in Fig. 10. 

D. Derivation for DC Equivalent Circuit 

By combining the derived dc equivalent circuits for the 
voltage multiplier and LLC inverter shown in Figs. 8 and 10, a 
dc equivalent circuit of the proposed voltage equalizer as a 
whole is obtained, as shown in Fig. 11. For the modules of 
PV1–PVn to be connected in series, an ideal multi-winding 
transformer with a turn ratio of N : 1 : 1 : … : 1 is introduced. 

The derived dc equivalent circuit reveals an intuitive 
understanding of how shaded PV modules in a string are 
supported by the proposed voltage equalizer. The string 
comprising PV1–PVn supplies power for the input in the form of 
Iin-ave, whereupon the supplied current is transferred to the 
secondary side in the form of ICi. Obviously, ICi preferentially 
flows toward the module with the lowest voltage, provided Req-i 
for each module is uniform. Under partially-shaded conditions, 
ICi is preferentially distributed to shaded modules because their 
voltages tend to be lower than those of unshaded modules when 
connected in series. 

The characteristic of a PV string as a whole under a 
partially-shaded condition depends on the individual 
characteristics of series-connected PV modules, as mentioned in 
Section I, meaning each individual PV module and its 
characteristic should be included and taken into account for 
precise analysis. In general, a PV string is controlled by an 
MPPT converter that takes a relatively large sampling interval 
of several tens to hundreds milliseconds, whereas a voltage 
equalizer operates at a switching frequency exceeding a 
hundred kHz. This implies that, to grasp an MPPT performance 
under partially-shaded conditions by simulation analyses, 
long-time simulation at a high frequency is inevitable, resulting 

in increased burden of simulation. In addition, since a PV string 
comprises multiple modules connected in series, the burden of 
simulation using the original circuit operating at a high 
frequency is prone to increase with the number of series 
connections. This means the more series connections there are, 
the greater the number of components in a circuit, further 
complicating the circuitry and increasing the simulation burden. 
The derived dc equivalent circuit, conversely, is simpler and 
contains no high-frequency operation, which means the burden 
of simulation analysis would be considerably mitigated. 

From the dc equivalent circuit, 
( )ieqCiDPViinaveinString RIVVNRIV −− ++=− 2 .     (18) 

Iin-ave and VString in the dc equivalent circuit can be expressed as 

N

I

N

I

I Total

n

i
Ci

avein ==
∑

− ,             (19) 

∑=
n

i
PViString VV .                (20) 

When there is no shading, both Iin-ave and ICi should be zero so 
that the voltage equalizer consumes minimal power. By 
assuming VPVi >> VD and VString = nVPVi under no-shading 
conditions, the following equation can be obtained for Iin-ave and 
ICi to be zero: 

nN = .                   (21) 
By defining α = ICi/ITotal, the output resistance for PVi, Rout-i, 
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Fig. 9.  Square voltage waves and approximated sinusoidal waves in LLC 
resonant inverter. 
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Fig. 10.  DC equivalent circuit for LLC resonant inverter. 
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Fig. 11.  DC equivalent circuit for proposed voltage equalizer. 
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can be yielded from (18) and (19), as 
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R
R
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V
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PVi
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∂
−= −− .          (22) 

Here, α = 1 and α < 1 mean that one module (PVi) and 
multiple modules are shaded, respectively. Equation (22) 
implies that Rout-i depends on shading conditions. Where only 
one module is shaded (α = 1), the value of Rout-i is equal to Req-i + 
Rin/N

2. Meanwhile, if more than two modules are shaded at a 
time (α < 1), Rout-i depends on α, meaning that Rout-i for each 
module is influenced by other modules' shaded conditions. This 
can be better understood with the derived dc equivalent circuit; 
Req-i is connected to each module, whereas Rin acts as a common 
resistor, and therefore, Rout-i for each module is mutually 
dependent. 

E. Consideration for Impact of Parameter Mismatch 

The derived dc equivalent circuit shown in Fig. 11 and (18) 
imply that parameter mismatch in VD and Req-i would result in 
nonuniform VPVi; the value of VPVi is dependent on VD and 
ICiReq-i. Since the equalizer is designed so that ICi flows toward 
shaded modules only, as mentioned in the previous subsection, 
the parameter mismatch would be an issue in the case that 
multiple PV modules are simultaneously shaded. 

The impact of parameter mismatch on overall power 
utilization of the string as a whole would be beneficial or 
detrimental depending on various conditions because shaded 
modules might fortunately operate at its MPP thanks to the 
nonuniform VPVi. Thus, detailed investigation including case 
study is considered indispensable that would be a part of our 
future works. 

In this paper, we assumed that minimizing the parameter 
mismatch is a reasonable design. Equation (18) suggests that the 
impact of the parameter mismatch would be negligible, if the 
voltage equalizer is designed so that VD and ICiReq-i are 
negligibly small compared to VPVi. In other words, it is advised 
that the voltage equalizer is designed to satisfy VPVi >> VD and 
VPVi >> ICiReq-i in order to minimize the impact of parameter 
mismatch. 

IV. POWER DISTRIBUTION SCENARIO UNDER 

PARTIALLY-SHADED CONDITION 

As (18) implies, a voltage of shaded modules is dependent on 
how much current is supplied from the equalizer. For the sake of 
simplicity, it is assumed that all module voltages are ideally 
unified by the equalizer, and unshaded modules receive no 
current from the equalizer; this ideal condition corresponds to 
the dc equivalent circuit (Fig. 11) with Rin = 0, VD = 0, and Req-i 
= 0. 

Power distribution under the case that PV1–PV3 are 
partially-shaded is considered as an example (Fig. 12); 
PV1–PV4 are assumed to be able to generate 5, 10, 30, and 50 W, 
respectively. Since all the modules in the string are subjected to 
the same string current and the voltage equalizer operates so that 
all the module voltages are unified, shaded modules of PV1–PV3 
receive differential powers of 45, 40, and 20 W, respectively, 

from the equalizer. If the power conversion efficiency of the 
voltage equalizer is 93%, the equalizer requires an input power 
of 113 W that is larger than the total generated power of 95 W. 
However, with the support of the equalizer, the string is virtually 
able to produce 200 W, and consequently, 87 W is provided for 
a load. In other words, the voltage equalizer operates as a power 
circulator, and redistributes the power to shaded modules.  

Although the above example was a severely-shaded condition 
—the processed power in the voltage equalizer is larger than the 
power supplied to the load—, power circulation and distribution 
take place in the similar manner under any partially-shaded 
conditions. For more detailed analysis, the derived dc 
equivalent circuit (Fig. 11) would be a powerful tool that can 
incorporate non-ideal conditions. 

V. LOSS ANALYSIS 

A. LLC Resonant Inverter 

The switches are turned-on at ZVZCS and -off at ZVS as 
mentioned in Section III-A, meaning losses in the LLC resonant 
inverter can be modeled without considering switching losses. 
Since the proposed voltage equalizer is designed with Lmg >> Lr 
to minimize iLmg as mentioned in Section III-C, iLr = iVM/N can 
be assumed. The transformer iron loss is modeled 
conventionally as [42], while the Joule loss in the LLC resonant 
inverter, PLoss-Resonant, can be expressed as 

2
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ω
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B. Voltage Multiplier 

Losses in the voltage multiplier depend on how many modules 
are shaded. In this subsection, losses associated with each 
shaded module are separately modeled. 

The conduction loss in a diode, PLoss-D, is expressed as 

CiDrCim
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S

DLoss IVtdtIV
T
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1 5.0

0
.      (24) 

The Joule loss in Ci is 
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The modeling for Joule loss in smoothing capacitors is 
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Fig. 12.  Example of power distribution scenario under severe 
partial-shading condition. 
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somewhat elusive because the number of smoothing capacitors 
subject to current flow depends on shading conditions as well as 
the number of PV modules connected in series. For example, if 
only one module of PV1 is shaded as shown in Fig. 6, currents 
from the equalizer flow through not only Cout1 but also Cout2 
(though the average current supplied to PV2 is zero), causing 
Joule losses in both Cout1 and Cout2. Accordingly, the Joule loss 
in smoothing capacitors needs to be modeled considering 
specific current paths. Here, the loss in smoothing capacitors is 
modeled by taking an example of the case shown in Fig. 6 ― 
only PV1 is shaded. 

The current of Cout1, iCout1, is modeled as a dc current of IC1 on 
which an ac current of iC1 = Im-C1sinωrt is superimposed, 
whereas the current of Cout2, iCout2, is equal to iC1; 

( )
( )
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<<−
= −

SrC

rCrCm

Cout
TtTI

TtItI
i
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5.00sin
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12 CCout ii = .                  (27) 

The Joule losses in Cout1 and Cout2 are 
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VI. EXPERIMENTAL RESULTS 

A. Prototype and Experimental Setup 

A prototype that can supply 50 W for each shaded module —it 
can be regarded equivalent to four 50-W converters— was built 
on a single-sided PCB for four PV modules connected in series, 
as shown in Fig. 13. Component values are listed in Table I. The 
prototype was operated at a fixed switching frequency of 200 
kHz with D = 0.44; although the higher switching frequency 
contribute to size reduction, the moderate frequency of 200 kHz 
was chosen to keep the no-load loss at a reasonable level. The 
efficiency measurement was performed using the experimental 
setup shown in Fig. 14. PV1–PV4 were removed and the 
prototype was powered by an external power source Vin, while a 
variable resistor Rvar was used to emulate current paths under 
partially-shaded conditions; one-module-shaded condition (PV1 
shaded) can be emulated by selecting the tap X, while the tap Y 
emulates the condition where two modules of PV1 and PV2 are 

 
Fig. 13.  A photograph of the prototype for four PV modules connected in 
series. 

Rvar
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iLr

iVM
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Fig. 14.  Experimental setup for efficiency and output characteristic 
measurement. 

 
(a) 

 
(b) 

Fig. 15.  Measured key waveforms at IRvar = 2.5 A under (a) one- and (b) 
two-module-shaded conditions. 

Table I.  Component values. 

Component Value

C1–C4 Ceramic Capacitor, 94 µF, 10 mΩ

Cout1–Cout4 Ceramic Capacitor, 188 µF, 10 mΩ

D1–D8 Schottky Diode, CLS01, V D  = 0.47 V, R D  = 20 mΩ

Cr Film Capacitor, 330 nF, 135 mΩ

Transformer
N 1 :N 2  = 12:3, L kg  = 0.95 µH, L mg  = 85 µH

r TP  = 140 mΩ, r TS  = 11.2 mΩ

Qa, Qb N-Ch MOSFET, FDS86240, R on  = 35.3 mΩ  
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equally shaded. Power conversion efficiencies as well as output 
characteristics were measured at various input voltages of Vin = 
64–88 V that correspond to each module voltage of 16–22 V in 
a practical case ― Vin corresponds to the sum of voltages of four 
modules VPV1–VPV4 in a practical case. 

B. Fundamental Performance 

Measured key waveforms at Vin = 88 V and IRvar = 2.5 A under 
one- and two-module-shaded conditions are shown and 
compared in Fig. 15. Waveforms under both conditions agreed 
well with the theoretical ones shown in Fig. 5. Amplitudes of iLr 
and iVM under the two-module-shaded condition were double 
those under the one-module-shaded condition because the 
processed power was also double. 

 The measured power conversion efficiencies and output 
characteristics under one- and two-module-shaded conditions 
are shown in Fig. 16. The measured output currents increased 
almost linearly as VRvar decreased. Similar to ordinary 
converters, measured efficiencies declined and approached 0% 
as the output powers decreased at light load conditions, whereby 
the no-load losses, such as the iron and gate driving losses, 
dominated: the estimated loss breakdown will be shown in Fig. 
17. From the slopes of the measured current characteristics, the 
values of Rout under one- and two-module-shaded conditions 
were determined as approximately 0.25 and 0.39 Ω, 

respectively, based on which values of Rin and Req-i were also 
determined as 2.24 and 0.11 Ω, respectively, according to (22). 
Experimental and calculated efficiencies based on losses 
modeled in Section V matched well, and measured peak 
efficiencies were as high as 93–95%. These measured 
efficiencies may look inferior to those of the DPP converters 
(for example [5]). However, given that the direct power transfer 
to shaded modules is feasible with the proposed equalizer as 
discussed in Section II-B, a practical overall efficiency would 
be higher or lower, depending on partial-shading conditions and 
the number of modules connected in series. Detailed analysis 
including case study should be performed in future works to 
fairly compare different architectures. 

 Estimated loss breakdowns at Vin = 88 V under one- and 
two-module-shaded conditions are shown in Fig. 17. From the 
measured no-load loss, the iron and gate driving losses were 
determined as 0.44 and 0.09 W, respectively, while the diode 
conduction loss was the most dominant factor at output currents 
of 1.5 and 2.5 A. The Joule losses in the LLC resonant inverter 
(i.e. switches, Cr, and transformer windings) under the 
two-module-shaded condition accounted for a greater ratio than 
those under the one-module-shaded condition due to the double 
value of iLr and iVM under the two-module-shaded condition, as 
shown in Fig. 15. 

C. Experimental Equalization Emulating Partially-Shaded 

Conditions 

Experimental equalization tests were performed emulating 
partially-shaded conditions. Solar Array Simulators (E4350B, 

 
(a) 

 
(b) 

Fig. 16.  Measured power conversion efficiencies and output 
characteristics under (a) one- and (b) two-module-shaded conditions. 
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Fig. 17.  Estimated loss breakdown at Vin = 88 V under (a) one- and (b) 
two-module-shaded conditions. 
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Agilent Technology) were used to emulate arbitrary 
characteristics of PV modules under partially-shaded conditions. 
Individual PV characteristics were generated by specifying four 
model parameters: open-circuit voltage, short-circuit current, 
and voltage and current at the MPP. Voltage and current values 
at the MPP and open- and short-circuit conditions are 
designated in Fig. 18(a). A bypass diode was also connected to 
each module to compare string characteristics with/without 
equalization. 

 The first experimental equalization test was performed 
emulating the PV1-shaded condition; the individual PV 
characteristics used for the first experiment are shown in Fig. 
18(a). The measured individual PV characteristics with 
equalization are shown in Fig. 18(b), in which the virtual PV1 
characteristic (i.e. the PV1 characteristic supported by the 
equalizer) is designated as PV1 (w/Eq). When the string current 
IString was 2.85 A, for example, the unshaded modules of 
PV2–PV4 were operated at point A, their MPP. Meanwhile, the 
operating point of PV1 was C. Since all modules in a string are 
subject to the same current, the equalizer supported the shaded 
module of PV1 by supplying current corresponding to the 
difference between A and C (approximately 1.0 A) so that the 

sum of the generated current of PV1 (1.85 A at point C) and the 
current supported by the equalizer was 2.85 A. Thus, the virtual 
operating point of PV1 with equalization was determined as B, 
at which the operating voltage and current were equivalent to 
those of PV1 and PV2–PV4, respectively. These operating points 
can be determined based on (18), and hence readily estimated 
based on simulation analysis using the derived dc equivalent 
circuit illustrated in Fig. 12, as will be shown in the next 
subsection. 

The measured string characteristics with/without equalization 
are compared in Fig. 18(c). Two MPPs (global and local) were 
observed and the extractable maximum power was about 150 W 
without equalization. With equalization, conversely, the local 
MPP disappeared and extractable maximum power increased to 
as much as 185 W, demonstrating the effectiveness of the 
proposed voltage equalizer. The theoretical extractable 
maximum power in the first experimental condition was 187.3 
W—if all modules could ideally operate at each MPP—, 
meaning 98.8% of the theoretical string power was extractable 
with the proposed voltage equalizer. Although the individual 
MPPT is unfeasible with the proposed equalizer and the peak 
efficiencies were 93–95% (Fig. 16), most of the theoretical 

     
(a)                 (b)                 (c) 

Fig. 18.  Experimental results of the first equalization test; (a) individual PV characteristics used for the experiment, (b) individual PV characteristics with 
equalization, and (c) string characteristics with/without equalization. 

     
(a)                 (b)                 (c) 

Fig. 19.  Experimental results of the second equalization test; (a) individual PV characteristics used the experiment, (b) individual PV characteristics with 
equalization, and (c) string characteristics with/without equalization. 
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maximum power was extractable because the shaded module of 
PV1 was able to operate at a near-MPP (point C in Fig. 18(b)) 
and the processed power in the equalizer was only about 17 W 
(the difference between B and C in the upper panel in Fig. 
18(b)). 

 The second experimental equalization was performed 
emulating the partially-shaded condition where PV1 and PV2 are 
severely and moderately shaded, respectively. Individual PV 
characteristics used for the second experiment are shown in Fig. 
19(a). The measured individual PV characteristics with 
equalization are shown in Fig. 19(b) and the operating point of 
each PV module can be determined similarly as explained 
earlier for the first experiment. When IString was 2.85 A, the 
operating points of PV3 and PV4 were at A, while the shaded 
modules of PV1 and PV2 operated at nearly the same voltage of 
16 V and their respective operating points were D and C, 
respectively. The voltage equalizer supported currents 
corresponding to A − D and A − C for PV1 and PV2, 
respectively, so that all the modules would be subject to the 
same current of 2.85 A, and the virtual operating point of PV1 
and PV2 was determined as B. According to (18), the larger the 
current supported by the equalizer, the lower the operating 

voltage of the shaded modules will be due to the voltage drop in 
Req-i. Although the current supported for PV1 from the equalizer 
was almost double that for PV2, the measured virtual 
characteristics of PV1 and PV2 were nearly the same, thanks to 
the low resistance value of Req-i = 0.11 Ω, as determined in the 
previous subsection. 

 The measured string characteristics with/without equalization 
are compared in Fig. 19(c). Multiple MPPs found under the 
no-equalization condition successfully converged under the 
equalized condition. The extractable maximum power was 
significantly increased from 105 to 145 W by the equalizer, 
demonstrating that the proposed voltage equalizer can also 
support multiple shaded PV modules. The theoretical 
extractable maximum power in the second experiment was 
150.3 W, and thus 96.5% of the potential string power was 
extractable with the proposed equalizer. This value is somewhat 

     
(a)                  (b)                  (c) 

Fig. 21.  Results of simulation analysis emulating the first equalization experiment; (a) individual PV characteristics used for simulation, (b) individual PV 
characteristics with equalization, and (c) string characteristics with/without equalization. 

Rp

Rs

ISC VOC

 
Fig. 20.  Equivalent circuit for PV module. 

     
(a)                  (b)                  (c) 

Fig. 22.  Results of simulation analysis emulating the second equalization experiment; (a) individual PV characteristics used for simulation, (b) individual PV 
characteristics with equalization, and (c) string characteristics with/without equalization. 
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inferior to that in the first experiment and is attributable to the 
increased processed power as well as the lowered utilization of 
shaded modules—points C and D in Fig. 19(b) are slightly far 
from each MPP compared to the case in Fig. 18(b). 

D. Simulation Results of the Derived DC Equivalent Circuit 

Simulation analyses using the derived dc equivalent circuit 
shown in Fig. 11 were also performed emulating the same 
partially-shaded conditions as the experiments. A simple 
equivalent circuit model for the PV module shown in Fig. 20 
was used for the simulation analyses; ISC and VOC are the 
short-circuit current and open-circuit voltage, respectively, 
while Rs and Rp are series and parallel resistances with values 
chosen as 1.5 and 120 Ω, respectively, to imitate the PV 
characteristics used in the experiment. The values of Rin and 
Req-i were 2.24 and 0.11 Ω, respectively, as determined from the 
results shown in Fig. 16 in Section VI-B. 

 The results of the simulation analyses emulating the first and 
second experimental conditions are shown in Figs. 21 and 22, 
respectively. These results match well with the experimental 
results shown in Figs. 18 and 19, verifying the derived dc 
equivalent circuit. 

VII. CONCLUSIONS 

A two-switch voltage equalizer using an LLC resonant 
inverter with a voltage multiplier has been proposed in this 
paper. The two-switch configuration can significantly simplify 
the circuitry compared with conventional topologies of DPP 
converters and voltage equalizers requiring multiple switches 
proportional to the number of PV modules connected in series. 
In addition, the proposed voltage equalizer operates with 
open-loop control, further simplifying the circuitry by 
eliminating feedback control loop and circuit. 

Operation analyses for the LLC resonant inverter and voltage 
multiplier were separately performed and their dc equivalent 
circuits were derived based on mathematical analyses. By 
combining these derived circuits, a dc equivalent circuit of the 
voltage equalizer as a whole, with which a PV string, including 
the voltage equalizer, can be modeled very simply and the 
burden of simulation analyses can be considerably mitigated, 
was also derived. 

Experimental equalization tests using the prototype of the 
proposed voltage equalizer were performed for four PV 
modules connected in series, emulating partially-shaded 
conditions. With the proposed voltage equalizer, local MPPs 
successfully disappeared and extractable maximum powers 
significantly increased compared with those without 
equalization. Simulation analyses using the derived dc 
equivalent circuit were also performed emulating the same 
partially-shaded condition as the experiments. The simulation 
and experimental results matched well, verifying the analysis as 
well as the derived dc equivalent circuit. 
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