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Abstract 

The main challenge of extracting the maximum power available from serially connected 

photovoltaic (PV) elements is the need for different bias operation currents. Generally, in order 

to overcome this challenge, DC-to-DC converters or micro inverters (DC-to-AC) are used to 

load every PV element by its maximum power point (MPP) load. Recently, an increased 

research effort has been invested in an alternative solution based on a differential power 

processing architecture. The main profit of this architecture lies in the processing of only the 

necessary differential power for all the PV elements MPP operation. 

This study introduces an enhanced differential power processor topology for photovoltaic 

systems that is based on resonant-switched-capacitor technology, featuring local digital 

maximum power point tracking (MPPT) capability. The new converter operates as a voltage-

dependent current source and is regulated by dead-time or frequency control. In addition, a 

normalized dynamic-gain MPPT algorithm for PV systems is presented while dealing with 

issues that originate from the digital control. The method demonstrates a rapid and uniform 

convergence toward the MPP by employing normalized dynamic steps while maintaining 

MPPT control compatibility that is suited for both differential and centralized power processors 

(e.g., DC-to-AC inverters). Theoretical analyses for the resolution effects on limit cycle 

oscillations and power curve traps in the MPPT process have been carried out and potential 

remedies have been applied and examined. The dynamic gain MPPT algorithm and the 

theoretical derivation have been verified on a 2 kW PV system using 150 W prototypes of bi-

directional differential power processing setup. The experimental setup demonstrates a peak 

power-harvesting improvement of 42% and a general power-harvesting capability of above 

90% and up to 99% out of the available power in the string, under different insolation levels. 
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Thesis Overview 

The thesis deals with photo-voltaic power harvesting methodology. The work covers aspects 

of digital control together with a variety of hardware design issues based on switch-mode 

power supply systems. The digital control part of the work offers a wide comprehensive 

analysis for a suitable digital maximum power point algorithm and gives a wide analysis on 

the significant aspects of digital control. The other part of the work deals with aspects of the 

power harvesting system, concentrating on the mismatch problem solution. The core chapters 

of the work (2–5) content can be divided into three general independent subjects: Chapter 2 

addresses the design and analysis of the DC to DC converter’s hardware (i.e. power stage), 

Chapter 3 relates to the maximum power point tracking methodology, Chapter 4 deals with the 

digital control issues, and Chapter 5 concludes the comprehensive experimental work that 

includes the verification of the discussed issues. Earlier reports that summarize parts of this 

work were presented in a number of publications: Chapter 2 is based on [1] and [2], Chapters 

3 and 4 are based on [3] and Chapter 5 concludes the experimental results of [1] and [3] using 

previous research results from [4] and [5]. 

Furthermore, the thesis constitutes the base fundamental methodology for ongoing research 

on a sub-module (PV cells) chain-connected DC to DC converters. 
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1. Introduction 

  Switch-mode power supply (SMPS) 

HE main subject of power electronics is energy processing by electronic circuits. An 

essential element of this field is the switch-mode power supply (SMPS) unit, which 

receives electrical power in one form at its input and produces electrical power in another form 

at its output, governed by the control system. The common components of the SMPS 

traditionally comprise a switched reactive element and input/output capacitive components. 

Another possible configuration is the switched-capacitor converter (SCC), which consists only 

of capacitive components, where at least one of them is a flying capacitor that flips between 

different states. 

Switch-mode technology is essential to almost all systems that are powered by electricity, 

ranging from military systems (e.g. satellite, laser, and aircraft systems) to consumer 

electronics (e.g. computer, cellular, and general multimedia systems). High-frequency pulse 

width modulation (PWM) is the most popular principle of operation. This method controls the 

switch conduction period, and hence rules the input-to-output ratio. The reactive component 

implemented switch-mode power supplies with ideal switches are designed to have a 

theoretical power conversion efficiency of 100 %. Switch-mode technology is essential for 

applications of alternative energy sources in order to deliver regulated energy from a power 

source to a load with high efficiency while maintaining the source and load requirements, such 

as voltage level, output power, and response time. 

  Photo-voltaic elements (PVE) - energy harvesting 

Harvesting the generated energy of a photo-voltaic system demands a SMPS unit to process 

the energy from its original form to the load designated form (i.e. from the PVE DC level to 

the grid ac level or to another DC battery storage level). In the general case of a grid-connected 

PVE system, the SMPS unit is usually referred to as a grid-connected inverter (GCI). Every 

PVE has its own output non-linear characteristics which are interpreted to a certain power 

T 



Introduction 
 

 – 2 – May 2014 

 

curve. The power curve characteristics of the PVE are mainly dependent on the element’s 

temperature, its degradation level, and the irradiance condition [6]. Loading the PVE by its 

suitable maximum power point (MPP) load is necessary to harvest all of the latent power 

available in the element. Since the MPP load is determined according to its specific present 

power curve i.e. its surrounding conditions, it is being changed most often. Tracing the needed 

MPP load value is usually performed by a maximum power point tracing (MPPT) circuitry or 

algorithm. Estimating the necessary load from its surrounding conditions is not practical, so in 

most cases the MPPT control circuitry samples the output of the panel and varies its load until 

the maximum power is obtained. Since the panel is loaded by the GCI, the MPPT system is 

usually utilized as a part of a GCI control algorithm. Thus, the input impedance of the GCI is 

frequently adjusted to provide the optimum load for the PVE. 

  MPPT algorithms 

Tracking the MPP of the PVE is of major concern in many solar-energy harvesting systems 

(not only at GCIs). Recently, the realization of MPPT that is compatible for various mismatch 

conditions of the PVE systems has received increased attention [7], [8]. Environmental 

conditions such as shading (full or partial), non-homogeneous dirt and defects result accelerate 

degradation of the PVE [9] and, as a consequence, alter the characteristics of the PVE, 

introducing two or more local power peaks rather than one global MPP. A wide variety of 

works propose MPPT algorithms with main objectives: to track the MPP as fast and as accurate 

as possible, yet implementing a simple hardware harvesting system. 

 Hill Climbing (HC), and Perturb and Observe (P&O) 

Among all the works gathered in this thesis scope dealing with MPPT algorithms, much 

focus has been on hill climbing (HC) [10]–[16] and perturb and observe (P&O) [17]–[28] 

methods. Hill climbing involves a change in the correction signal of the power converter, 

sensing the power trend due to that change, and forcing another change on the correction signal 

until the sensed trend is in the vicinity of zero. On the other hand, the P&O perturbs back and 

forth the operating voltage of the PV array and corrects the referred target voltage as the HC 

fixes its correction signal. In the case of a PV array connected to a power converter, perturbing 

the duty ratio of the power converter perturbs the PV array current and consequently perturbs 

the PV array voltage. Hill climbing and P&O methods are different ways to envision the same 

fundamental method. 
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The advantage of the HC and P&O MPPT methods is their simplicity. However, it was 

proved that a P&O MPPT control system sometimes deviates from the maximum operating 

point in the case of rapidly changing atmospheric conditions, such as broken clouds [29]. This 

problem could happen with the adaptive hill climbing method as well. When a sudden increase 

or decrease in insolation dominates the change of PV output power, according to the HC 

tracking algorithm, the controller may be confused and lead the operating point in the wrong 

direction. This process continues until the sudden change in insolation slows down or stops. 

Another disadvantage [30] is that this simple tracking method has difficulty in providing good 

performance in both dynamic and steady-state response because a constant incremental step of 

duty cycle was adopted as the control parameter. If the incremental step of the duty cycle is 

small, the backing time is long and the system shows poor dynamic response. If a large duty 

cycle step is used, the output power fluctuations are large and the average power is significantly 

less than the maximum, resulting in energy waste (Fig. 1.1). Therefore, works that modify the 

HC MPPT algorithm employ an adaptive tracking step size [31] to facilitate the MPP 

convergence time without suffering large output fluctuations around the MPP. 

  

Fig. 1.1 Illustration of convergence to MPP by HC MPPT with small (green) and big (red) steps. 

 Incremental conductance (IncCond) 

The IncCond (IncCond) method [17], [29], [32]–[41], [43] is based on the PV array power 

curve slope (Fig. 1.1). The slope at the MPP vicinity is approximately zero, positive at lower 

voltage, and negative at higher voltage, as given by 
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where VMPP is the PVE MPP voltage. The power can be expressed as the product of the voltage 

and the current so that the derivative of the power can be expressed as: 

  d / d d( ) / d d / dP V V I V I V I V     , (1.2) 

and if we indicate ΔI and ΔV as the subtraction of the last MPP iteration sensed signal from the 

present sensed signal (current and voltage, respectively), assuming small step size in ΔI and 

ΔV, 

  d / d /P V I V I V     . (1.3) 

Using (1.1), the expression (1.3) can be rewritten as 

 

MPP

MPP

MPP

/ / ,

/ / ,

/ / ,

I V I V V V

I V I V V V

I V I V V V

    

    
    

. (1.4) 

The MPP can thus be tracked by comparing the instantaneous conductance (I/V) to the 

incremental conductance (ΔI/ΔV). It is common to refer IncCond as a subset of the HC MPPT 

family since it involves a change in the correction signal of the power converter and not 

necessarily perturbs back and forth the operating voltage. Therefore IncCond has the same 

trade-off between a small or a big step size in the correction signal as the HC method. However, 

the methods proposed in [36] and [44] use a different MPPT algorithm to bring the operating 

point of the PVE close to the MPP in the first stage and in the second stage use IncCond to 

track the accurate MPP. This two-stage alternative also ensures that the real MPP is tracked in 

case of multiple local maxima. The work done in [45] combines a method of a linear function 

and the IncCond. The linear function is used to divide the I–V plane into two areas and contains 

all the possible MPPs under changing atmospheric conditions. The presented method 

resembles [46] in that it presents the adjustable matched virtual load (AMVL) method. The 

operating point is brought into the MPP area by the AMVL MPPT method and then IncCond 

is used to reach the accurate MPP. The AMVL method is biased on a line that contains all the 

possible MPPs under changing atmospheric conditions and meanwhile fine-tunes it according 

to the changing of the environmental condition changings by P&O or IncCond. 

Another effective way of performing the IncCond technique is to use the instantaneous 

conductance and the IncCond to generate an error signal 
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d d

d d

P I I
e

V V V
    (1.5) 

as suggested in [33] and [34]. From (1.1), we know that e goes to zero at the MPP. A simple 

proportional integral (PI) control can then be used to drive e to zero. Measurements of the 

instantaneous PVE voltage and current require two sensors. The IncCond method lends itself 

well to microcontrollers and DSP control, which can easily sense the voltage and current, and 

keep track of their previous values and make all the decisions as described earlier. 

 Maximum power point estimation 

The general objective of the MPP estimation is to propose an alternative MPPT algorithm 

that can trace the MPP by estimating its voltage, current, or load characteristics from previous 

sensed data. This MPPT family obtains MPP with much less signal sensing (PVE’s 

voltage/current) and in most cases does it faster. Its drawback is concealed in its large possible 

diversion error. The method discussed in [47] predicts the MPP by manipulating the PVE 

characteristic equation iteratively. In this way, it is solved and an approximate symbolic 

solution for the MPP is found. This method, called the linear reoriented coordinates method 

(LRCM), requires the measurement of VOC and ISC to find the solution. Other constants 

representing the PVE characteristic curve are also needed. The maximum error in using LRCM 

to approximate the MPP was found to be 0.3%, but this was based only on simulation results 

and clearly inherent additional power losses are present in the VOC and ISC sampling operation. 

Another work based on a similar technique [48] presents a practical implementation of a 

photovoltaic I–V curves and maximum power point estimation algorithm (IVMPPE). The 

IVMPPE estimates the I–V curve by measuring six voltage and current coordinates near the 

operating point and sets the operation of the solar panels at its MPP voltage without tracking. 

In [48], a sliding mode control method with a buck-boost converter is used to achieve MPPT. 

This method defines the switching function u of the converter and determines it by using (1.1) 

(mentioned in the IncCond algorithm) such that u is expressed as 

 
0, 0

1, 0

u S

u S

 


 
, (1.6) 

where u = 0 means the switch is open and u = 1 means the switch is closed and the sliding 

surface, S, is given by 
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A similar method combined with the AMVL method [50] is further developed in [51] using 

a boost converter. 

  Effects of Digital control 

Most modern MPPT algorithms are realized using digital processing control systems. As a 

result, issues related to digital control such as sampling resolutions of both current and voltage 

may introduce undesirable behavior. Power curve traps (PCT) [52] and/or limit cycle 

oscillations (LCO) [53]–[55] may be of major concern for successful MPPT implementation.  

 Limit cycle oscillations (LCO) 

In digitally controlled SMPS with a single voltage feedback loop, the two quantizers, 

namely the analog-to-digital converter (ADC) unit and the digital pulse-width modulator 

(DPWM), can cause undesirable limit-cycle oscillations (LCO). Analytical analysis reveals 

that DPWM-controlled SMPS, limit cycles occur when the LSB of the control (described as vq 

in Fig. 1.2) changes the output (described as vo in Fig. 1.2) by a value that is larger than ADC 

resolution. 

 

 

DPWM+
Switched 

converter

ADC
vq

e d voVref
Compensator-

vo

dc

 

Fig. 1.2 Controlled SMPS - Block diagram 

Generally, based on that logic, the existence condition of LCO can be determined as: 

 mino ADCv q  , (1.8) 

where Δvomin is the minimal output voltage change, i.e. the change for a LSB duty ratio in the 

DPWM unit, and qADC is the ADC quantization (resolution) value. So by expressing Δvomin as: 

  mino O DPWM c CO ADCv G Q d G K     , (1.9) 
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where GO is the DC control-to-output gain of the converter, QDPWM is the DPWM quantization 

(resolution) value, GCO is the DC gain of the compensator, and KADC is the output voltage 

sensing gain. From (1.8) and (1.9) the existence condition of LCO can be finally determined 

as: 

  O DPWM c CO ADC ADCG Q d G K q     (1.10) 

 Power traps [52] 

Power traps appear as local maxima in the measured power curve of a PVE (Fig. 1.3, 

Fig. 1.4). Those power traps are caused by electromagnetic interference of the SMPS harvest 

unit switching transients (commonly called “noise”) and other deterministic phenomena (e.g. 

ADC quantization error) in the sensed PVE unit. Traps exist even in the absence of shading 

and degrade the performance of all MPPT methods. 

 4 8 12 16 20

VPV [V]
0

20

40

60

80 PPV [W]

Traps common 

location

 

Fig. 1.3 Power versus voltage for simulated two PV panels (quantized sensed power in blue and 

continuous power in red) at 1000 W/m2, with and without a measurement trap. 

  VPV

PPV

VMPP  
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Fig. 1.4 Close-up of Fig. 1.3 at trap location. 

  Mismatch effect on serially connected PVEs 

Different insolation levels, degradation, and temperature differences tend to impact the PVE 

MPP characteristics. But the most common of those issues is the different insolation problem 

that mainly impacts the MPP current [6]. Therefore, full or partial shading of PVEs, which are 

part of a serially connected array, limits the power that can be extract from the 

chain [24], [56], [57]. The serial connection forces the same current through the mismatched 

PVEs (Fig. 1.5) causing one (or more) of the PVEs to digress from its MPP. 

    

Fig. 1.5 PV panel current–voltage curves in different insolation levels. 

For simplification, observing the power–voltage curve of two serially connected PVEs in 

Fig. 1.6 clearly reveals two local MPPs that reach much lower MPP from the absolute potential 

MPP of the two connected panels. The absolute potential MPP is defined by separate harvesting 

conditions with no connection of the two PVEs. It is noteworthy that the power differences 

depend on the mismatch levels (Fig. 1.7).  

  

PV1
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+
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Vout

  

Fig. 1.6 Two PV panel output power-to-voltage curves in different insolation levels. 

MPP 

Absolute potential MPP level 

Local MPP1 
Local MPP2 



Introduction 
 

 – 9 – May 2014 

 

To illustrate the non-harvested power due to shading differences, Fig. 1.7 demonstrates the 

difference between the higher local MPP of two serially connected panels and their absolute 

available maximum power. Fig. 1.7 relates to the harvested power ratio as ξ: 

  PV1 PV2/ 100%outP P P    , (1.11) 

where PPVi is the ith PV panels maximum power and Pout is the higher local MPP. 

   

Fig. 1.7 Harvested power percentage from the total available power for different irradiance (two 

connected PV panels). 

  Literature survey – PVE's dedicated converters and architectures 

A variety of proposed literature and industrial solutions attempt to obtain the maximum 

power available in serially connected PVE chains. Generally, two groups of power processing 

solutions have been proposed to remedy the shading problem. One group is based on a 

dedicated converter/inverter per element [58]–[60]. The other group of solutions keeps the 

series connection of the elements intact and processes mismatched currents due to the shaded 

unit(s) using parallel circuitry [61]–[64]. The work of [65] and [66] present a comparison 

between these methods. The latter has the advantage of processing only the power differences 

between the PV elements, thus minimizing conversion losses and improving reliability. 

 Serially Power Processing (SPP) 

Serially connected power converters (per panel) provide an alternative topology to a 

simplified dc–ac inverter that creates a high voltage PVE string providing the MPP of each 

connected PVE. This offers the advantages of a “converter-per-panel” approach without the 

cost or efficiency penalties of individual dc–ac grid connected micro inverters. The work 

presented at [59] provides a system implementation based on a buck-boost topology, 
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where [67] compares the different implementation topologies for this architecture (boost, buck, 

buck-boost, and Ćuk converters). A wider comparison of this architecture is given in [68]. 

 Differential power processing (DPP) 

A unique advantage of the differential power processing architecture is that MPPT can be 

obtained locally, in each PVE, by processing only the necessary amount of power needed to 

achieve MPP. Several converter realizations have been proposed as candidates for differential 

power processors (DPP), mainly derived from battery management applications [69], [70]. An 

equalizing switched capacitor converter (EQSCC) is proposed in [5] and [71] as a voltage 

equalizer with simple open-loop control, relying on the assumption that MPP voltage deviation 

due to change in irradiance level is negligibly small. This approach stands out in its simplicity, 

high self-efficiency, and lower cost. However, it lacks MPPT capability without introducing 

losses. A buck-boost topology has also been proposed, acting as an equalizer [63], and further 

developed in [64] to obtain local MPPT by differential processing to keep all PV units in MPP. 

However, compared to SCC technology of the same power level, it is bulkier in volume because 

of the large magnetic element required [72]. Furthermore, the MPP voltage of a PVE variation 

as a function of the irradiance is affected by the element’s internal resistance and temperature. 

The resultant voltage drift may be either negative or positive with respect to the nominal 

MPP [6], [73], which highlights the need for a DPP with true tracking capabilities, i.e. step-

up/down functionality. The concept of full local MPPT DPP has been initially introduced 

in [67], [74] and further developed and demonstrated in [64]. An overview of the possible 

architectures is presented in [66] and a comparison between their performances is given in [8]. 

To overcome the same PV mismatch problem in the sub module of the PV panel, a sub-module 

implementation for the DPP has been proposed in [75], [76].  

  Gyrator resonant switched capacitor converter (GRSCC) [86] 

 Introduction 

The efficiency of most common SCCs is limited by their operating voltage ratio [77]–[81]. 

In such converters, the efficiency depends on the ratio of the output voltage to target voltage, 

VO and VT, respectively (i.e. VT is the no load SCC output voltage); therefore, general SCC’s 

efficiency can be expressed as η = VO/VT. Regulation can be obtained either by varying the 

SCC’s components parameters, switching duty-cycle/frequency, or inserting a post regulation 

stage [82]–[84] to match the required conversion ratio. A more complicated approach for 



Introduction 
 

 – 11 – May 2014 

 

voltage regulation by SCC is to generate multiple conversion ratios and therefore increase the 

effective operation range [80], [82]–[85]; the system efficiency, however, would remain of a 

discrete nature. 

Resonant switched capacitor converter (RSCC) operation with zero current switching (ZCS) 

has been investigated with the aim to reduce the switching losses, allowing higher switching 

frequency operation. There, higher efficiency is obtained, yet limited by its conversion ratio 

and a discrete nature. 

The gyrator resonant switched capacitor converter (GRSCC) topology in its generic form, 

as described in Fig. 1.8, requires bi-directional switches (Q1, Q2, and Q3) that operate 

synchronously. This is required to support bi-directional and non-inverting step-up and -down 

capability in a single configuration. However, for more specific cases, such as unidirectional 

power flow and/or specific conversion types (up or down), the number of switches and the 

configuration complexity can be significantly reduced.  

 Principle of operation 

The operation of the converter shown in Fig. 1.8 is described for a steady-state of 

charge/discharge/balance cycle and a dead-time state which turns all the switches (Q1–Q3) off 

to achieve current regulation. Fig. 1.9 illustrates the capacity voltage, VC, and the resonant tank 

current, IC, for the case of a non-unity step-up conversion. By turning Q1 on, a charge state (S1) 

is started, which resonantly charges the flying capacitor from the input V1. At zero current, Q1 

is turned off and after a while (dead-time) Q2 is turned on (state S2). At this point, the flying 

capacitor resonantly discharges onto the output capacitor. Since the input voltage, V1, and the 

output voltage, V2, are of different values, only a portion of the charge is delivered to the output 

and results in VC that is different from its voltage at the starting point of S1. VC at this point 

(neglecting parasitics) is the negative value of its voltage at the beginning of S1. By turning Q3 

on (S3), the resonant tank is short-circuited. This creates the required charge-balance and 

reverses the flying capacitor voltage polarity such that the voltage at the end of S3 equals the 

voltage at the beginning of S1. Further description of the GRSCC operation can be found 

in [86]. 
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Fig. 1.8 GRSCC configuration and operation principle: (a) charge, (b) discharge, and (c) balance 

states [86]. 

 

  

Fig. 1.9 Typical GRSCC waveforms of the flying capacitor voltage and current. The circuit 

parameters are: V1 = 20 V, V2 = 31 V, RS = 0.15 Ω, L = 5.2 μH, C = 0.25 μF. 
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 , (1.12) 

and the general operating frequency is expressed as: 

 
max

3

G
f G f

LC
    (1.13) 

where G ∈ (0,1] is defined as the regulation factor. In this mode of operation, the converter's 

output current will be determined by the input voltage and operating frequency as follows: 

 
2 1 2 1

1
2 ;

2
I f C V V I

f C
   


 (1.14) 

The relationship between the maximum output current, I2, passed from V1 onto the output 

voltage, V2, is a function of the capacitive and inductive components of the resonant tank (L, 

C), and can be expressed as: 

 2 1

2
;

3
I V Z L C

Z
 


 (1.15) 

The relationship between input voltage to output current of (1.14) with the relation of output 

voltage to input current is known as a gyrator. Hence, this topology realizes a frequency-

regulated voltage-dependent current source; this topology is termed a gyrator resonant switched 

capacitor converter (GRSCC) [86]. 
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2. Analysis and design of GRSCC as a DPP for serially connected 

PV elements  

  Introduction 

Full or partial shading of a serially connected PV string severely impacts the power that can 

be extracted from it [56], [57]. Generally, two groups of power processing solutions have been 

proposed to remedy the shading problem. One group is based on a dedicated converter/inverter 

per element [58]–[60], whereas the other group of solutions keeps the series connection of the 

elements intact and processes mismatched currents due to the shaded unit(s) using parallel 

circuitry [61]–[64]. The latter is named differential power processing (DPP) architecture and 

has the advantage of processing only the power differences between the PV elements, thus 

minimizing conversion losses and improving reliability. Implementing this architecture by 

gyrator resonant switched-capacitor converter (GRSCC) units is the main subject of this 

chapter. 

The superior capability of the DPP architecture over other possible systems lays on its local 

maximum power point tracking (MPPT) capability, in the PV element (PVE) level, by 

processing only the necessary amount of power needed to achieve maximum power point 

(MPP). Several converter realizations have been suggested as candidates of DPP. An 

equalizing switched capacitor converter (EQSCC), proposed in [5] and [71] as a voltage 

equalizer with simple open-loop control, relies on the assumption that MPP voltage deviation 

due to change in irradiance level is negligibly small. This approach stands out in its simplicity, 

high self-efficiency, and lower cost. However, it lacks MPPT capability without introducing 

losses or passing differential power from the low-voltage PVE onto its adjacent high-voltage 

PVE through the chain. Furthermore, the variation of the MPP voltage of a PVE is affected by 

the element’s internal resistance and temperature. The resultant voltage drift may be either 

negative or positive with respect to the nominal MPP [6], [73], which highlights the need for a 

DPP with true tracking capabilities, i.e. step-up/down functionality. 

This chapter introduces an enhanced DPP topology that incorporates the virtues of both 

switched-capacitor and switched-inductor converters in a newly developed current-sourcing 

converter that is based on resonant SCC technology (Fig. 2.1). The new converter is of low-

volume, features high-efficiency with extended operation range, and is capable of performing 
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local MPPT. The chapter presents the new converter DPP topology, its principle of operation, 

and its components main design considerations.  

  

Fig. 2.1 DPP Conceptual hardware setup. 

  Power flow 

The main goal of differential power processing in PV systems is to maximize the power 

conversion efficiency by processing only a small portion of the power being produced. The 

concept has been initially introduced in [74], [67] and further developed and demonstrated 

in [69]. The architecture is conceptually shown in Fig. 2.2. It consists of N serially connected 

PV elements and N–1 current sourcing converters connected in parallel with two adjacent PV 

elements. The differential power passes along the string in a so-called bucket-brigade pattern. 

Each converter performs local MPPT to one of its two connected PVEs by sinking or sourcing 

current to/from the neighboring PV element. A central grid-connected inverter is still used to 

interact with the grid and to track the global MPP. Effectively, it also performs the local MPPT 

for the Nth element.  
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Fig. 2.2 Example of the power flow for a N PV panel string connected to N–1 gyrator DPPs, 

containing a shaded PV at the x location. 

The differential converters are needed only in the case of mismatch in the MPPs, i.e. only a 

portion of the power is processed. The MPP is maintained for each of the PV elements owing 

to the differential current provided by the DPP. For example, the amount of power processed 

by each converter in a string of N elements in order to bring a single mismatched element (PVx, 

Fig. 2.2) to its MPP can be expressed as [5]: 

  , (2.1) 

where the index j represents the location of a converter in the string, Ps is the maximum power 

of the shaded element, and P0 is the power of a non-shaded element at its MPP. For better 

illustration, consider an example of a string with five PV elements and the 3rd element is shaded, 
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then the power processed by the 3rd converter would be (Po-Ps)×2/5. Further details on the 

distribution of the processed power can be found in [5]. 

It can be observed from (2.1) that converters adjacent to the shaded element are required to 

process most of the differential power whereas others located farther in the string contribute a 

smaller portion of the power, linearly proportional to their location with respect to the 

mismatched PV element. A current-sourcing converter that operates as a DPP is thus required 

to be bi-directional and capable of step-up and step-down operation. In addition, the power-

flow behavior of this example indicates that some processed power needs to pass through a few 

converters until it reaches its destination (even though there is only one mismatched module 

within the string). This power-flow behavior explains the results of power processing 

probability comparing PV-to-PV and PV-to-bus architecture in [64]. It is important to take into 

consideration the expansion of processing losses of high-ratio voltage conversion and the 

system complexity at the PV-to-bus (isolated and non-isolated) architecture.  

In the context of this study, the harvesting factor, ξ, is defined as the relationship between 

the total extracted power out of a serially connected string, Pout, and the sum of the absolute 

maximum power that can be harvested from each individual element, Pi,MPP, that is: 

  . (2.2) 

Considering (2.1) and (2.2), it would be highly advantageous that the efficiency of the converter 

be independent of the operating conditions. Converter topologies such as switched-

capacitor [70] or buck-boost [64], originally proposed for battery equalization and realized for 

PV applications, have many merits; however, their efficiency range is limited. SCC lacks 

MPPT capability [5]. In a buck-boost configuration, the efficiency range is somewhat limited 

around the nominal power level, and there is a trade-off between the size and performance of 

the converter.  

To overcome these challenges, this study introduces a new DPP topology employing 

GRSCC. It combines the benefits of reduced size SCC and current sourcing properties with 

high efficiency over a wide range [86]. 
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  Principle of operation 

The GRSCC configuration as a DPP is described in Fig. 2.1 similar to the architecture of a 

conventional EQSCC [5], [78]–[81], the DPP includes four switches and a resonant tank. Two 

PV elements connect as input and output sources.  

As opposed to the operation of a classical SCC that includes a charge state and a discharge 

state, here an additional switching phase is introduced that breaks the rigid connection of the 

input/output voltage gain and the efficiency of the converter. Controlling the sequence of the 

switches governs the power-flow direction, hence bi-directional step up/down operation. 

The operation of the GRSCC, shown in Fig. 2.3, is described for one steady-state 

charge/discharge/balance cycle and is assisted by the behavior shown in Fig. 2.4 that illustrates 

the capacitor voltage, VC, and the resonant tank current, IC, for a case of a MPP mismatch that 

requires a non-unity step-up conversion. By turning Q1 and Q3 on, a charge state (S1 — 

Fig. 2.3a) is commenced, which resonantly charges the flying capacitor from PV2. At zero 

current, Q1 and Q3 are turned off and Q2 and Q4 are turned on (state S2 — Fig. 2.3b). At this 

point, the flying capacitor resonantly discharges onto PV1. If PV1 voltage, VPV1, and PV2 

voltage, VPV2, are of different values, only a portion of the charge is delivered to the output and 

results in VC that is different than its voltage at the starting point of S1. The amount of this 

voltage difference (neglecting Rs — parasitic resistances in each loop) equals twice the residual 

voltage of the flying capacitor. By turning Q2 and Q3 on (S3 — Fig. 2.3c) the resonant tank is 

short-circuited. This creates the required charge balance and reverses the flying capacitor 

voltage polarity such that the voltage at the end of S3 equals to the voltage at the beginning of 

S1.  
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Fig. 2.3 The three states of the DPP GRSCC. 

  

Fig. 2.4 Typical waveforms (obtained from simulation) of the flying capacitor voltage and current. 

Circuit parameters are: VPV1 = 20 V, VPV2 = 31 V, Rs = 0.15 Ω, L = 5.2 μH, C = 0.25 μF. 

The addition of a third, charge-balancing state, to the switching sequence transforms the 

resonant SCC into a voltage dependent current-sourcing converter that, neglecting losses, is 

capable of accommodating any input to output voltage gain (larger and smaller than unity). It 

should be noted that the order of the switching sequence will govern the power flow direction.  

To facilitate regulation of the amount of charge that is transferred to the output, a pulse 

density modulation (PDM) is employed [72], i.e. a time delay is introduced between the charge 

and the discharge states. The average currents (ID, I`D) (Fig. 2.1) and voltages (VPV1, VPV2) of 

the converter can be defined as a gyrator relationship [86]: 

  , (2.3) 

where f is the frequency of a cycle that includes the three states and the time delay. Maximum 

differential current is passed when no additional time delay is added. It can be observed from 

(2.3) that the differential current is inversely proportional to the time delay, but linearly 

proportional with f. This implies that controlling the differential current by the frequency as 

the correction signal is preferred, since variations in the time delay would result in a nonlinear 

behavior. Furthermore, the time resolution of a variable-frequency signal, generated by a local 

oscillator, is not constant and strongly depends on the operating point [87] which introduces 

additional nonlinearity. By modifying the correction signal to frequency, incremented by fixed 

-50

0

50

-10

0

10

Ic

Vc

t

IC [A] VC [V]VPV1+VPV2

VPV2 - VPV1

VPV1-VPV2S1 S2 S3

3𝜋 𝐿𝐶

2 1

1
2    ;    `

2
D PV PV DI fC V V I

fC
 



Analysis and design of GRSCC as a DPP for serially connected PV elements 
 

 – 20 – May 2014 

 

steps, df, these nonlinearities are eliminated and the power converter can be treated as a 

constant gain block from frequency to current as prescribed in (2.3). 

  Bridge design and analysis 

The relationship between the maximum current, IDmax, passed from PV1 and the voltage on 

an adjacent element, PV2, is a function of the capacitive and inductive components of the 

resonant tank (L, C), and can be expressed as: 

  . (2.4) 

Assuming that identical parasitic resistances Rs exist in all three sub-circuits (Fig. 2.3), the 

expected efficiency of the converter can be estimated by: 

 . (2.5) 

 Power stage - components design 

The values of the bridge inductor L and capacitor C are derived by combining (2.3) with 

(2.5), taking into account the extreme case of fmax, VPV1,min and ID,max as follows: 
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where IDmax and fmax are a given maximum differential current and its maximum allowed 

operation frequency and VPV,min is the minimal MPP voltage of the PVE for which the GRSCC 

is designed to work. 

The components generalizing the charge/discharge parasitic resistance Rs limits the 

converter’s efficiency (2.5). Rs includes the MOSFETs’ ‘on’ resistance, RDSon value and the 

equivalent series resistance of the capacitor/inductor, ESRC/ESRL. Using (2.5) with the 

maximal voltage expected ratio and a given efficiency, the designed parasitic resistance can be 

expressed by: 
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The gate drive system uses a simple DC restorer method implemented by passive components 

and widely discussed in [4]. This method is employed because of its simplicity and stable DC 

referred source compatibility of the driven MOSFET terminal. 

The output voltage ripple of the converter primarily depends on the ratio between the 

resonant tank capacitance, C, and the bus capacitance, CB (in parallel to the PV element), as 

detailed in [72], [86]. Therefore, using the relation of the capacitance, the PVE voltage, and its 

voltage ripple provided in [72], [86], the capacitance value of CB can be expressed by: 

 ,

2,

2 PV m

B

in

p p

V
C C

V 




 (2.8) 

where ΔV2,p-p is the system tolerable PVE voltage ripple. 



MPPT algorithm 
 

 – 22 – May 2014 

 

3. MPPT algorithm  

  Introduction 

Tracking the MPP of photovoltaic elements is of major concern in many solar energy 

harvesting systems. Recently, the realization of MPPT that is compatible for various mismatch 

conditions of the PV array has received increased attention [7]. Environmental conditions such 

as shading (full or partial), non-homogeneous dirt, and defects result in accelerated degradation 

of the PVE [9] and, as a consequence, alter the characteristics of the PVE, introducing two or 

more local power peaks rather that one global MPP. This requires modifications of the MPPT 

algorithm in order to obtain the maximum power out of a serially connected chain of PVEs. It 

should be noted however, that even though the global MPPT is obtained, the extracted power 

out of the chain may fall below the maximum power available out of the chain [8]. 

Several solutions have been proposed and are widely covered in [8]. One of the more 

energy-efficient solutions is the DPP approach that was widely discussed in chapters 1.6 and 

2. This concept applies processing only the power differences between PV elements, thus 

minimizing conversion losses and improving reliability. The main challenge of present-day 

DPP-based architectures is the realization of MPPT algorithms on the individual units that are 

capable of converging to the local MPP of the individual PVE without affecting, or being 

affected by, the operation of the neighboring PVEs. Solutions to increase the convergence rate 

toward the MPP while assuring steady-state stability, using modifications of general MPPTs 

as “perturb and observe” (P&O) and the “hill climbing” (HC) methods implementing variable 

step size, have been studied in [25], [31] on a centralized unit. Another interesting MPPT 

concept is the “incremental conductance” (IncCond) [29], [43] in which the algorithm relies on 

the derivative of the instantaneous power with respect to the voltage, which reduces the 

mismatch effects and allows more accurate tracking of the MPP.  

Most modern MPPT algorithms are realized using digital processing. As a result, issues 

related to digital control such as sampling resolutions of both current and voltage may introduce 

undesirable behavior. Power curve traps (PCT) [52] and/or limit cycle oscillations 

(LCO) [53], [54] may be of major concern for successful MPPT implementation. 
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The objective of this chapter is to present and explore a new MPPT method that is a hybrid 

of a modified IncCond method with a dynamic step size operation. The new approach does not 

require continuous perturbations; it features fast dynamic performance as well as accurate static 

characteristics for a wide range of insolation levels and is well suited for the use in both 

centralized or local (i.e. DPP) MPPT. This study further provides a detailed analysis on the 

effects of digital sampling resolutions that may cause PCT and steady-state LCO. 

  Hybridization of voltage and current power derivatives 

The aim of an MPPT algorithm is to converge into a zero gradient, i.e. dpPV/dvPV ≈ 0 or 

dpPV/diPV ≈ 0. As can be observed from Fig. 3.1, realization of the algorithm based on one of 

the power derivatives (either current or voltage) results in a proportional but asymmetrical 

derivative value for regions below and above the MPP [43]. To remedy this, a new derivative 

factor e[n] that combines two power derivations is defined by: 

 

, (3.1) 

where vPV and VMPP are the instantaneous and the MPP voltages of the PVE, respectively. By 

separating the regions below and above VMPP, the derivative factor e[n] has a more symmetrical 

proportion with respect to the distance from VMPP. It should be noted that merging dpPV/dvPV 

and dpPV/diPV still results in a smooth function without singularities. 

  

Fig. 3.1 Typical dpn and power curves as a function of the panel voltage for various insolation levels. 
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Substituting pPV = vPV × iPV in (3.1), and after some manipulations, (3.1) can be rewritten as: 

 

 . (3.2) 

where the index [n] represents the nth iteration of the algorithm. The differential values of (3.2) 

can be realized by the controller as:  

 , (3.3) 

  Normalized hybrid incremental conductance (IncCond) 

To expedite the convergence toward the MPP, variable step control is applied based on the 

value of e[n]. A correction signal A[n] (e.g. duty ratio, dead-time, or frequency, depending on 

the system harvesting converter topology) is generated according to an integral control law, as: 

 , (3.4) 

where K1 is the magnitude constant coefficient, and K2[n] is the integral gain. To facilitate a 

generic control law for all insolation levels, the integral gain K2[n] is assigned as a dynamic 

normalizing factor as:  

  . (3.5) 

Combining  (3.2), (3.4) and (3.5) yields a new normalized error signal of the product 

K2×e[n], named dpn, which can be expressed as: 

 .  (3.6) 

The resultant dpn is bounded within [–1, 1] as depicted in Fig. 3.1. By employing the 

normalized error, dpn, the convergence to the MPP is uniform and not affected by the insolation 

conditions, while preserving a proportional MPP value. To avoid the need of VMPP for selecting 

[ ] [ ] ;

[ ]

[

d

d

d
] [ ] ;

d

PV
PV PV

PV

PV
PV P

MPP

MPPV

PV

i
i v

v
n n v V

e n

n n v V
v

v i
i



 
  
 





 
 



d [ ] [ 1] ; d [ ] [ 1] ; d [ ] [ 1]PV PV PV PV PV PV PV PV PVp p n p n v v n v n i i n i n        

[ ] [ 1] [ ] [ ]1 2A n A n K K n e n    

2

1
;

[ ]
[ ]

1
;

[ ]

MPP

PV

MPP

PV

v V
i n

K n

v V
v n





 
 


1

d [ ]
1 ;

d [ ]

d
d [ ]

1 ;
d [ ]

PV PV
MPP

PV PV

n

PV PV
MPP

PV PV

i v n
v V

v i n

p
i v n

v V
v i n




  


              



MPPT algorithm 
 

 – 25 – May 2014 

 

the dpn expression for the control, the smaller between the two possible dpn values is selected. 

A detailed description of the algorithm is given by the flowchart of Fig. 3.2. 

  

Fig. 3.2 Flowchart of the modified IncCond MPPT algorithm. 

The convergence time of the MPPT algorithm and its pattern are primarily dependent on the 

magnitude constant K1 that determines the step size of A[n]. For small correction steps the 

convergence would be smooth but slow, whereas large correction steps would result in rapid 

convergence but may introduce an oscillating error around the MPP. In this work, K1 has been 

manually selected to produce the fastest convergence while still maintaining a first-order 

pattern (i.e., without overshoot). 
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To employ the above methodology on the proposed GRSCC differential power processing 

system, the normalized hybrid IncCond MPPT is thus designed to generate a variable step in f, 

proportional to dpn according to: 

  , (3.7) 

where f [n] is the present frequency command generated by the controller governing ID and the 

differential current by-passed by the GRSCC between two adjacent PVEs (Fig. 2.1). f [n–1] is 

the frequency generated in the previous MPPT iteration and Δfmax sets the maximum frequency 

step that is allowed (magnitude constant K1). The maximum frequency of f is bounded by the 

GRSCC natural frequency, , where no additional delay time is added. The minimum 

value of f is determined by the size of the digital controlled oscillator (DCO) period register.  

 

 

   1 Δ dmax nf n f n f P  

1(3 )LC 
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4. Digital MPPT control phenomena analyses 

Convergence of any digital MPPT error signal (dpn in this particular study) to zero is 

impractical because of the discrete nature of the control signal A[n] (PWM generated by the 

DCO). Furthermore, the measured error signal is of a discrete nature as well. The resolution of 

the measured error signal and the generated control signal A[n] has to be carefully selected to 

assure stability around MPP, i.e. to avoid limit cycle oscillations [14].  

  Resolution effects on limit cycles 

 Theoretical LCO criterion 

A key criterion for determining the existence of limit-cycle oscillations in a digitally 

controlled MPPT system relies on the comparison between two main variables. The first is the 

smallest measurable sensed error signal Δr, (i.e., resolution) and the error signal variation due 

to a LSB change in A[n] [12]–[14], Δe. Namely, a necessary condition for no LCO is that Δe is 

smaller than Δr. For example, for the proposed MPPT method realized by the system as 

presented in the block diagram of Fig. 4.1, the criterion for no LCO is: 

  (4.1) 

where ΔaDCO is the LSB change of DCO control signal A[n], Gia is the small signal transfer 

function of the converter (control signal to converter output current value), and Edpi is the small 

signal transfer function of the PVE in its MPP region (input current to error signal). 

  

Fig. 4.1 Block diagram of the control system. 
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Since the error signal is not sensed directly, a practical way to eliminate such oscillations is 

to decrease the resolution of the calculated error around zero by introducing a zero error bin 

(ZEB) of size Δr. The ZEB is defined such that an absolute value of the calculated error less 

than Δr is considered as zero error, indicating the system has converged to its MPP. The size 

of Δr should be set such that the ZEB contains at least one value of measurable error signal 

(Fig. 3.1). MPP state unlock condition is designed by sensing dpPV that exceeds a limitation 

value defined based on the acceptable deviation DC error, Δp, from the MPP. 

 LCO Analysis for Normalized hybrid IncCond MPPT on GRSCC DPP 

As mentioned previously, convergence of dpn to zero is impractical because of the discrete 

nature of f (generated by the digital hardware), and as a consequence dpn has discrete steps. 

The condition to avoid LCO (4.1) is redefined individually for the normalized hybrid IncCond 

MPPT methodology using the GRSCC as a DPP.  

The smallest frequency step (1-bit resolution), ΔfDCO, that can be generated by the DCO is a 

function of the time base of the local oscillator, TB, and the running frequency, fDCO. According 

to [53], ΔfDCO can be expressed as: 

  , (4.2) 

where Nper is the number of TBs in one period. 

Around the MPP, the no-limit-cycles criterion can be expressed as: 

   d 2 DCOpi if PV rA G V f     ; , (4.3) 

where Adpi is the PV element small-signal gain between the normalized gradient (dpn) and the 

differential current (iD) which can be obtained by taking the derivative of (3.6) with respect to 

iD, and  is the GRSCC current-to-frequency small-signal gain taking the derivative of 

(2.3) with respect to f. The block diagram of Fig. 4.4 depicts the control loop of a single GRSCC 

DPP and the effect of ΔfDCO step on dpn.  
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Fig. 4.2  Block diagram of the DPP digital control system. 

The derivatives of Adpi and Gif around the maximum power point, which is of interest for 

limit cycles calculation, can be expressed as a function of the system parameters as: 

 ;    , (4.4) 

where V1,MPP and I1,MPP are the controlled PV panel’s MPP voltage and current, respectively, 

V2,MPP is the adjacent PVE MPP voltage, and C is the resonant tank capacitance. It should be 

noted that the derivative of Adpi has been obtained using a numerical calculation. Having all the 

relationships of (4.2), and after some manipulations, the no-limit-cycles criterion can be 

expressed as: 

 
21

2 DCO

1

2MPP

MPP r

MPP

V
CV TBf

I
    . (4.5) 

The result of (4.5) forms the selection trade-off between the minimum frequency step that 

is generated and the deviation Δr from the true MPP. It implies that in a similar way as in other 

switch-mode applications, the existence of limit cycle oscillations depends on the command 

signal generator as well as on the local gain of the converter. However, as opposed to 

conventional applications where the source has no effect on limit cycles [53], here the 

characteristics of the PV element also contribute a gain factor to the loop. The tool formed in 

(4.5), given the system parameters, may assist in the selection of Δr and Δfmax (noted as K1 in 

(4.1)) that will allow rapid convergence to the MPP as well as a tolerable steady-state error. 

To demonstrate the behavior of the LCO, a PSIM (Powersim Inc., ver. 9.0) simulation test 

bench has been constructed and is shown in Fig. 4.2, realizing the normalized hybrid IncCond 

MPPT algorithm. The algorithm has been applied on a DPP system that comprises a serially 

connected three-PVE string [1]. The simulated system consists of GRSCC bi-directional 
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converters connected between every two neighboring PVEs (Fig. 4.2). Every DPP is designed 

to process the necessary amount of power from the neighboring element. 

  

Fig. 4.3 GRSCC-based DPP PV system. 

The results in Fig. 4.3a show LCO in the control signal, A[n] (the converter’s operating 

frequency) that generates deviations from the MPP as a result of a too-small Δr value. However, 

in Fig. 4.3b the Δr value satisfies (4.5) and yet a DC error can be observed that is due to the 

relatively large ZEB (i.e. Δp) that has been assigned. Fig. 4.3c presents a scenario where all of 

the PVEs are at their MPP by defining Δp=0.4 W. 
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Fig. 4.4 Simulation results of three PV panels with two DPPs (with DCOTime-Bais=1 μsec), 

demonstrating convergence to the MPP. (a) Δr = 0.00007 (b) Δr = 0.01 and Δp = –1 W (c) Δr = 0.01 and 

Δp = –0.4 W. 

  Resolution effects on power curve traps (PCT) 

MPPT algorithms are generally implemented using digital processing; that is, by sampling 

the required signals (using ADC) and generating a correction action. Poor resolution of the 

measurement may result in PCT when estimating the power curve or the instantaneous power 

derivative as can be observed from Fig. 4.5 which illustrates possible measurements scenarios 

for various resolution settings on the sensed current (iPVq) and voltage (vPVq).  
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Fig. 4.5 Power traps due to resolution, comparing the true power and the quantized power curves. 

Under certain circumstances, PCT may exist in the PVE true power curve, or by the 

converters modes of operation and other auxiliary effects [52]. This chapter examines those 

which are created owing to the ADCs’ quantization error. The existence of such traps results 

in erroneous interpretation of the power derivative and causes the algorithm to converge into a 

false MPP. One possible remedy for this problem can be obtained by averaging the sensed 

current and voltage, and compensating for any phase lagging due to the moving-average 

implementation. Another more closed-form solution can be realized by estimating the possible 

deviation from the true (continuous-form) error signal. This is done by defining the smallest 

step size of the control signal, A[n], as follows: 
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The estimation of the possible deviation from the true error signal in the IncCond MPPT 

method can be calculated by: 

    
;

;

v MPP

n n q
i MPP

Err v V
Err dp dp

Err v V


  


 , (4.6) 

where (dpn)q is the calculated dpn value (from the PVE-sensed current and voltage), taking into 

account the quantization effects of the digital platform. The value of Err in the vicinity of the 

PVEs’ MPP can be approximated by [29], [43]: 

 . (4.7) 

Therefore, the expression of Err is: 

 

, (4.8) 

where qi and qv are the resolution of the current and voltage ADCi/v (potential quantization 

error). Considering that Errv and Erri acquires the greatest value at the MPP and in order to 

assure power traps avoidance, the Errv/i has to be carefully appointed. The connection between 

qi/v and the PVE converter step size can be driven from (4.8) by appointing a tolerable Erri/v. 

However, it can be seen from Fig. 4.5 that most of the power traps are located in the vicinity 

of the MPP. In the case of locking the operating point on one of them the un-harvested power 

is negligibly low, but on the other hand locking the operating point on a distant region has a 

critical effect on the amount of extracted power percentage (related to the potential harvested 

power). 
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5. Experimental work 

The operation of the differential power architecture has been verified through three 

independent experiments, the first experiment was carried out on a mini chain of three PV 

panels to verify the theoretical analysis, the second experiment exemplified the operation on a 

full-scale grid-connected string and ten panels, and the third experiment was done to compare 

the operation of a EQSCC to the GRSCC. The GRSCC-based DPP prototypes that were used 

for the experiments with their specifications are enlisted in TABLE I. The prototype, shown in 

Fig. 5.1, was realized using an inverting bridge configuration as shown in Fig. 2.1 using PMOS 

transistors for Q1 and Q3 and NMOS for Q2 and Q4. The switches were driven by low-side 

drivers (MIC4427YN), followed by passive DC level-shifters for proper gate driving signals, 

thoroughly discussed in [4]. Adaptive ZCS and normalized hybrid IncCond MPPT algorithms 

were implemented digitally on a dsPIC33FJ16GS502. The value of the error window, Δr, was 

selected based on the criterion formed in (4.3), the expression of (4.4), and with some error 

margin allowing for the tolerance of the practical parameters. The output voltage ripple was 

measured to be 1.35 V, which is in a very good agreement with the theoretical calculation of 

(2.6) and (2.8). 

Power 

Supplies

Drivers

MCU

Resonant 

Tank

Switches

In/Out 

Capacitors

 

Fig. 5.1 Photograph of the PCB for the DPP GRSCC converter. 
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TABLE I: PROTOTYPE PARAMETERS FOR THE THREE CONDUCTED EXPERIMENTS 

 L C CB Δ MOSFETs Pmax fmax ηmax 

Exp. 

1 

0.5 µH, Ferroxcube 

RM-8 3F3, 

AP=1508×10-12
 m4 

n=2, ~1mm gap 

10×0.1 µF, 

ceramic 

5×10 µF, 

ceramic 
0.14 

PMOS: 

IXTP96P085T 

NMOS: 

IXTP160N10T 

150 W 
130 

kHz 
91% 

Exp. 

2,3 

5×0.1 µF, 

ceramic 

10×10 µF, 

ceramic 
0.1 120 W 

200 

kHz 
93% 

 

The first experiment was conducted on a string of three 180 W SHARP PV panels (NU-180, 

E1). The string was connected to a load to manually seek the string MPP. Two DPP prototypes 

were connected to the string to enable local MPPT. Fig. 5.2 shows the inductor’s current and 

the gating signals for one DPP transferring a differential current of 1.25 A, for a case of an MPP 

difference of 38% between two adjacent panels. It also shows the added time delay that controls 

the average current and the effectiveness of the ZCS. Fig. 5.3 demonstrates the convergence of 

the lower panel towards MPP within a three PV elements string containing two DPPs. The 

transient was created by switching on its corresponding DPP while the second DPP was 

connected and running, keeping its panel in MPP. TABLE II summarizes the results of several 

non-uniform shading conditions and the harvesting factor, ξ (2.2), for each experiment and 

compares between the operation with and without the DPPs. Fig. 5.4 shows a picture of the 

testing environment. 

TABLE II:  HARVEST IMPROVEMENT DUE TO ADDITION OF THE DPPS 

P1,MPP
a P2,MPP

a P3,MPP
a Pmax ξdiodes

b ξDPP
c Improv. 

0.5 0.95 1 340 0.78 0.94 21% 

0.4 0.95 1 327 0.82 0.9 9.3% 

0.42 0.74 1 237 0.68 0.96 42% 

0.86 1  233 0.94 0.99 5% 

0.65 1  200 0.82 0.97 18% 

0.54 1  203 0.81 0.95 17% 

0.38 1  193 0.68 0.91 33% 
a. Normalized to the power of the strongest panel 

b. ξ with central inverter only 

c. ξ with DPP and a central inverter 
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Fig. 5.2 Experimental results of the L–C tank current and gating signals when processing 1.25 A at 

f=35.8 kHz. 

 

Fig. 5.3 Experimental results showing convergence to the MPP of the entire string of three panels 

with two DPPs. Top: voltage of PV1 (10 V/div); Bot: voltage of PV2 (10 V/div). Horizontal scale: 5 

sec/div. 
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Fig. 5.4 Photograph of the first outdoor experiment. Beer-sheva, Israel. Friday, Nov. 15, 2013. 

The second experiment was conducted on a string of ten 245 W SHARP PV panels (ND-

R245A5) connected to an inverter (ND-R245A5) using nine DPP prototypes. Two panels in 

the string were partially shaded as seen in Fig. 5.5. A second independent string with the same 

shading conditions, connected to a second inverter was also existent as a control, lacking the 

DPPs. The test conditions were at an ambient temperature of 16°C and irradiation of 

approximately 500 W/m2. TABLE III describes each panel’s MPP conditions and the 

differential power that should be processed to/from the panel. 

TABLE III:  MPP CONDITIONS AND DIFFERENTIAL POWER DEMANDS FOR THE TESTED STRING 

 PV1 PV2 PV3 PV4 PV5 PV6 PV7 PV8 PV9 PV10 Total 

Vmpp [V] 26.7 26.7 26.7 26.7 32.3 26.7 30.2 26.7 26.7 26.7 276 

Impp [A] 6.27 6.27 6.27 6.27 1.97 6.27 4.11 6.27 6.27 6.27 5.53 

Pmpp [W] 167 167 167 167 64 167 124 167 167 167 1530 

Pdiff [W] -20 -40 -59 -79 36 16 59 40 20  368 

 

The table shows substantial difference both in the MPP voltage and MPP current for panels of 

different shading levels, demonstrating the demand for a DPP that has step-up/down 

capabilities. TABLE IV shows the measured results of the two strings (DPP-connected and 

control) in operation. 
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Fig. 5.5 Photograph of the second outdoor experiment. Beer-sheva, Israel. Sunday, Jan. 16, 2014. 

PV5 has five A4-sized filters with opacity of 40 %, PV7 has a diffused glass screen, reducing the 

irradiation to approximately 75 %. 

 

TABLE IV:  RESULTS FOR THE TESTED STRINGS 

String VPV1 VPV2 VPV3 VPV4 VPV5 VPV6 VPV7 VPV8 VPV9 VPV10 VO IO PO ξ 

control 32 32 32 32 8.5 32 32 32 32 32 297 3.4 1010 66% 

DPPs 27.5 27.5 28 27.5 32 27 24 30 29 28.8 281 4.6 1310 86% 

 

The table shows that using the experimental DPPs aided in extracting an additional 300 W. 

The power loss due to conversion, estimating a practical efficiency of around 90%, is assumed 

to be roughly 50 W. This leads to estimated losses of about 170 W due to algorithm mismatch. 

All the panels can be seen near their MPP voltage with a mismatch of 1 to 2 V, except PV7. The 

small mismatch of the panels’ voltages is assumed to be from the existence of Δr, stopping the 

MPPT near, but not at, the MPP. The large mismatch of PV7 can be from a second local MPP 

located at 24 V caused by the non-uniform shading upon the panel or caused by a power trap 

that imitates local maximum power points [52]. In the third experiment, conducted on March 
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12th, 2014, a comparison between DPPs operating as EQSCC, GRSCC, and without DPPs, has 

been carried out. The PV array was subjected to shading on the same panels as in experiment 

2, but with more moderate shading on PV5 (1 filter sheet instead of 5) to allow comparability 

to EQSCC operation. TABLE V shows the power that was harvested for the three harvesting 

methods. 

TABLE V:  COMPARISON OF THE EXTRACTED POWER USING NO DPP, RSCC, AND GRSCC  

String PO [W] ξ 

no DPP 1579 79% 

RSCC 1789 88% 

GRSCC 1809 90% 

 

The GRSCC-based DPP method has been found to be superior to the conventional EQSCC 

approach even under moderate test conditions and singular differences between the panels. The 

results further favor the GRSCC method in cases of heavier shadings or if more mismatches 

exist along the string. In addition, further tuning of the parameter Δr and increasing the accuracy 

of the measurements would result in better convergence toward the MPP; these will be 

addressed in future publications. 
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6. Discussion 

  Contributions of the research 

High performance DPP – This work introduces an enhanced DPP topology based on 

switched-capacitor technology that combines full MPPT capability, high efficiency over wide 

operation range, and reduced size. The DPP topology based on GRSCC offers a significantly 

improved technology that leads to a general wide solution for shading or any mismatch problem 

in PVE power extraction. 

Dynamic MPPT algorithm – While most well-known MPPT technics offer long time MPP 

convergence, the presented dynamic MPPT algorithm obtain MPP by dynamic proportional 

steps, according to the distance between the present bias working point and the targeted MPP. 

Furthermore, the proposed MPPT algorithm suits both central and distribute MPPT control. 

Limit cycles criterion – A spotlight is placed on the LCO phenomenon and for the first 

time is analyzed for the convergence problem of MPPT; potential corresponding remedies are 

proposed. 

Power curve traps – The work extends the PCT analysis in PVE research and proposes a 

few methods to avoid interpreting a power curve trap as MPP. 

  Future work 

GRSCC and EQSCC comparison and combined operation – The different switched 

capacitor converters discussed in [1] and in [5] use the same hardware design. The different 

operation is created by the converter's bridge MOSFETs' switching sequence. The converters 

have different advantages and drawbacks such as efficiency and current or voltage ratio 

limitations. The EQSCC, for example, can obtain high efficiency during operation with equal 

voltages because of its input-to-output voltage ratio dependency, yet it cannot provide MPPT 

control. However, GRSCC compared with EQSCC can gain MPPT control with a better power 

processing efficiency but its differential current is limited by the converters’ highest and lowest 

operating frequency.  
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The PV chain length or different types of mismatches between the PVEs’ operation points 

affect the converters' required preferences. A real-time operation analysis of the systems 

working conditions, evaluating the superior or combined topology (autonomous topology 

selection GRSCC [1] or EQSCC [5]), will provide a great advantage to the DPP converter.  

Sub-module operation – A PV panel generally is composed of tens of serially connected 

PV cells that generates a similar mismatch phenomenon. Nevertheless, cell-level partial 

shading is rarer then at the panel level and yet can ruefully injure the PV panel [9]. A cell-level 

or sub-module version of the DPP converter system can increase the PV harvested power and 

prevent the PV-degradation which catalyzed by the mismatch conditions.  

Integrated-Circuit Integration – The SCC-based DPP architecture presented in this work 

can be implemented by an IC using the on-chip Si capacitance and stray inductance or using 

very small additional passive components. An IC design version of the DPP architecture has 

the ability to adapt to a wide variety of requirements with a generalized simple and effective 

solution to the partial-shading problem. 
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