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Abstract: In photovoltaic (PV) systems, partial shading on PV panels is known to decrease the energy yield significantly. In 

energy storage applications, voltage imbalance of series-connected energy storage devices may result in over-charging and -

discharging of some devices. Although these issues can be precluded by voltage equalizers, PV and energy storage systems 

are prone to complexity because, in addition to main converters, voltage equalizers are separately necessary. To simplify the 

PV and energy storage systems, four kinds of transformerless PWM converters integrating voltage equalizers are proposed in 

this paper. Four kinds of basic circuits, each containing a unique ‘switching cell’, are introduced as a foundation of integrated 

converters. Stacking multiple switching cells with respective basic circuit derives the proposed integrated converters. 

Fundamental operation analyses are performed for two representative topologies. Experimental verification tests were 

performed using prototypes for a PV panel and series-connected electric double-layer capacitors (EDLCs). With the integrated 

converters, the energy yield from the partially-shaded PV panel was significantly increased, and EDLCs were charged with 

eliminating voltage imbalance. This paper chiefly focuses on the generalization, fundamental operation analysis, and 

experimental verification for the proposed circuit derivation concept rather than detailed analysis for individual topologies. 

1. INTRODUCTION 

Use of photovoltaic (PV) power generation and 

rechargeable battery-based energy storage are rapidly 

penetrating into not only small-scale portable electronic 

devices but also medium- and large-scale applications, such 

as electric vehicles and smart grid applications. To maximize 

the energy yield of PV panels and to ensure years of safe 

operations of rechargeable batteries, not only are efficient 

power converters necessary but also mismatch issues, known 

as partial shading on PV panels and voltage imbalance of 

batteries, need to be addressed. 

In general, most standard PV panels consist of three 

substrings, each having a parallel-connected bypass diode, as 

shown in Fig. 1(a). If a panel is partially-shaded, its substring 

characteristics are naturally mismatched. The shaded 

substring, which is less capable of producing a current than do 

unshaded ones, is bypassed when the panel current Ist is larger 

than a short-circuit current of the shaded substring, as 

illustrated in Fig. 1(a). Although the shaded substring can 

potentially generate power to some extent, it is bypassed and 

is no longer contribute to power generation, resulting in 

significant reduction in energy yield from the panel as a whole 

[1]. In the scenario shown in Fig. 1(a), for example, the power 

generation of the panel as a whole is only 200 W, though the 

shaded substring potentially produces 50 W. In addition, 

partially-shaded panels are well known to exhibit multiple 

power point maxima on their P–V characteristics that hinder 

and confuse ordinary maximum power point tracking (MPPT) 

algorithms to track a true MPP (i.e., a global MPP). 

Meanwhile, a mismatch in the state of charge (SOC) or 

voltages of series-connected energy storage devices (although 

they are usually called energy storage cells, hereafter called 

‘devices’ to differentiate from ‘switching cells’ that will 

appear in Section 2), such as lithium-ion batteries and electric 

double-layer capacitors (EDLCs), also generates serious 

issues. Since devices are charged in series by a charger, the 

most charged device in the string might be over-charged, 

resulting in premature irreversible deterioration and increased 

hazardous risks of fire or, in the worst case, explosion. 

Similarly, the least charged device might be over-discharged 

in discharging process. 

To mitigate or even eliminate the mismatch issues of PV 

panels and series-connected energy storage devices, various 

kinds of voltage equalizers have been proposed for PV panels 

[2]–[21] and energy storage modules [22]–[42], 

respectively—they are usually called differential power 

processing (DPP) converters for PV panels. In spite of the 

application difference, their basic operating principles and 

roles are identical; power redistribution from stronger 

substrings/devices to weaker ones via equalizers. In partially-

shaded PV panels, a fraction of generated power of unshaded 

substrings is transferred to shaded ones so that all substring 

characteristics are virtually unified. In energy storage modules, 

energies of devices with higher voltages are delivered to lower 

voltage devices until their SOCs or voltages are unified. 

Since a variety of voltage equalizers have been proposed, 

proper equalizer topologies are selected depending on power 
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Fig. 1.  Characteristic mismatch in (a) photovoltaic panel 
and (b) energy storage module. 
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redistribution strategies. Nonisolated bidirectional converters, 

such as PWM converters [2]–[8], [22], [23] and switched 

capacitor converters [9]–[12], [24]–[28], are used for power 

transfer between neighboring substrings/devices. To 

redistribute power/energy of the string to substrings/devices 

directly, single-input–multi-output converters, such as multi-

winding flyback converter [13], [29], [30], multi-stacked 

buck-boost converters [14], [15], [31], voltage multipliers 

[16], [17], [32]–[34], etc. [35]–[37], are often employed. 

Bidirectional isolated converters providing flexible power 

transfer paths have been developed for PV panels under 

partial shading [18]–[21]. For large-scale energy storage 

systems, various kinds of advanced equalizers using selection 

switches or based on modularized design [38]–[42] have also 

been extensively studied. 

Although voltage equalizers can address the mismatch 

issues, PV and energy storage systems are inevitably prone to 

be complex and costly due to the additional equalizers. In 

addition to main converters or chargers, voltage equalizers are 

additionally necessary, as shown in Fig. 2. If the main 

converter and voltage equalizer were to be integrated into a 

single unit, systems would be significantly simplified by 

reducing the number of converters necessary in systems. The 

notional schematic diagrams of PV and energy storage 

systems using integrated converters are shown in Figs. 3(a) 

and (b), respectively.  

The role of the integrated converters is the power 

conversion with maintaining all the series-connected PV 

substrings or energy storage devices at the same voltage. To this 

end, multi-input and multi-output converters can be used for PV 

and energy storage systems, respectively. The most 

straightforward topology of a multi-input or -output converter 

is a flyback converter with a multi-winding transformer [13], 

[30], as shown in Figs. 4(a) and (b). All the voltages of series-

connected PV substrings or energy storage devices can be 

automatically equalized thanks to multiple windings. However, 

a bulky expensive transformer is indispensable even for 

nonisolated applications, increasing the circuit volume and cost. 

In addition, parameters of multiple windings (e.g., turns ratio 

and leakage inductance) need to be strictly matched to achieve 

appropriate voltage equalization [42], [44]. Hence, the design 

hurdle of the multi-winding transformer is prone to soar with 

the number of PV substrings or energy storage devices 

connected in series, resulting in impaired modularity or 

extensibility. 

To achieve simplified PV and energy storage systems, this 

paper proposes transformerless PWM converters integrating 

voltage equalizers. Before deriving the proposed integrated 

converters, four kinds of basic circuits, each containing a 

unique ‘switching cell,’ are introduced—the basic circuits are a 

foundation of the proposed integrated converter. Switching 

cells are multi-stacked with a basic circuit, generating novel 

integrated converter topologies. Multi-stacked switching cells 

are ac-coupled through coupling capacitors, allowing the 

transformerless multi-input or -output converter topologies. 

Depending on types of basic circuits and multi-stacked 

switching cells, four kinds of basic transformerless integrated 

converters can be derived. The derived four integrated 

converters have their unique benefits and drawbacks (e.g., 

narrow voltage conversion ranges and large inductor counts) 

and are not necessarily practical topologies. According to the 

proposed derivation concept, more practical extended 

topologies, which can address the drawbacks of the basic 

integrated converters, can also be derived. Hence, this paper 

chiefly focuses on the generalization, fundamental operation 

analysis, and experimental verification for the proposed circuit 

derivation concept rather than detailed analysis for individual 

topologies.  

The rest of this paper is organized as follows. The four kinds 

of basic circuits, which will be a foundation of the proposed 

transformerless integrated converters, are introduced in Section 

2. In Section 3, four types of the proposed integrated converters 
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Fig. 2.  Converters and voltage equalizers for (a) PV 
system and (b) energy storage module. 
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Fig. 3.  Integrated converters for (a) PV system and (b) 
energy storage module. 
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Fig. 4.  Integrated converter based on multi-winding 
flyback converter for (a) PV system and (b) energy storage 
module. 



 

are derived and compared from various viewpoints. Two of 

them are picked up as representative topologies for PV and 

energy storage systems and are briefly analyzed in Section 4. 

Design examples of integrated converters for PV and energy 

storage systems will be exemplified in Section 5. Section 6 

presents simulation results, followed by experimental 

verification in Section 7. Section 8 discusses some extended 

topologies with the aim for practical implementation. 

2. BASIC CIRCUIT 

2.1. Four Types of Basic Circuits 

Four types of basic circuits, Types I–IV, are shown in Fig. 

5. All basic circuits contain one inductor, one capacitor, and 

three switching devices (MOSFETs or diodes). Each basic 

circuit contains a unique switching cell that is connected in 

parallel with the input or output port. By stacking multiple 

switching cells with each basic circuit, four types of 

transformerless integrated converters can be derived, as will 

be detailed in the next section. The capacitor in each switching 

cell is a key component that realizes the transformerless 

integrated converter topology. All of these basic circuits are a 

unidirectional PWM converter, and their input-to-output 

voltage conversion ratios are dependent on duty cycle d. 

Types I and IV are a step-down converter while Types II and 

III operate as a step-up converter. 

In general, traditional buck, boost, and buck-boost 

converters can be transformed into each other by replacing 

circuit elements and rotating or mirroring the circuits. 

Identically, these four basic circuits can be transformed into 

each other by rotating or mirroring, as can be seen from the 

relationship among Figs. 5. For example, the Type I converter 

can be transformed into the Type III converter by mirroring 

the circuit with replacing diodes with switches, and vice versa. 

Inverting topologies, which correspond to a traditional 

inverting buck-boost converter, are also feasible but are 

excluded in this paper because inverting topologies are well 

known to be inferior to non-inverting ones in terms of power 

conversion efficiency, volume, etc. 

Fundamental operating principles of the Types III and IV 

converters will be briefly explained, as representative 

examples, in the following subsections. Explanations for the 

Types I and II converters are omitted for the sake of page 

length, but they can be analyzed similarly. 

2.2 Operating Principle of Type III Converter 

Theoretical key operation waveforms and current flow 

directions of the Type III converter are shown in Fig. 6. The 

high- and low-side switches, QH and QL, are alternately driven 

in a complementary mode. 

Mode 1 [Fig. 6(b)]: QL is turned on, and the current of L, iL, 

linearly increases. The capacitor C is charged by iL in this mode. 

The applied voltage across L in Mode 1, vL.M1, is given by 

 ��.�� � ��	 
 ��  (1) 

where VC is the voltage of C.  

Mode 2 [Fig. 6(c)]: QH is turned on, and iL starts linearly 

decreasing. At the same time, C also discharges through the diode 

D. The current of C, iC, varies exponentially as C is sandwiched 

by two voltage sources of Vin and Vout—a time constant (τ = CR) 

of the exponential response is determined by the capacitance C 

and total resistance R of this current path. Neglecting the forward 

voltage drop of the diode, VC is given by 

 �� � ��� 
 ��	 (2) 

The voltage of L in Mode 2, vL.M2, is 

 ��.�� � 
�� (3) 

 The volt-sec balance on L with (1)–(3) yields the voltage 

conversion ratio of the Type III converter, MBasic3, as 

 ������� � �����	 � 1 � � (4) 

 

Fig. 5.  Four kinds of basic circuits and their relationship. 
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Fig. 6.  Operation of Type III Converter. (a) Theoretical 
waveform. Current flow direction in (b) Mode 1 and (c) 
Mode 2. 
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where d is the duty cycle of QL (or the inductor charging period). 

MBasic3 is dependent on d and its theoretical range is between 1.0 

and 2.0, meaning this converter is a step-up PWM converter. 

 An average current of C must be zero under steady-state 

conditions. Hence, the average inductor current, IL, is equal to 

the average output current Iout;  

 �� � ���  (5) 

 An inductor ripple current, IL, is obtained from the volt-

sec product in either Mode 1 or 2, as 

 ∆�� � ��.������ � ��� →  � �  2��	 
 ���"������  (6) 

where L is the inductance, Ts is the switching period, and α is 

the inductor current ripple factor. Similar to ordinary PWM 

converters, the Type III converter is desirably designed with α 

of less than 0.3–0.5. 

 A capacitor voltage ripple, VC, is given by 

 ∆�� � �����# � $��  →  # � �����$ ��� 
 ��	" (7) 

where C is the capacitance and β is the capacitor voltage ripple 

factor. Given that the capacitor C behaves as a constant voltage 

source, β is recommended to be small (e.g., β being less than 

0.10–0.15). 

2.3 Operating Principle of Type IV Converter 

Theoretical key operation waveforms and operation 

modes of the Type IV converter are shown in Fig. 7. Similar 

to the Type III converter, the high- and low-sides switches, QH 

and QL, alternately conduct, and capacitor C and inductor L 

are charged and discharged accordingly. 

Mode 1 [Fig. 7(b)]: QH is turned on, and iL increases. C is 

charged by iL. The voltage of L in Mode 1, vL.M1, is 

 ��.�� � ��	 
  �� � ���" (8) 

Mode 2 [Fig. 7(c)]: QL is turned on, and L starts discharging 

to the output. C is connected in parallel with the output port 

through D, and hence, its current iC is characterized as a typical 

CR response characteristic. The capacitor’s voltages VC and 

voltage of L in Mode 2, vL.M2, are given by 

 �� � 
��.�� � ��� (9) 

From (8) and (9) with the volt-sec balance on L, the voltage 

conversion ratio of the Type IV converter, MBasic4, is yielded as 

 ������% � �����	 � �1 � � (10) 

where d is the duty cycle of QH (or the inductor charging 

period). MBasic4 is d-dependent and always lower than 1.0, and 

therefore, the Type IV converter operates as a step-down 

PWM converter. 

 As can be seen from Fig. 7, iL always flows toward the 

output port. Meanwhile, the charge stored in C in Mode 1 is 

ILdTs (IL being the average inductor current), and this amount 

of charge must be discharged to the output port in Mode 2 

under steady-state conditions. Hence, the average output 

current Iout can be yielded as 

 ��� � ���� � ������� �  1 � �"��  (11) 

 Similar to the Type III converter, the inductor ripple 

current IL and capacitor ripple voltage VC of the Type IV 

converter can be expressed as 

 

∆�� �  ��	 
 ��.��"���� � ��� 

→  � �  ��	 
 2���"������  

(12) 

 ∆�� � �����# � $��  →  # � �����$��� 
(13) 

3. PROPOSED TRANSFORMERLESS INTEGRATED 

CONVERTERS 

3.1. Circuit Derivation and Description 

 As briefly mentioned in Section 2.1, the proposed 

transformerless integrated converters can be derived from the 

four basic circuits with multi-stacked switching cells. The 

derived four types of transformerless integrated converters are 

shown in Fig. 8. All of them are essentially the combination 

of their own basic circuit and multi-stacked switching cells. 

Multi-stacked switching cells of Type I and IV converters are 

connected in parallel with the output, and therefore, these 

integrated converters are a single-input–multi-output 

converter that can be used as an equalization charger for 
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Fig. 7.  Operation of Type IV Converter. (a) Theoretical 
waveform. Current flow direction in (b) Mode 1 and (c) 
Mode 2. 
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series-connected energy storage devices. Meanwhile, Type II 

and III integrated converters have their multi-stacked 

switching cells at the input side. Hence, the Type II and III 

integrated converters are a multi-input–single-output 

converter that is suitable for PV applications. 

 A switching node in each integrated converter produces a 

square-wave voltage, as shown in the inset of Fig. 8. This 

square-wave voltage contains ac components, and therefore, 

capacitors C1–C3 behave as ac-coupling capacitors that allow 

ac components only to flow through them. Although the 

multi-stacked switching cells as well as corresponding PV 

substrings or energy storage devices are at different dc voltage 

levels in Fig. 8, they can be separated and grounded due to the 

ac-coupling, as exemplified in Fig. 9. All the switching cells 

as well as corresponding PV substrings or energy storage 

devices are connected in parallel and are tied to the square-

wave voltage source. Hence, currents from the square-wave 

voltage source tend to flow toward PV substrings or energy 

storage devices having the lowest voltage in each string, and 

all voltages of PV substrings and energy storage devices are 

automatically unified. Thus, the ac-coupling capacitors in 

multi-stacked switching cells realize automatic voltage 

equalization without employing a multi-winding transformer, 

allowing the transformerless topologies of the proposed 

integrated PWM converters. 

 The integrated converters shown in Fig. 8 contain three 

switching cells and, therefore, are for three substrings or 

energy storage devices connected in series. The number of 

multi-stacked switching cells can be arbitrarily extended 

depending on the numbers of substrings or energy storage 

devices connected in series. In the following sections, 

integrated converters having three switching cells are 

discussed and analyzed. 
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Fig. 8.  Integrated converters based on (a) Type I, (b) 
Type II, (c) Type III and (d) Type IV basic circuits. 
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Fig. 9.  Equivalent circuit for (a) Type III integrated 
converter and (b) Type IV integrated converter. 



 

3.2. Features 

 All of four integrated converters offer two functions of 

voltage conversion and voltage equalization. The Type II and 

III integrated converters have voltage equalizers on their input 

side, and therefore, can be used for PV panels. Meanwhile, the 

Type I and IV integrated converters have multiple outputs that 

are connected in parallel with series-connected energy storage 

devices. 

 The numbers of passive and active components, voltage 

conversion ratios, and major benefits and drawbacks are 

summarized in Table 1—n is the number of substrings or 

devices connected in series. Voltage conversion ratios as a 

function of the duty cycle are shown in Fig. 10—the voltage 

conversion ratios of the Type III and IV integrated converters 

will be derived in Section 4. The Type I and III integrated 

converters contain only one inductor, and therefore, are a 

suitable topology from the viewpoint of circuit 

miniaturization. The Type I and IV integrated converters are 

advantageous in terms of the circuit simplicity as only one or 

two switches are necessary regardless of the value of n. 

 For energy storage modules, the Type I integrated 

converter would be an attractive topology as it offers simple 

and small circuit thanks to the fewer switch and inductor 

counts. Its major drawback, on the other hand, is a relatively 

weak equalization performance because the capacitor-diode 

network (i.e., the multi-stacked switching cells in the Type I 

integrated converter) is identical to the voltage multiplier 

circuit [32]–[34]. An equalization speed and power 

conversion efficiency of the voltage multiplier are reportedly 

somewhat inferior to those using active switches and/or 

inductors. Meanwhile, the multi-stacked switching cells of the 

Type IV integrated converter contain multiple inductors and 

its equalization capability is more powerful than that of the 

Type I integrated converter. However, the requirement of 

numerous inductors in proportion to the number of energy 

storage devices should be cited as a major concern. 

 For PV penal applications, the Type III integrated 

converters would be a preferable choice from the viewpoints 

of the circuit volume as it contains only one inductor. Its 

equalization performance is considered sufficient as the 

circuit structure of the multi-stacked switching cells is 

identical to a traditional SCC [28]. However, the voltage 

conversion range of the Type III integrated converter tends to 

be narrow as n increases, as shown in Fig. 10(b) (e.g., 1.0–

1.33 for three substrings connected in series). The Type II 

integrated converter, on the other hand, offers high step-up 

voltage conversion capability with the penalty of the increased 

inductor count. 

 Thus, these integrated converters have their unique 

benefits and drawbacks. Hence, a proper topology should be 

selected depending on applications and requirements. 

Otherwise, extended integrated converter topologies that 

address drawbacks listed in Table 1 should be developed and 

employed—for examples, extended topologies based on Type 

III and IV integrated converters will be introduced in Section 

7. Hence, following sections chiefly focus on fundamental 

operating analysis and proof-of-concept experimental 

verification, rather than detailing individual integrated 

converters. 

4. OPERATION ANALYSIS FOR TYPE III AND IV 

INTEGRATED CONVERTERS 

4.1. Type III Integrated Converter 

As mentioned in the previous section, the multi-stacked 

switching cells in the Type III integrated converter are 

equivalent to an SCC-based voltage equalizer [28]. Since PV 

Table 1  Comparison among four types of transformerless integrated converters. 

 

Topology Switch D L C
Conversion

Ratio
Applications Benefit Drawback

Type I 1 2n 1 n
Energy storage

modules

Simple circuit

(Single switch)

Weak equalization

performance

Type II n 2 n n PV panels
High step-up

conversion

Bulky circuit

(Large inductor count)

Type III 2n 1 1 n PV panels
Compact circuit

(Single inductor)

Narrow voltage

conversion range

Type IV 2 n n n
Energy storage

modules

Simple circuit

(Two switches)

Bulky circuit

(Large inductor count)
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Fig. 10.  Voltage conversion ratios as a function of duty 
cycle of (a) Type I and IV integrated converters for energy 
storage modules and (b) Type II and III integrated 
converters for PV panels. 
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substrings are essentially a current source, their voltages can 

be immediately unified by SCC-based voltage equalizers [9], 

[10]. Hence, for the sake of brevity, the string voltage Vst is 

assumed to be equally divided into three by Cin1–Cin3 in this 

section. 

In this subsection, the PV1-shaded condition is taken as an 

example case. Theoretical key operation waveforms and 

current flow directions of the Type III integrated converter 

under the partial shading condition are shown in Figs. 11 and 

12, respectively. Current flow directions of C1–C3 vary 

depending on shading conditions but equations presented in 

this section are independent on shading conditions. 

Mode 1 [Fig. 12(a)]: Low-side switches or odd-numbered 

switches Q2(i-1) (i = 13) are turned on, and the inductor current 

iL linearly increases. C1, which corresponds to the shaded 

substring PV1, is discharged, whereas other capacitors are 

charged. The applied voltage across L in Mode 1, vL.M1, is 

 
��.�� � ��� 
 ��� � ��	 
 '��� � ���3 )

� ��� 
 '��� � 2���3 ) 

(14) 

where VC1–VC3 are the voltage of C1–C3. 

Mode 2 [Fig. 12(b)]: High-side switches or even-

numbered switches Q2i (i = 13) are turned on, and L starts 

discharging. At the same time, C2 and C3 discharge to the 

output through D, whereas C1 is charged. Current waveforms 

of C1–C3, iC1–iC3, in this mode are characterized as 

exponential CR responses as these capacitors are connected 

between input smoothing capacitors Cin1–Cin3 and output 

capacitor Cout. From the current flow paths shown in Fig. 

12(b), VC1–VC3 can be yielded as 

 

⎩⎪⎨
⎪⎧��� � ��� 
 13 ���

��� � ��� 
 23 ������ � ��� 
 ���
 (15) 

The voltage of L in Mode 2, vL.M2, is 

 ��.�� � ��� 
 ��� (16) 

 By applying the volt-sec balance on L into (14)–(16), the 

voltage conversion ratio of the Type III integrated converter, 

MType3, is yielded as 

 �./01� � ������ � 1 � �3 (17) 

where d is the duty cycle of the low-side switches (or the 

inductor charging period). Equation (17) can be generalized 

for PV panels comprising n substrings, as 

 �./01� � 1 � �& (18) 

Similar to the Type III basic circuit [see (4)], the Type III 

integrated converter is also a step-up PWM converter. 

However, its conversion range is narrower and is theoretically 

between 1.0 and 1.33 for three substrings connected in series. 

To widen or expand its conversion range, an extended 

topology, which will be introduced in Section 8, should be 

employed for practical use. 

4.2. Type IV Integrated Converter 

 Energy storage devices are a voltage source, and their 

voltages cannot be immediately equalized even with voltage 

equalizers. Current flow directions of the Type IV integrated 

converter are dependent on whether device voltages are 

balanced. This subsection deals with a voltage-imbalanced 

case that B1 is the least charged device having the lowest 

voltage in the string. Theoretical operation waveforms and 

current flow directions of the Type IV integrated converter 

under the voltage-imbalanced condition are shown in Figs. 13 

and 14, respectively. 

 Mode 1 [Fig. 14(a)]: The high-side switch QH is turned on, 

and all inductors L1–L3 are charged and their currents iL1–iL3 

 

Fig. 11.  Theoretical waveforms of Type III integrated 
converter. 
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Fig. 12.  Current flow directions in (a) Mode 1 and (b) 
Mode 2 in Type III integrated converter. 



 

increase. The average value of iL1, which corresponds to the 

least charged device B1, is substantial, whereas that of iL2 and 

iL3 is zero. 

 The voltages applied to L1–L3 in Mode 1, vL1.M1–vL3.M1, are 

expressed as 

 2 ���.�� � ��	 
 ��� 
 ������.�� � ��	 
 ��� 
  ��� � ���"���.�� � ��	 
 ��� 
 ���
 (19) 

where VC1–VC3 are the voltage of C1–C3. 

 Mode 2 [Fig. 14(b)]: The low-side switch QL is on, and 

L1–L3 discharge. iL1 flows through D1, whereas iL2 and iL3 go 

through C2–C3, not D2 and D3. The current of C1, iC1, shows a 

typical CR response characteristic as C1 is connected to the 

voltage source of Vst. Hence, VC1 is 

 ��� � �3� (20) 

Applied voltages of L1–L3 in Mode 2, vL1.M2–vL3.M2, are 

expressed as 

 2 ���.�� � 
������.�� � ��� 
 ������.�� � 
���
 (21) 

Device voltages in practical use are not extremely imbalanced, 

and therefore, the following assumption can be made; 

 �3� 4 3��� (22) 

Volt-sec balance on L1–L3 with (19)–(22) yields the voltage 

conversion ratio of the Type IV integrated converter, MType4, as 

 �./01% � �����	 � 3�1 � 3� (23) 

 5��� � � ��	 
 ���" � ������ � � ��	 
 ���"  (24) 

For strings consisting of n devices connected in series, (23) 

can be generalized as 

 �./01% � &�1 � &� (25) 

Equations (23) and (25) indicate that the Type IV integrated 

converter is a step-down PWM converter.  

 In summary, a capacitor and diode that correspond to the 

least charge device show different current waveforms. 

Cathode pins of diodes are connected to capacitors in the 

multi-stacked switching cells in this integrated converter. 

Since the average current of a capacitor must be zero under 

steady-state conditions, an average current of an inductor 

equals to that of a diode. In other words, an inductor or diode 

current flows toward a device as an equalization current. Thus, 

the string as a whole is charged by iC1 during Mode 2, while 

equalization currents are supplied to devices in the form of 

iL1–iL3 or iD1–iD3. 

5. DESIGN EXAMPLES 

Although the integrated converters contain multiple 
switching cells depending on the number of PV substrings or 
energy storage devices, these integrated converters can be 
designed similarly to the basic circuits discussed in Section 2. 
This section presents design examples of 40-W and 15-W 
prototypes for Type III and Type IV integrated converters that 
will be used for experimental verification tests in Section 7.  

5.1. Type III Integrated Converter 

 The Type III integrated converter for a PV panel with a 

maximum power point voltage Vst = 36 V and maximum input 

current Ist of 1.0 A is designed for Vout = 42 V and fs = 50 kHz 

(Ts = 20 s). According to (17), d at the maximum power point 

is 0.5. In the following, component values are determined for 

d = 0.5, α = 0.5, and β = 0.15. 

 The average inductor current IL is equal to Iout and can be 

determined from (5) as 

 �� � ��� � ��������� � 36� 7 1.0942� 4 0.869 (26) 

 

a 

 

b 

Fig. 14.  Current flow directions in (a) Mode 1 and (b) 
Mode 2 in Type IV integrated converter. 

 

Fig. 13.  Theoretical waveforms of Type IV integrated 
converter. 
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From (15), 

 ��� � 30V, ��� � 18V, ��� � 6.0V (27) 

Substitution of (14) and (27) into (6) produces L as 

 � � 6.0V 7 0.5 7 20μs0.5 7 0.86A 4 150μH (28) 

According to (7), the largest capacitance is required for the 

lowest voltage of VC (VC3 is the lowest among VC1–VC3). 

However, to simplify the design, all capacitors are designed 

for the largest capacitance so that all capacitances are uniform 

to simplify the component slection. Substitution of (27) into 

(7) yields 

 # � 0.86A 7 0.5 7 20μs0.15 7 6.0V � 9.5μF 4 10μF (29) 

5.2. Type IV Integrated Converter 

 The Type IV integrated converter for an EDLC module 

consisting of three devices connected in series is designed for 

Vin = 24 V, Vst ≤ 12 V, and fs = 50 kHz (Ts = 20 s). A charging 

current, which corresponds to Iout for the Type IV basic circuit 

(see Section 2.3) is 1.25 A. A variation range of d is ≤ 0.33, 

and the converter processes the largest power when Vst = 12 V 

with d = 0.33. In the following, L and C are determined for d 

= 0.33, α = 0.4, and β = 0.15. 

 From (11) and Iout = 1.25 A, 

 �� � 1.2591 � 0.33 4 0.949 (30) 

Capacitor voltages can be determined from (20) and (24) as 

 ��� � 12V, ��� � 8.0V, ��� � 4.0V (31) 

Substituting (19) and (30) into (12) yields 

 � � 8.0V 7 0.33 7 20μs0.4 7 0.94A � 141μH 4 150μH (32) 

Similar to the Type III integrated converter, C is determined 

based on VC3, the lowest capacitor voltage among VC1–VC3. 

From (13) and (30), 

 # � 0.94A 7 0.33 7 20μs0.15 7 4.0V � 10.34μF 4 10μF (33) 

6. SIMULATION ANALYSIS 

6.1. Type III Integrated Converter 

 The simulation-based equalization test was performed for 

a PV panel comprising three substrings connected in series. 

All substring characteristics were severely mismatched in 

order to emulate a partial shading condition as shown in Fig. 

15(a); short-circuit currents of PV1 and PV3 were reduced by 

40% and 80% that of PV2. Component values used for the 

prototype (see Table 2) were applied to the simulation 

analysis. The switching frequency fs was 50 kHz, and a 

constant voltage load of Vout = 42 V was used. The duty cycle 

d was swept to obtain the characteristic of the output power 

Pout as a function of Vst (i.e., Pout–Vst characteristic). 

 The simulated Pout–Vst characteristic of the integrated 

converter is compared to the string characteristic without the 

equalization (i.e., a string with bypass diodes), as shown in 

Fig. 15(b). It should be noted that Pout–Vst characteristic was 

swept only in the narrow voltage range because of the 

constraint of (17)—with the constant voltage load, the narrow 

conversion range resulted in the narrow operational range of 

Vst. The narrow operation range (17) is not preferable from the 

viewpoint of practical use, and hence, the extended topology 

with a wider conversion range will be introduced in Section 8 

[see (34)]. Three power point maxima appeared on the P–V 

characteristic without the integrated converter, and the 

maximum power at the global MPP was merely 15.9 W. With 

the integrated converter, on the other hand, local MPPs 

vanished, and maximum power significantly increased to as 

high as 21.5 W. 

6.2. Type IV Integrated Converter 

Three devices connected in series were charged by the 

Type IV integrated converter with a constant-current–

constant-voltage (CC–CV) charging scheme of 1.0 A–7.5 V 

(2.5 V/device) from a voltage-imbalanced condition—B3 was 

the least charged device having the lowest initial voltage in 

the string. A voltage source with Vin = 24 V was used as an 

input source. The current of the least charged device B3, IB3, 

was measured and regulated. Capacitors with a capacitance of 

500 F were used as energy storage devices. The switching 

frequency was 50 kHz, and component values were 

determined identical to those for the prototype (see Table 3). 

 

a 

 

b 

Fig. 15.  Simulation results of Type III integrated 
converter. (a) Substring characteristics used for 
simulation analysis. (b) String characteristics 
with/without integrated converter. 
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Simulation results are shown in Fig. 16.  During the CC 

charging period, IB3 was regulated to be 1.0 A, while equalization 

currents IL1–IL3 with different magnitudes flowed toward 

respective devices. The least charged device, B3, received the 

largest equalization current of IL3, while the smallest equalization 

current of IL1 flowed to the most charged device B1. Accordingly, 

the voltage imbalance gradually became insignificant as the 

charging progressed, and all the device voltages were sufficiently 

equalized at the end of the CC charging period. After Vst (or the 

sum of VB1–VB3) reached 7.5 V, all the currents were tapered by 

the CV charging, and all the energy storage devices were 

uniformly charged to 2.5 V. 

7. EXPERIMENTAL RESULTS 

7.1. Prototypes 

A 40-W and 15-W prototype of the Type III and Type IV 

integrated converters for three substrings or devices were built 

using a single-sided printed circuit board, as shown in Figs. 

17(a) and (b), respectively. Their component values are listed 

in Tables 2 and 3. Both integrated converters operated at the 

switching frequency of 50 kHz. 

7.2. Type III Integrated Converter for PV Panel 

Power conversion efficiencies under the unshaded condition 

were measured. A voltage source with Vst = 40 V was used as the 

input source, instead of PV substrings. Measured efficiencies are 

shown in Figs. 18. The efficiencies were higher than 95% in the 

output power range greater than 10 W. Measured waveforms at 

Iout = 0.7 A are shown in Fig. 19. 

An experimental equalization test was performed 

emulating a partial shading condition. Instead of actual PV 

substrings, solar array simulators (E4361A, Keysight 

Technologies) were used to emulate the shading condition in 

our laboratory. Substring characteristics used for the 

experiment are shown in Fig. 20(a). This partial shading 

condition was the same as that for the simulation analysis [see 

Fig. 15(a)], and the potential maximum power under this 

partial shading condition was 21. 6 W (= 7.3 + 11.8 + 2.5 W). 

A constant voltage load of Vout = 42 V was used, and d was 

manually varied to sweep Pout–Vst characteristic. 

The measured characteristics with/without the integrated 

converter are shown and compared in Fig. 20(b). The 

maximum power without the integrated converter was 15.2 W 

at its global MPP. With the integrated converter, on the other 

hand, the local MPPs disappeared, and the maximum power 

increased to as high as 21.2 W, demonstrating the equalization 

 

a                    b 

Fig. 17.  (a) 40-W prototype of Type III integrated 
converter. (b) 15-W prototype of Type IV integrated 
converter. 

 

Fig. 16.  Simulation results of Type IV integrated 
converter: Charging profiles of series-connected devices. 
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Fig. 18.  Measured power conversion efficiencies of Type 
III integrated converter. 
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Table 2  Component values used for Type III integrated 
converter. 

 

 

Table 3  Component values used for Type IV integrated 
converter. 

 

Component Value, Part Number

Cin1–Cin3 Ceramic Capacitor, 47 µF

C1–C3 Ceramic Capacitor, 10 µF

Cout Ceramic Capacitor, 66 µF

L 150 µH

D Schottky Barrier Diode, D3FJ10, V f  = 0.74 V

Q1–Q6 N-Channel MOSFET, IRF7478, R on = 30 mΩ

Gate Driver IRS2184

Component Value, Part Number

Cin Ceramic Capacitor, 22 µF

C1–C3 Ceramic Capacitor, 10 µF

Cout1–Cout3 Ceramic Capacitor, 94 µF

L1–L3 150 µH

D1–D3 Schottky Barrier Diode, D3FJ10, V f  = 0.74 V

QH, QL N-Channel MOSFET, IRF7478, R on = 30 mΩ

Gate Driver IRS2184



 

performance of the Type III integrated converter. This result 

corresponds to 39.5% improvement in power yield and the 

utilization factor of 98.1% (= 21.2/21.6 W) at the output port.  

7.3. Type IV Integrated Converter for Series-
Connected EDLCs 

Power conversion efficiencies of the prototype were 

measured with connecting a variable resistor instead of energy 

storage devices. A voltage source with Vin = 24 V was used, 

while Vst was varied in the range of 9.0–11 V by adjusting 

duty cycle d. Measured efficiencies are shown in Fig. 21. The 

measured power conversion efficiencies did not exceed 90% 

chiefly because forward voltage drops of three diodes (each 

with Vf = 0.74 V, as shown in Table 3) took a significant 

portion of the output voltage of 9.0–11 V. The higher 

efficiency trend at higher Vst was attributable to the reduced 

portion of the diode conduction loss. 

Experimental waveforms were measured emulating a 

voltage-imbalanced condition. Similar to the efficiency 

measurement, energy storage devices were removed, whereas 

 

a 

 

b 

Fig. 20.  Experimental results of Type III integrated 
converter. (a) Substring characteristics used for 
experiment. (b) String characteristics with/without 
integrated converter. 

15

12

9

6

3

0

P
o
w

er
 [

W
]

1.2

0.8

0.4

0.0

I P
V
 [

A
]

1612840
VPV [V]

PV3

PV2

PV1

PV3

PV1

PV2

(12.8, 11.8)
(12.5, 7.3)

(12.1, 2.5)

25

20

15

10

5

0

P
o
w

e
r 

[W
]

1.2

0.8

0.4

0.0

I st
 [

A
]

50403020100
Vst [V]

w/ Integrated
Converter

w/o Integrated Converter

21.2 W

15.2 W

w/o Integrated

Converter

 

Fig. 21.  Measured power conversion efficiencies of Type 
IV integrated converter. 
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Fig. 23.  Experimental results of Type IV integrated 
converter: Charging profiles of series-connected EDLCs. 
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Fig. 19.  Measured waveforms of Type III integrated 
converter at Vst = 40 V, Vout = 42 V, and Iout = 0.7 A. 
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Fig. 22.  Measured waveforms of Type IV integrated 
converter. 
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a resistor was connected in parallel with Cout1 only in order to 

emulate current flow directions discussed in Section 4.2. 

Measured key waveforms are shown in Fig. 22. The average 

current of iL1 was substantial while that of iL2 and iL3 was zero, 

agreeing with the theoretical waveforms shown in Fig. 13.  

Three EDLCs, each with a capacitance of 500 F at a rated 

charge voltage of 2.5V, were charged by the prototype with a 

CC–CV charging scheme of 1.1 A–7.5 V (2.5 V/device) from 

the voltage-imbalanced conditions—identical to the simulation 

analysis in Section 6, B3 was the least charged device in the 

string. The current of B3, IB3, was measured and regulated. 

The resultant charging profiles are shown in Fig. 23. The 

experimental profiles agreed very well with the simulation 

results as equalization currents IL1–IL3 preferentially flowed 

toward devices having the lowest initial voltage, while IB3 was 

regulated to be a constant value. The voltage imbalance 

gradually disappeared thanks to the equalization currents and 

was adequately eliminated at the end of the CC charging 

period. All the devices were uniformly charged to be 2.5 V in 

the CV charging period, demonstrating the equalization 

performance of the proposed integrated converter. 

8. EXTENDED TOPOLOGIES 

As mentioned in Section 3, the proposed transformerless 

integrated converters were derived by simply stacking multiple 

switching cells with respective basic circuits. Alternatively 

phrased, these integrated converters were derived automatically, 

not purposefully, from the basic circuits as an origin. For practical 

implementations, drawbacks unique to individual integrated 

converters should be addressed with focusing on potential 

applications. In PV applications, for example, high step-up 

converters are often required but the Type III integrated converter 

does not fit such applications due to its limited voltage conversion 

range [see (17) and (18)]. To expand and widen the voltage 

conversion ratio, an introduction of a tapped-inductor (TI) would 

be a potential solution. Nonisolated high step-up converters for 

renewable energy sources are extensively studied recently, and 

TIs are one of the most viable approaches to achieve high step-

up voltage conversion [45]–[48]. 

The extended topology for the Type III integrated 

converter incorporating a TI is shown in Fig. 24(a). Its voltage 

conversion ratio can be adjusted with the turns ratio of the TI 

and is expressed as 

 
�����	 � 1 � � E� � E�"3E�  (34) 

where N1 and N2 represent the numbers of turns of primary 

and secondary windings, respectively. 

 For the Type IV integrated converter, the most critical 

issue is the existence of multiple magnetic components (i.e., 

inductors). To reduce the magnetic component count, these 

inductors can be integrated in the form of a coupled inductor, 

as shown in Fig. 24(b). The total circuit volume of this 

extended topology would be greatly reduced thanks to the 

shared magnetics. 

Development of extended topologies for other types of 

integrated converters is also feasible by employing coupled 

magnetics, such as TIs and coupled inductors. Detailed 

operation analysis and experimental verification for extended 

topologies will be a part of our future works. 

9. CONCLUSION 

Transformerless PWM converters integrating voltage 

equalizers have been proposed for PV panels and energy 

storage modules. Four kinds of basic circuits, each containing 

a unique switching cell, have been introduced as a foundation 

to derive the integrated converters. By stacking multiple 

switching cells with respective basic circuits, four kinds of the 

transformerless integrated converters, Types I–IV, can be 

derived. Since a main converter and voltage equalizer are 

integrated into a single unit, PV and energy storage systems 

can be simplified in comparison with conventional systems 

employing converters and equalizers separately. In addition, 

by introducing coupled magnetics, such as TIs and coupled 

inductors, some extended topologies with higher voltage gain 

or reduced magnetic component count can be obtained as 

practical implementation for PV and energy storage 

applications. 

Fundamental operation analyses and experimental 

verification tests were performed for two representative 

integrated converters. The Type III integrated converter for 

PV panels significantly enhanced the energy yield from a 

partially-shaded PV panel. Meanwhile, the series-connected 

EDLCs were charged and their voltage imbalance was 

eliminated by the Type IV integrated converter. The results 

demonstrated the equalization performance and efficacy of 

the proposed integrated converters. 

 

a 

 

b 

Fig. 24.  Extended topologies of (a) Type III integrated 
converter and (b) Type IV integrated converter. 
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