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ABSTRACT

The increasing demand for clean and renewable energy sources utilization in our daily life has
placed more challenging requirements on photovoltaic (PV) solar systems power efficiency,
tracking speed, system dynamic response, system cost and size. Researchers have investigated
various PV solar system architectures and control methods such as maximum power point
tracking (MPPT) techniques to improve PV solar system tracking efficiencies under
mismatching and partial shading conditions. Improvements in PV system architectures include
the development of module integrated converter (MIC) architecture which performs distributed
MPPT at panel-level and the development of sub-MIC architecture which is able to track the
optimal operating point of PV cell or group of PV cells inside a PV panel. These two
architectures improve the tracking efficiencies of the PV system under various weather and load
conditions compared to conventional PV system architectures. However, the MIC and sub-MIC
architectures all suffer from some common drawbacks: high cost, large size and high power
losses due to the increased number of power components and control circuits. This is mainly
because such architectures require larger number of power converters, MPPT controllers, and the
related parts such as Analog-to-Digital Converters (ADCs) and other conditioning circuits.
The target of this dissertation is to develop control schemes and architectures that will result in
reduced cost and size and improved MPPT tracking speed. In order to address tracking speed with
reduced sensing, this work develops an adaptive step size and adaptive perturbation frequency
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MPPT control that utilizes a single sensor, which yields improved tracking speed while
maintaining reduced cost and size. Then, in order to reduce the cost and size and improve the
efficiency of MIC and sub-MIC architectures, this work develops a two-mode single-sensor
MPPT control algorithm for multi-channels PV solar systems that requires only one MPPT
controller, one sensor, and one ADC and applies this algorithm to parallel and series PV solar
systems configurations. However, while the single sensor MPPT controller reduces the cost and
size of control part of the system, it still requires multiple power converters, one for each PV
solar channel. Therefore, this work progresses to the next step and develops an architecture that
only requires a single power converters with a single power inductor for multiple channels in
addition to a single sensor MPPT controller and single ADC.
Following the introduction chapter (Chapter 1), this dissertation is organized as follows:
Chapter 2 presents a load-current-based MPPT digital controller with adaptive step size and
adaptive perturbation frequency algorithm. By utilizing variable step size algorithm, the speed,
accuracy and efficiency of the PV system MPPT are improved when compared to the fixed step
size load-current-based algorithm. Furthermore, the proposed adaptive algorithm utilizes a novel
variable perturbation frequency scheme which further improves the controller speed.
Chapter 3 presents a two-mode single-sensor MPPT control algorithm (SS-MPPT) for Nchannel PV solar system with parallel MIC PV solar system architecture. The N-channel SSMPPT controller is able to track the MPP of each PV solar panel, cell, or groups of cells by using
only one current sensor. Moreover, a modified SS-MPPT control strategy is proposed in this
chapter that is suitable for parallel MIC PV systems that are connected to the grid through
current source inverters. Two advanced MPPT algorithms which can be used to realize the SS-
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MPPT controller are discussed and compared. The SS-MPPT controllers achieve high tracking
efficiency and fast dynamic response at reduced cost and size.
Chapter 4 presents a cost-effective series-output-connection MPPT (SOC-MPPT) controller
for sub-MIC PV system architecture adopting a single sensor at the output and a single digital
MPPT controller. The proposed controller and system architecture is able to reduce the number
of sensing circuitry, number of required digital controllers in sub-MIC PV system architecture
while achieving high tracking efficiencies under mismatching and partial shading conditions.
Chapter 5 presents a PV solar system architecture with a single power converter with a single
inductor and single MPPT controller that only requires one sensor. This PV solar system
architecture is able to perform maximum power point tracking for N-channel PV solar system at
panel-level, cell-group-level and single-cell-level. The low-cost, small size and high-efficiency
features of the architecture make it effective and attractive.
Chapter 6 concludes the work and gives a brief outlook on possible future directions.
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CHAPTER 1
INTRODUCTION

1.1. Overview of Photovoltaic Solar Energy
In recent decades, the problem of energy crisis has become aggravating, resulting in increased
utilization and research for new power energy resources around the globe. Solar energy is green
energy, which is inexhaustible and environmentally friendly. It is becoming one of the most
promising alternatives for conventional energy sources [A1-A5]. According to the report from
U.S. Department of Energy, in U.S. the production of renewable energy electricity in 2011 is
twice the production of renewable energy electricity in 2010 [A6]. The rapidly developing PV
technologies already have a huge influence on the society.

Fig. 1.1: View of copper mountain facility [A7].
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In recent decades, large-scale solar power plants have been built across the nation. There are
more than 30 utility-scale (with mega-watt level power capacity) solar power plants in U.S. Fig.
1.1 shows one of the largest solar PV power plant (48MW capacity) in the world, "Copper
Mountain Facility", located in Nevada [A7].

Other common applications of solar PV

technologies include rooftop residential solar energy system, solar powered vehicles and solar
lighting systems [A8-A10].
1.2. PV Cell and Panel Characteristics
The diode equation describes the operation of the p-n junction PV solar cell [A11]. Fig. 1.2
shows an equivalent circuit model for a PV solar cell. The circuit includes a current source, a
diode, a series resistor and a parallel resistor.

Rs

Id
Iph

D

Rp

V

R

Fig. 1.2: Model of PV solar cell [A11].
The PV cell output current can be defined as a function of the output voltage of the PV cell as
follows.

I  I ph  I d [exp(q(V  IRs ) / kTc A 1]  (V  IRs ) / Rp

Iph  Short-circuit current due to sunlight (photons);

Id  Diode saturation current;
I = Current through the load;
V = Voltage across the load;
2

(1.1)

R s  Parasitic series resistance;

R P  Parasitic shunt resistance;
q = Electron charge ( 1.6 1019 C );
k = Boltzman’s constant ( 1.38 1023 J / K ).
The photo current Iph is proportional to the sun irradiance that a solar cell receives. Solar cells
are connected in series and in parallel to form a PV panel [A12]. Based on single cell circuit
model, the voltage and current relationship of a PV panel can be represented as in Eq. (1.2):

I  N p I ph  N p I d [exp(q(V / Ns  IRs / N p ) / kTc A  1]  ( N pV / N s  IRs ) / Rp

(1.2)

Where Ns and Np are the number of solar cells connected in series and in parallel in a panel.

P-V

Panel Current (A) &Power (W)

MPPs

I-V

Panel Voltage (V)

(P-V and I-V traces from bottom to top with solar irradiance: 0.2kW / m2 to 1.0kW / m2 with
0.2kW / m2 increments)

Fig. 1.3: I-V and P-V characteristic curves of a PV panel under different irradiance levels.
3

The P-V and I-V characteristics curves of a typical PV panel are plotted in Fig. 1.3 from
0.2kW / m2 to 1.0kW / m2 irradiance level with 0.2kW / m2 increments. As seen from the figure,

there is one unique maximum power point existing on the P-V curves for each irradiance level.
1.3. Review of Maximum Power Point Tracking Techniques
The amount of extracted power from a PV solar panel is a function of the PV panel voltage
and current set point [A13]. Under uniform solar irradiance level, the nonlinear current-voltage
(I-V) characteristics of a PV solar panel or module will have one optimal operating point
corresponding to a unique maximum power point (MPP) on its power-voltage (P-V) curve as
shown in Fig. 1.3.
Maximum power point tracking (MPPT) techniques are commonly used to track the operating
conditions of the solar system and extract the maximum power from the PV panel. The MPPT
controllers are used to automatically find the voltage VMPP or current IMPP at which the PV solar
array should operate to obtain the maximum output power PMPP under certain irradiance level.
Various maximum power point tracking control techniques and algorithms have been proposed
and discussed in literature during the past decades. MPPT algorithms and techniques such as
Perturb and Observe (P&O) algorithm [A14-A20], Incremental Conductance (InCond) algorithm
[A21-A23], Ripple Correlation Control (RCC) algorithm [A24], Fractional voltage/current
MPPT method [A25] and Neural-Network (NN) based MPPT control [A26] have been
developed to extract the maximum power from the PV panel.
The P&O method is widely used due to its simplicity and ease of implementation. The
advantage of this method is that unlike some off-line MPPT methods like the constant voltage
tracking method，previous knowledge of PV solar panel/array parameters is not required.

4

However, this MPPT method with P&O algorithm will lead to oscillation around the MPP, which
leads to lower tracking accuracy and additional power dissipation that depends on the perturbation
step size. This MPPT method also requires sensing two variables and requires multiplication to
obtain the power value.
The InCond algorithm overcomes the drawbacks of the P&O algorithm by eliminating the
oscillations around the MPPs. However, since the InCond MPPT algorithm requires real-time
calculation of the slope of the PV panel power curve, it's implementation is more complicated
compared to the P&O algorithm.
The RCC MPPT algorithm utilizes the derivatives of the power converter’s inductor voltage
and current ripples to determine the position of the PV panel operating point. One drawback of
this method is that if the power converter's switching frequency varies it is required to re-design
the high pass filter circuit which is used to obtain time derivatives of PV panel voltage and
current.
The fractional voltage/current method sets the optimal voltage/current reference as a fraction
of the PV solar panel’s open circuit voltage or short circuit current, and therefore it does not track
the real MPP. Although this method has an acceptable tracking performance under steady state
conditions, it might fail to converge to new MPP under transient conditions.
The NN based MPPT controller improves the tracking efficiency of the system by utilizing a
multi-layer control structure. However this method involves computational iterations and increase
the calculation load of the controller. All the MPPT methods discussed above require the sensing
of PV panel voltage and current and need multiplication function to obtain the PV panel power
values which increases the size and the power consumption of the controller.
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The load-current-based MPPT method with fixed step size perturbation P&O algorithm has
been proposed [A27, A28] to realize MPPT functionality by sensing only the load current which
eliminates the need for a multiplier that is required to obtain the power value in the conventional
power-based MPPT methods. More discussion is given on this method throughout this
dissertation.
1.4. Evolution of PV System Architectures
PV solar system architectures and technologies have evolved and advanced especially over
the past two decades. Common low-cost PV solar systems utilize a centralized architecture [A29A31], as shown in Fig. 1.4.

IPV
PV Panel

PV Panel

PV Panel

+

PV Panel

PV Panel

PV Panel

Vpv

PV Panel

Power
Converter

Off-Grid or
GridConnected
Load

MPPT
Controller
PV Panel

PV Panel

-

VPV

IPV

Fig. 1.4: PV solar system with centralized architecture.
In this architecture, a single centralized power converter with maximum power point tracking
control is utilized. A number of PV solar panels are connected in series and parallel to generate
high voltage and high power/current. This type of centralized architecture finds its applications
in PV solar power plants and in residential rooftop PV systems. The total output voltage (Vpv)
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and the total output current (Ipv) from the grouped PV panels are usually sensed to perform
MPPT control [A30]. The advantage of such architecture is the simplicity and low cost because
only one high efficiency power converter is needed to perform MPPT control for the complete
PV solar system. The disadvantages of the centralized architecture are that if the operating
conditions of one or several panels are mismatched or subject to partial shading conditions
[A32], the MPPT controller is not able to guarantee the operation at MPP of each panel, resulting
in low MPP tracking efficiency and lower output power from the system.
Due to the effects of mismatching conditions, instead of performing MPPT with only one
central power converter, a so called "string system" architecture as illustrated in Fig. 1.5 is
developed and presented in literature [A33-A35]. In this PV solar System architecture, PV panels
are grouped into PV strings (several panels are connected in series) and each PV string is
connected to a power converter which performs MPPT control for each individual string. The
string voltage (Vst) and string current (Ist) from each PV panel string are used as the MPPT
sensing variables. The advantage of the string system architecture is that string converters
perform MPPT at string level so the MPP tracking efficiency is higher than it is for the
centralized architecture under mismatching conditions between the strings. However, the string
architecture solution still has significant amount of power losses under mismatching conditions
within the same string. The reason is that, commonly, when PV panels are connected in a string,
a bypass diode can be in placed parallel with each PV panel. If one PV panel is shaded, this
panel will be bypassed in order to maintain the current level of the un-shaded PV panels in the
same string. Thus, in string architecture PV system, when PV panels operate under mismatching
conditions, the power of the bypassed PV panels are lost. If no bypass diodes are used across
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each panel, one shaded panel in a string will lead to significant power loss in that string because
the shaded panel will limit the current in the string because of the in series connection.
Ist1
PV Panel

PV Panel

PV Panel

String
DC-DC
Vst1 Converter

+
-

Ist1
Vst1

MPPT
Controller

Ist2
PV Panel

PV Panel

PV Panel

ISt2
Vst2

+
Vst2
-

Off-Grid or
GridConnected
Load

String
DC-DC
Converter

MPPT
Controller

Fig. 1.5: PV solar system with string architecture.
To further improve the PV solar system MPP tracking efficiency under mismatched
conditions and partial shading conditions, researchers have presented in the literature that use
of module integrated converter (MIC) PV solar system architectures where each panel has its
own power converter and MPPT controller [A36-A39]. Fig. 1.6 shows the parallel MIC PV
system architecture and Fig. 1.7 shows the series MIC PV system architecture. The major
advantage of MIC architecture is that MPPT is performed for each individual PV panel,
which alleviates the mismatching and partial shading conditions effects and therefore the
MPP tracking efficiency is improved. In both series MIC architecture and parallel MIC
architecture, the MPPT controller requires sensing each PV panel's voltage (Vpv1, Vpv2 ,...,
Vpvi) and current (Ipv1, Ipv2 ,..., Ipvi) in order to perform distributed maximum power point
tracking (DMPPT) for each individual PV panel (increased cost and size). The tracking
efficiency of this PV solar system architecture is higher than the string and the centralized
PV solar system architectures.
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Fig. 1.6: PV solar system with parallel MIC architecture.
Vpv1 Ipv1

Vpv2 Ipv2

Vpvi Ipvi

MPPT
Controller

MPPT
Controller

MPPT
Controller

DC-DC
MIC

Ipv1

+ Vpv1
PV Panel

DC-DC
MIC

DC-DC
MIC

Ipv2

Vpv2

Ipvi

PV Panel

Off-Grid or
GridConnected
Load

+ Vpvi
PV Panel

Fig. 1.7: PV solar system with series MIC architecture.
Another drawback of MIC architecture is that if some PV cells in a panel are shaded, this
architecture cannot alleviate the mismatching effects inside a single PV panel. Further
improvement in PV architecture has been investigated to eliminate panel-level mismatching
effects by using cell-level or grouped-cells-level sub-MIC architecture as shown in Fig. 1.8
[A40-A42]. The principle concept is to connect a single PV cell or several PV cells to highefficiency sub-MICs in order to perform MPPT control. The outputs of sub-MICs are connected
in series or in parallel to supply power to an off-grid load or energy storage system, or to be
connected to the grid through inverter. In this architecture, each cell/cell group's voltage (Vpv-1,
Vpv-2 ,..., Vpv-i) and current (Ipv-1, Ipv-2 ,..., Ipv-i) are commonly sensed to perform DMPPT control.
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Fig. 1.8: PV solar system with sub-MIC architecture.

1.5. Current Issues and Research Motivations
Several issues exist in today's PV solar energy systems, including power losses from
mismatching effects, high hardware cost and complexity when using distributed MPPT
(DMPPT) control in multiple-panel PV system and high cost in PV system with MIC and subMIC architectures.
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1.5.1. Mismatching and Partial Shading Effects
Under uniform solar irradiance levels, when every PV solar panel in series connection is
equally illuminated and assuming all the panels have identical characteristics, the nonlinear
current-voltage (I-V) characteristics of a solar panel will have one optimal operating point
corresponding to a unique maximum power point (MPP) on its power-voltage (P-V) curve. In
practice, since a PV solar system is composed of many PV panels which are connected in series
and/or in parallel, if some panels are shaded (caused by surrounding buildings, passing cloud in
the sky or birds landing on solar panel for examples), the solar panel string will operate under
partial shading conditions (PSC) [A43-A45]. A problem caused by partial shading effect is that
solar panels under shade (with lower illumination) will absorb large amount of power generated
by cells with higher illumination levels and will convert the energy to heat, leading to hot-spot
effect [A46] that may cause damage to solar cells. To relieve the stress on the shaded panels,
connecting bypass diodes across panels is a known solution. However in such case, multiple
peaks on P-V curves are observed and these multiple maxima will reduce the effectiveness of the
MPPT [A47-A49]. The MPPT of solar panels becomes very complicated since multiple
maximum power points will exist on the P-V characteristic curves. Common MPPT techniques
may fail to track the real maximum power points due to the inability to discriminate between the
local and global MPPs on the P-V characteristic curve, which means lower output energy from
the PV solar system.
1.5.2. High Cost in Multi-panel System with DMPPT Control
Digital controllers such as FPGA, micro-controller and PICs are commonly used to perform
MPPT in PV system due to their flexibility to update and perform advanced algorithm [A50A54]. From Fig. 1.6 to Fig. 1.8, it is observed that to perform DMPPT control for a PV system
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with N PV panels, a total number of N digital MPPT controllers are required. The commonly
used MPPT controller requires N voltage and N current sensors and 2N associated Analog-todigital Converters (ADC). Compared to the cost of centralized MPPT controller in Fig. 1.4 and
string-level MPPT controller in Fig. 1.5, the DMPPT controller's components cost is
significantly higher.
1.5.3. High Cost in PV Solar System with MIC and Sub-MIC Architecture
As discussed above, for PV system with MIC architecture, each PV panel requires a dedicated
power converter and in sub-MIC architecture, a single solar cell or a group of cells inside the PV
panel requires for a dedicate power converter. For a commonly used buck or boost power
converter topology, in an N-panel PV system using MIC architecture, 2N power switches, at least
2N capacitors and N inductors are required. For sub-MIC architecture, the number of required
components is much higher.
1.5.4. Research Motivations
The research work aims at addressing the issues discussed earlier in this chapter. The major
motivations of this research work include:
(1). Develop multi-panel PV system with MPPT controller which is able to address the issues
of PSC effects and mismatching conditions without adding hardware or software complexity to
the PV system.
(2). Reduce the cost of the PV system with MPPT control and improve system efficiency.
(3). Reduce the cost of the PV system by using cost effective power converter topology with
low cost MPPT controller while maintaining high power conversion efficiency.
(4). Improve the tracking speed and tracking efficiency.
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1.6. Dissertation Organization
This Ph.D. dissertation consists of six chapters including this introduction chapter. The
remainder of the dissertation is organized as follows.
Chapter 2 presents a load-current-based MPPT digital controller with adaptive step size and
adaptive perturbation frequency algorithm. By utilizing variable step size algorithm, the speed,
accuracy and efficiency of the PV system MPPT are improved when compared to the fixed step
size load-current-based algorithm. Furthermore, the proposed adaptive algorithm utilizes a novel
variable perturbation frequency scheme which further improves the controller speed.
Chapter 3 proposes a two-mode single-sensor MPPT control algorithm for N-channel PV
system with parallel-connected power converter architecture. The N-channel Single-Sensor
MPPT (SS-MPPT) controller is able to reduce the cost of PV system and maintains high power
conversion efficiency. A modified SS-MPPT control strategy is also proposed in this chapter for
PV system connected to the grid through current source inverter. Detail description of the
proposed MPPT control scheme can be found in this chapter. Also proof of concept experimental
results are presented.
Chapter 4 presents a cost-effective series-output-connection MPPT (SOC-MPPT) controller
for PV system with sub-MIC architecture adopting a single sensor at the output and a single
digital MPPT controller (sub-MIC SOC-MPPT controller and architecture) to eliminate partial
shading effects in PV system more effectively. The operation of MPPT controller is illustrated
and proof-of -concept prototype is developed for testing.
In Chapter 5, a PV system architecture with a single power converter with a single inductor
and single MPPT (Maximum Power Point Tracking) controller that only requires one sensor is
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presented. This PV architecture is able to perform maximum power point tracking (MPPT) for
PV system at panel-level, cells-group-level and single-cell-level under mismatching and partial
shading conditions. The single power stage is a multiple-input single-inductor (MISI) power
converter. The concept and operation of the SPC-SC-SS-MPPT (Single-Power-Converter SingleController Single-Sensor MPPT) architecture is presented, analyzed, and verified by results
obtained from a proof-of-concept experimental prototype.
Chapter 6 summarizes this work and provides conclusions before discussing future related
research direction.
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CHAPTER 2
ADAPTIVE-STEP-SIZE WITH ADAPTIVE-PERTURBATION-FREQUENCY DIGITAL
MPPT CONTROLLER

2.1. Introduction
The load-current-based MPPT method with fixed step size perturbation P&O algorithm has
been used to realize MPPT functionality by sensing only the load current, which eliminates the
need for a multiplier that is required to obtain the power value in the conventional power-based
MPPT methods [B1]. Fig. 2.1 shows a PV solar system block diagram with load-current-based
MPPT controller. The power conversion process from the source (PV panel) to the load (battery
load or resistive load) is interfaced through a DC-DC converter with efficiency equal to η. The
DC-DC converter regulates the voltage and current of the solar panel and thus it regulates the
output power. The MPPT controller keeps adjusting the duty cycle of the power converter to
reach the MPP of the PV solar panel.
Sensed
Io

MPPT
Controller

PV

Iin
+

Vin
-

Load

D
Iout
DC-DC
Converter
With 
Efficiency

(Battery or Resistive)

Vbat

RL

+

VL
-

Fig. 2.1: Block diagram of a PV solar power system with load current MPPT control.
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In conventional power-based P&O MPPT algorithm, the derivative of power to voltage
(dP/dV) of a PV panel is used as tracking parameter. The maximum power point (MPP) is reached
when:

dPin
0
dVin

(2.1)

where Pin is the power from the PV panel.
For the system with a battery load, the load voltage VL is constant. The input power (Pin) can
be expressed as a function of load current (Io) assuming that a buck converter topology is used for
the power stage.

Pin  I o VL / 

(2.2)

Vin  VL / D

(2.3)

Substituting Eq. (2.2) and (2.3) into (2.1) yields:
dPin VL dI o VL dI o dD VL dI o VL
dI
V2




( 2 )   2 L  o
dVin  dVin  dD dVin  dD Vin
Vin  dD

(2.4)

Thus, at MPP (V=VMPP), when dPin / dVin  0 , the following is true:

dI o / dVin  0 at D=DMPP=VL/VMPP

(2.5)

Based on Eq. (2.5), the MPP of the PV system can be tracked by tracking the sign of dI o / dD .
For the system with a resistive load (R), Pin can be expressed by
Pin  I o 2  R / 

(2.6)

dPin
2 I o  R dI o
R dI
 2Io  o 
dVin
 dVin
 Vin2 dD

(2.7)
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At MPP, Eq. (2.7) is equal to zero, which yields also dI out / dVin  0 at D=DMPP. The tracking
of zero slope at MPP is valid in the system with a resistive load. The relationship between input
power and output current with power stage duty cycle is illustrated in Fig. 2.2.
Pin or I o
MPP dP / dD  0

dI o / dD  0

D

Fig. 2.2: Relationship between input power and output current with power converter duty
cycle.
Adaptive perturbation step size algorithms [B2-B4] are studied to provide fast dynamic
convergence speed and high steady state tracking efficiency. Different from [B2], in which a
fixed scaling factor and fixed MPPT frequency algorithm is used, [B3] utilizes an adaptive
scaling factor and fixed frequency MPPT algorithm to optimize the controller speed during
transient. The algorithm in [B3] becomes more complicated than the algorithm in [B2]. The
algorithm requires the knowledge of the location of the PV panel operation point and the
controller itself is switching between adaptive duty cycle control and fixed duty cycle control.
Generally, in a PV system with MPPT control, large perturbation requires longer settling time
after perturbation is triggered and small perturbations require shorter settling time. In previous
works, which either implement fixed step size MPPT algorithm or adaptive step size MPPT
algorithm, the period of perturbation is fixed. This fixed perturbation time period is chosen to
ensure that the system has enough time to settle down when the largest perturbation is triggered.
However this results in longer MPPT controller response time when the operating point is close to
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MPP. This issue is addressed in the proposed load-current adaptive-step-size and adaptiveperturbation-frequency (LCASF) MPPT controller by utilizing an adaptive perturbation
frequency scheme with higher perturbation frequency when the perturbation is smaller, and vice
versa.
Section 2.2 discusses the proposed LCASF MPPT controller algorithm and its theoretical
background. The proof-of-concept experimental prototype results are presented in Section 2.3 to
evaluate the MPPT controller performance under steady state and transient conditions. Section
2.4 compares the proposed MPPT control algorithm with other MPPT algorithms. The chapter
conclusion is given in Section 2.5.
2.2. LCASF MPPT Algorithm
In conventional load-current-based P&O algorithm, the duty cycle perturbation step size (ΔD)
is a fixed value. During steady state MPPT operation, small ΔD reduces the power losses caused
by the oscillations around the MPP. During transient MPPT operation, larger ΔD is preferred for
faster convergence to the new MPP. Variable step size algorithms are usually developed in order
achieve tradeoff between the speed and the accuracy of the tracking.
The proposed LCASF MPPT digital controller algorithm flowchart is shown in Fig. 2.3. The
control strategy of this algorithm is to continuously adjust the duty cycle perturbation values and
adjust the perturbation frequency while observing the load current Io. The presented algorithm
mainly consists of two schemes: The adaptive determination of the perturbation values (ΔD) and
the adaptive determination of perturbation periods (T). After ΔD and T values are obtained, the
duty cycle of the power stage is perturbed by ΔD and after waiting T period of time, the MPPT
controller starts the next perturbation.
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Fig. 2.3: LCASF MPPT algorithm flowchart.
2.2.1. Adaptive Perturbation Step Size Calculation
In the digital controller algorithm of Fig. 2.3, during the current algorithm perturbation
cycle/iteration, the power converter duty cycle and load current are denoted by D(k) and I(k),
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respectively. The duty cycle and load current from the previous perturbation cycle/iteration are
denoted by D(k-1) and I(k-1), respectively.
The changes in the load current and duty cycle from one cycle to the next are defined as:
Idiff =I(k)-I(k-1)

(2.8)

Ddiff = D(k)-D(k-1)

(2.9)

If the sign of Idiff and Ddiff are the same, the duty cycle is incremented by ΔD and the variable X
is set to “1” in order for the algorithm to remember the last perturbation direction of the duty
cycle. If the signs of Idiff and Ddiff are opposite, the duty cycle is decremented by ΔD and the
variable X is set to “0” in order for the algorithm to remember the last perturbation direction of the
duty cycles. As shown in Fig. 2.3, the value of X is used in the case when I diff  0 , which could
happen because the ADC’s resolution is not high enough to see the change in the load current
change as a result of the last duty cycle perturbation. In this case, the duty cycles are perturbed in
the same direction as in the past iteration and the current values are not swapped. This step is
equivalent to increasing the duty cycles perturbation step size. The duty cycle value is always
compared and limited to a minimum value (Dmin) and a maximum value (Dmax).
The duty cycle for the next algorithm cycle is given by:

D(k  1)  D(k )  C 

I diff
Ddiff

 D(k )  D

(2.10)

where C is a scaling factor constant that can be used to tune the adaptive perturbation step
sizes in the design.
The MPPT variable step size operation using load current is realized by Eq. (2.10). The duty
cycle perturbation step size decreases as the load current versus duty cycle curve (Fig. 2.2) slope
decreases. This is desired because the decrease in the curve slope indicate approaching the MPP
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and the steady state operation. The closer the PV operating point from the new MPP, the smaller
is the step size and the farther the PV operating point from the MPP, the larger is the step size. Eq.
(2.10) results in smaller perturbation step size in steady state and therefore less oscillations and
higher efficiency and in larger perturbation step sizes during dynamic operation and therefore
faster convergence speed to the MPP. Eq. (2.11) sets the rules for calculating the scaling factor C.


C 


C 



dI
 Dmin
dD Dmin

(2.11)

dI
 Dmax
dD Dmax

The minimum limit on the duty cycle step size ΔDmin is set in Eq. (2.12) for the following
reasons. The first is to prevent ΔD from approaching zero which will cause Idiff / ΔD →∞, and
hence will cause the duty cycle D to saturate. The other reason is the digital controller hardware
resolution limitation (Analog-to-digital converter resolution limitation). The guideline for ΔDmin
value selection is that the minimum current change caused by ΔDmin should be large enough for
the ADC to detect. Assuming an N bit ADC and the maximum voltage of the ADC channel is
VADC:
[I(D+ ΔDmin) - I(D)] ‧ G ≥ VADC/(2N)

(2.12)

where G is the gain of current sensor which is equal to one in this work. ΔDmin will vary with
different solar panel characteristics and different ADCs. In this work, ΔDmin is calculated as 1%
for a 12-bit ADC with VADC of 3V and 2.5A maximum load current. In the experimental section,
this ΔDmin value usually results in a minimum change of 10mV from the current sensor.
The change in current (dI) as a function of the duty cycle can be measured theoretically, by
simulation, and/or experimentally. Fig. 2.4 shows plots of PV solar panel power and load current
as a function of the duty cycle value of the power stage.
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Fig. 2.4: Sweep of power converter duty cycle versus (a) PV panel power and (b) load current.
Fig. 2.4(b) plot is used to calculate the value of C. Because it is desired to have larger duty
cycle step size values when the system operates far from the MPP and smaller duty cycle step size
values when the system operates closer to the MPP, C value is obtained using the portion of Fig.
2.4 (b) curve which is far from the MPP. Note that load current change is smaller (because of the
bell-shaped curve) as the system operation approaches the MPP point and therefore ΔD becomes
smaller (for the fixed C value). Therefore, since for this work system design ΔDmax = 5%, a
change is applied to the duty cycle from 20% to 25% and the changes in the current is recorded in
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order to calculate the value of C in Eq. (2.13). The change in current (dI) based on ΔDmax
perturbation is recorded from Fig. 2.4 (b) is 0.3A.

C  Dmax / (

dI
0.3
)  0.05
 0.00833
0.05
dD Dmax

(2.13)

The value of ΔDmin is selected based on (1) the DPWM (Digital Pulse Width Modulator)
hardware resolution and (2) the current sensing resolution. The value of ΔDmax is selected such
that the output voltage deviation is an acceptable value for the specific hardware/components
which can be obtained theoretical analysis or by experimental measurements.
2.2.2. Adaptive Perturbation Frequency Calculation
Variable step size MPPT algorithms, as well as fixed step size MPPT algorithms, the
perturbation time period (T) is fixed value. For examples, T = 0.1s in [B2] and 0.25s in [B3]. By
far, almost no literature has addressed the MPPT frequency for the adaptive MPPT controller.
One common rule is that large perturbation time periods are used to ensure steady-state operation
before the next perturbation before taking the new current and/or voltage measurements in order
to avoid oscillations and probably algorithm divergence. The perturbation time period is usually
selected for the worst case duty cycle perturbation (ΔDmax) in adaptive step size algorithms. This
worst case selection results in slower dynamic response of the MPPT controller.
The settling time for this power stage design can be obtained theoretically from the output
current-to-duty cycle transfer function, Gid(s) as in Eq. (2.14), of the power stage and can be
verified experimentally. Different power converters have different Gid(s). For a DC-DC buck
converter used in this work:
Gid 

(1  Resr  Co  s) V pv
1  ( L Vo / I o  Resr  Co )  s  L  Co  s


2

Io
Vo
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(2.14)

Where Vpv is the PV panel voltage, which is the power stage input voltage, Co is the DC-DC
buck converter output capacitor, Lo is the DC-DC buck converter output inductor, Resr is the
output capacitor equivalent series resistance, Vo is the DC-DC buck converter output voltage, and
Io is the DC-DC buck converter load current. The input to the above transfer function is ΔD (duty
cycle step size) and the output is the load current. In this work, an Agilent® solar array simulator
is used to simulate the PV solar panel which has the following specifications: Voc=15V, Vmp=10V,
Isc=1.3A, Imp=1A. The power stage design parameters are Co is 220µH, Resr is 0.01Ω, and Lo is
100 µH. Different step sizes (ΔD) result in different output voltage settling times that determine
the adaptive perturbation time period. Therefore, the transfer function in Eq. (2.15) can be used to
determine the settling time theoretically. One practical method to find the settling time from Eq.
(2.14), as an alternative to finding inverse Laplace transform to obtain the time domain function,
is to use a software like Simulink®/Matlab® software package. In such software package, the
input to the transfer function block is a ΔD step function and the output is Io. Table I shows the
system settling time obtained from simulation and experimental obtained for different step sizes
for this work power stage design with 10V input from PV panel, 5V load voltage and 4A load
current. For safety concern to avoid instability, an additional 20% safety margin is added to the
experiment results.
The combination of the experiment test and simulation test, leads to the final selection of
MPPT frequency in Fig. 2.5, a plot of the PV system settling time versus different perturbation
step sizes obtained from the experimental prototype.
In the proposed LCASF algorithm, the perturbation period is varied as a function of the
perturbation step size (which is also variable) as shown in Eq. (2.15).

Tmppt  f (| D |)

(2.15)
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Table 2.1. System Settling Time with Various ΔD.
ΔD

5%
4%
3%
2%
1%

Ts (ms)
By
simulat
ion
11.5
9.6
7.5
4.6
4

Ts (ms)
By
experiment

Ts (ms)
By experiment with safety
margin

12.5
10
8
5
4.2

15
12
9.5
6
5

Fig. 2.5: MPPT perturbation time periods versus perturbation step sizes.
The relationship between MPPT perturbation time periods and perturbation step sizes can be
approximated by a linear or a non-linear function. Eq. (2.16) gives the linear approximation based
on Fig. 2.5 data points, where the line slope is 1.36444 and T-intercept is 4.9753.

Tmppt  f (| D |)  1.3644 | D | 4.9753

(2.16)
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2.3.Proof Of Concept Experimental Results
A proof of experimental prototype is designed and built in the laboratory for testing and
verification of the LCASF MPPT controller as illustrated in Fig. 2.6. The power converter
topology used is synchronous DC-DC buck converter, operating in continuous conduction mode
with 100 kHz switching frequency and PWM control. PV panel ratings and power converter
parameters are identical with the parameters in the system response time analysis in the last
section.
Lo
+

Su1
D

PV

Sl1
Co

Drivers
Simulated
by SAS

Vo Load

1-D

Cin

Digital
MPPT
Controller
PWM

Fig. 2.6: Illustration of the experimental LCASF prototype.
The LCASF MPPT control algorithm is implemented using TMS320F28335 microcontroller
(MCU) from Texas Instruments®, which has a 12-bit ADC. The ADC clock frequency is set at
25 MHz. The load current value is sensed by a current sensor and fed to the MCU ADC port. A
rolling-average algorithm is used to average one hundred samples of the load current before the
next perturbation and this average value is used in the algorithm as I(k). Electronic load (Chroma
63030) is used for two types of loads, a battery load (5V) and a resistive load (2Ω). As it is the
case in all MPPT controllers, it is assumed that the PV system load(s) is able to absorb all the
power available from the PV panel(s) in order to track the MPP. If the load can only absorbed
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part of the PV panel power that is available at the MPP, the PV panel will be able to only supply
a power that the load is able to absorb in this case.
In addition to the proposed LCASF algorithm, the fixed step size (FXS) algorithm and the
variable step size algorithm without the adapting the perturbation period (LCA) are tested. Table
I shows the perturbation step size(s) and perturbation period(s) used in each of the algorithms. In
the second row of Table 2.2, the boundary of cycle perturbation step size is from 1% to 5% for
adaptive step size algorithm. The FXS algorithm step size is 1% and 5% respectively. In the third
row of Table 2.2, 5 (ms) corresponds to the MPPT period when lower bound of duty cycle
perturbation (1%) is triggered. 15 (ms) corresponds to the MPPT period when upper bound of
duty cycle perturbation (5%) is triggered. The LCASF MPPT period will be adaptively varied
within the range of 5-15ms, determined by Eq. (2.16). The last row in the table shows the
corresponding figure part (for Fig. 2.7 and Fig. 2.8) for the experimental results presented next.
Table 2.2. MPPT Algorithms Parameters.
MPPT
Algorithm
Step Size
ΔD(%)
Period
T (ms)
Figure Part

LCASF

LCA

FXS

Variable
(1-5)
Variable
(5-15)

Variable
(1-5)

1

5

15

5

15

(a)

(b)

(c)

(d)

Fig. 2.7 shows waveforms of PV panel voltage, PV panel current and load current under PV
solar panel transient conditions with a battery load. For the PV solar input transient test, panel
parameters are switched from the initial values (Voc=15V, Vmp=10V, Isc=1.3A, Imp=1A) to new
values (Voc=12V, Vmp=9V, Isc=1.1A, Imp=0.9A). From Fig. 2.7 (a) to (d), the solar panel was
operating around the MPP (10V, 0.9A) before the simulated irradiance transient was triggered.
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As observed from the figure, the PV panel current dropped sharply at the beginning of the
transient indicating that the operating point of the PV panel was far away from the MPP.
PV Voltage (2V/div)

PV Current (120mA/div)
PV Current (120mA/div)

PV Voltage (2V/div)
Load Current (300mA/div)

Load Current (400mA/div)

(a)

(b)

PV Current (90mA/div)

PV Current (100mA/div)
PV Voltage (2V/div)

PV Voltage (2V/div)
Load Current (300mA/div)

Load Current (400mA/div)

(c)

(d)
(Horizontal scale: 100ms/div)

Fig. 2.7: PV panel voltage, current and load current waveforms under input transient response
of controller with battery load for (a) LCASF algorithm, (b) LCA algorithm, (c) 1% fixed step
size algorithm and (d) 5% fixed step size algorithm.
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PV Current (120mA/div)
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Load Current (400mA/div)

(c)

(d)
(Horizontal scale: 100ms/div)

Fig. 2.8: PV panel voltage, PV panel current and load current waveforms under input transient
response of controller with resistive load for (a) LCASF algorithm, (b) LCA algorithm, (c) 1%
fixed step size algorithm and (d) 5% fixed step size algorithm.
Fig. 2.8 shows the MPPT controller response under the same transient conditions, but with a
resistive load connected. Obviously, larger irradiance change results in larger change in the
current (dI) which based on Eq. (2.10) will result in larger ∆D (limited by the controller to
ΔDmax). This will cause an initial large perturbation step size which will eventually get smaller
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(limited by the controller to ΔDmin) as the new MPP is approached since dI approaches zero
at/near the MPP.
Table 2.3. Performance Comparison.

Battery
Load

Resistive
Load

Algorithm
LCASF
LCA
Fixed 1%
Fixed 5%
Algorithm
LCASF
LCA
Fixed 1%
Fixed 5%

Ɛ
97%
96%
97%
88%
Ɛ
96%
95%
96%
82%

T(ms)
80
110
200
60
T(ms)
150
200
240
80

Table 2.3 summarizes the performance parameters of the MPPT algorithms tested. These
parameters are tracking speed and tracking efficiency, where the tracking efficiency (Ɛ) is
defined as in Eq. (2.17):
Ɛ = PPV / PMPP

(2.17)

PPV is the actual power generated by the PV panel and PMPP is the ideal maximum power of
the PV panel.
The FXS with 5% perturbation step size has the fastest tracking time under transient with poor
steady-state tracking efficiency. The 1% FXS controller has slower response to transient but
yield good tracking efficiency under steady state conditions. Both LCA and LCASF algorithms
yield more than 95% tracking efficiency during steady state conditions. As observed from these
results, for instance under a battery load the LCA algorithm provides a tradeoff such that it has
faster convergence speed (110ms) to the new MPP than the fixed 1% perturbation algorithm
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(200ms) and higher tracking efficiency (96%) than the fixed step size algorithm with large step
size (88%).
When the adaptive perturbation period scheme is activated together with the adaptive duty
cycle perturbation scheme (LCASF algorithm), the convergence speed is further improved (3050ms faster). The LCASF MPPT controller algorithm results in convergence speed that are much
closer to the speed with 5% fixed duty cycle perturbation step size while achieving the smaller
oscillations and better tracking efficiency with 1% fixed duty cycle perturbation.
The duty cycle values progression for the results of Fig. 2.7 is plotted in Fig. 2.9. Fig. 2.9
shows the comparison between the LCASF algorithm with FXS (1% and 5%) algorithm. LCASF
controller tracks around the same speed as the 5% FXS controller while keeps a small oscillations
as in 1% FXS after reaching steady state conditions.
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Fig. 2.9: Comparisons of numbers of perturbation cycles of LCASF algorithm with 1% fixed
step algorithm and 5% fixed step algorithm.
In Fig. 2.10, a battery load voltage change is triggered in the system to test the performance of
the MPPT controller. The battery load voltage is stepped-up from 4.5V to 5V. The change in
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battery voltage leads to a step-down in load current before the LCASF controller adjusted the duty
cycle in order to converge to the new MPP.
The PV solar cell or panel power can range from few watts to much higher than this (hundreds
and thousands of watts). This proof of concept experimental prototype uses a PV solar panel with
relatively low power to validate the proposed MPPT controller. The performance of the proposed
controller is independent of the PV panel rating and therefore it can be used in higher power PV
systems.

PV current (300mA/div)
PV voltage (3V/div)

Load voltage
(1V/div)

Load current
(800mA/div)

(Horizontal scale: 100ms/div)
Fig. 2.10: PV panel voltage, PV panel current, load current and load voltage waveforms under
load voltage transient with LCASF controller.
2.4. Additional Comparisons With Other MPPT Algorithms
The following a summary between the proposed LCASF MPPT controller algorithm and the
other MPPT algorithms.
General comparison between the proposed LCASF MPPT control and the other MPPT
algorithms [B5-B14] in terms of MPPT tracking speed:
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Unlike the LCASF MPPT controller, all the other existing MPPT controllers that are
discussed in the literature use a fixed MPPT perturbation period, even when they utilize variable
duty cycle (or references voltage) perturbation step size, which results in significantly longer
MPP tracking time because this fixed perturbation period is set long enough for the case when
the duty cycle perturbation step size is largest. However, the LCASF MPPT controller algorithm
adapts the MPPT perturbation period to the duty cycle perturbation step size such that the MPPT
perturbation period is smaller when the duty cycle perturbation step size is smaller and vice
versa. For example, if a fixed 15ms MPPT perturbation period is used and 13 duty cycle steps
are needed (regardless if they are fixed or variable step sizes) in order to reach the new MPP,
approximately 200ms tracking time would be needed. However, when the MPPT perturbation
period is varied with the duty cycle perturbation step size, the MPPT tracking time will be
reduced to for example about half (80ms as can be observed from Table 2.3). This numerical
example comparison assumes that the smallest allowed duty cycle perturbation step size is same
for all algorithms (1%).
It should be noted again here that while the MPPT perturbation period affects the MPP
tracking time/speed for the same duty cycle perturbation step size, the duty cycle perturbation
step size affects the MPP tracking efficiency.
Additional comparison between the proposed LCASF MPPT control algorithm and the
conventional P&O control algorithm [B5-B7]:
(a) The conventional P&O MPPT control algorithm requires sensing both the PV panel
voltage and current and requires a multiplier in order to obtain the PV panel power value. The
proposed LCASF MPPT controller requires sensing only the load current (one sensor compared
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to two) and does not require a multiplier which results in hardware size, cost, and controller
power consumption.
(b) In terms of tracking efficiency, the conventional P&O MPPT algorithm and the LCASF
MPPT algorithm have the same MPP tracking efficiency (see experimental results also) when the
smallest allowed the duty cycle perturbation step size is the same in both algorithms (e.g. 1%).
However, if the step size in the case of the conventional P&O MPPT algorithm is made larger
(e.g. 4-5%) in order to match the LCASF MPPT algorithm tracking speed, the LCASF MPPT
controller will have significantly higher MPP tracking efficiency (e.g. 97% compared to 88% or
82% as shown in Table 2.3) for the same controller resolution.
Therefore, proposed LCASF MPPT control algorithm provides significantly improved
tradeoff between MPP tracking speed and tracking efficiency compared to the conventional P&O
MPPT control algorithm while using hardware with less cost and size.
Additional comparison between the proposed LCASF MPPT control algorithm and the
conventional InCond MPPT algorithm [B8, B9]:
(a) The conventional InCond MPPT algorithm requires sensing both the PV panel voltage and
current and requires a multiplier in order to obtain the PV panel power value. The proposed
LCASF MPPT controller requires sensing only the load current (one sensor compared to two)
and does not require a multiplier which results in hardware size, cost, and controller power
consumption. Moreover, InCond MPPT algorithm involves more complicated calculations
(especially with variable step size) compared to both the proposed LCASF MPPT algorithm and
the conventional P&O MPPT algorithm, which means that the proposed LCASF MPPT
controller has even lower hardware processing power compared to the InCond MPPT algorithm.
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(b) The tracking speed of the LCASF MPPT controller is faster than it is for the InCond
MPPT algorithm (duty cycle perturbation step size step) because it utilizes the proposed variable
MPPT perturbation period as discussed earlier in point (1). The MPP tracking efficiency for both
algorithms is expected to be comparable when the minimum allowed duty cycle perturbation step
size for adaptive duty cycle perturbation step size implementation. Moreover, the same can be
said on the MPP tracking speed comparison between the LCASF MPPT algorithm and the
InCond MPPT algorithm as discussed earlier in point 2(b) for the conventional P&O MPPT
algorithm.
Additional comparison between the proposed LCASF MPPT control algorithm and the
conventional RCC MPPT algorithm [B10]:
(a) The RCC MPPT algorithm is similar to the P&O MPPT algorithm except that it is
executed with the same frequency as the switching frequency of its MPPT DC-DC power
converter (the MPPT perturbation frequency is equal the power converter switching frequency).
Therefore, the proposed RCC MPPT implementations in the literature are only analog controller
implementations with fixed duty cycle perturbation step sizes. Moreover, higher duty cycle
perturbation frequency requires a DC-DC power converter with higher switching frequency. The
unsuitability of using digital control in the case of the RCC MPPT algorithm is a disadvantage
because the ability to easily update the MPPT controller (e.g. when PV panel changes and power
when converter changes) is lost and because the advantage of the ability to easily implement
system communication protocols is also lost.
(b) Based on the above, unlike the LCASF MPPT algorithm, the RCC MPPT algorithm
requires a high speed or bandwidth voltage sensor, a high-speed current sensor, and a high speed
multiplier for power calculations. Especially if the RCC MPPT algorithm needs to be
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implemented in a digital controller, its size, cost, and controller power consumption would be
significantly higher than the LCASF MPPT controller and the conventional P&O MPPT
controller.
(c) Even though the MPPT perturbation frequency is usually higher in the RCC MPPT
algorithm

compared to the LCASF MPPT algorithm, during load transients and PV solar

irradiance transients, the RCC MPPT controller will not be able to converge to the new MPP
until the DC-DC power converter reaches a new steady state (i.e. depends on the power
converter settling time or the overall PV system settling time), which limits the actual MPP
tracking speed. Since the proposed LCASF MPPT algorithm uses variable MPP perturbation
period, which is equal to the settling time, the RCC MPPT algorithm tracking speed is not
necessarily faster than the LCASF MPPT algorithm tracking speed (depends on the design) but it
is faster than the MPP tracking speed of the conventional P&O MPPT algorithm. In summary,
the RCC MPPT algorithm requires significantly much more hardware resources in order to have
a chance to achieve faster MPP tracking speed than the LCASF MPPT algorithm.
(d) The MPP tracking efficiency of the LCASF MPPT controller and the LCASF MPPT
controller is expected to be comparable with appropriate design. Note that the LCASF MPPT
controller MPP tracking efficiency can be increased from the 97% (e.g. to 99%) obtained from
this proof of concept experimental prototype results by increasing the ADC resolution and the
minimum duty cycle perturbation step size.
Additional comparison between the proposed LCASF MPPT control algorithm and the
conventional fractional voltage and fractional current method [B11].
While these two methods are simple and need one voltage or current sensor, they do not track
the actual MPP in the PV system (they provide an approximation to the MPP, which implies low
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MPP tracking efficiency under variable operating conditions). The LCASF MPPT controller
tracks the real MPP with high MPP tracking efficiency by also using one current sensor.
Additional comparison between the proposed LCASF MPPT control algorithm and the neural
networks based MPPT algorithm [B12-B14]:
(a) The Neural Network (NN) MPPT algorithm is far more complicated than any other MPPT
control algorithm discussed in this work. The NN MPPT algorithm method builds a non-linear
solar panel model and calculates the maximum power point of the solar panel under each
operating condition. The NN MPPT method requires sensing irradiance level, temperature, panel
current and voltage. Thus, NN MPPT method require more hardware resources, especially
sensors and processing power compared to most MPPT algorithms including the LCASF MPPT
control algorithm and therefore results in much higher hardware cost, size, and power
consumption. The algorithm itself requires tens to hundreds of nodes to perform iterations. While
the research continues to be open for better and simpler NN MPPT algorithms, as of this work
date such NN MPPT methods are not practically used.
(b) The LCASF MPPT control algorithm MPP tracking speed is faster than the NN based
MPPT algorithms mainly because the NN based MPPT algorithms use fixed algorithm update
period, 100Hz for example as in [B14].
(c) While NN MPPT algorithm yields no oscillations around the MPP because the MPP is
calculated, the reported MPP tracking efficiency is in the range of 94% - 97% [B13], which is
not higher than the proposed LCASF MPPT control algorithm (97% in proof of concept
experimental prototype results). Under varying irradiance conditions when the NN MPPT
algorithm is used, the calculated training model, which is based on historical and real-time
sensed data points, might have errors that result in degrading the MPP tracking efficiency.
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From the comparison above, it can be concluded that the proposed LCASF MPPT controller
when compared with the other MPPT algorithms results in the best tradeoff between MPP
tracking speed, MPP tracking efficiency, cost, size, and controller power consumption. This is
because a new variable MPPT perturbation period method is utilized with a variable duty cycle
perturbation step size function, with only one sensor, no multipliers, and relatively simple
algorithm.
2.5. Chapter Summary
This chapter presents a load-current-based variable-step-size and variable-perturbationfrequency MPPT digital controller. In addition to utilizing a function to adapt the duty cycle
perturbation, the proposed MPPT controller adapts its perturbation frequency as a function of the
variable duty cycle perturbation value. As the results presented in this work showed, the duty
cycle adaptive step size scheme used in the proposed MPPT controller yields a good tradeoff
between the convergence speed and tracking efficiency compared to fixed step size algorithm.
Furthermore, the novel adaptive perturbation frequency scheme used in the proposed controller
results in faster convergence speed compared to existing adaptive step size algorithms. The
proposed adaptive perturbation frequency scheme could also be used with other MPPT
algorithms.
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CHAPTER 3
SINGLE-SENSOR MULTI-CHANNEL MPPT CONTROLLER
FOR PHOTOVOLTAIC SOLAR SYSTEMS

3.1. Introduction
Recent development in photovoltaic technology has promoted the installation of PV solar
panels in public infrastructures, residential houses and PV power plants [C1-C4]. A solar panel is
a non-linear power source and its output power varies with different operating conditions.
Maximum power point tracking (MPPT) controllers are used to ensure that PV panels operate
under their highest or close to highest efficiency level under all conditions, such as changing
weather conditions. Distributed MPPT (DMPPT) methods have been developed to improve the
MPP tracking efficiency in large PV power systems in order to extract larger amount of power
when the system’s PV solar panels are not subject to uniform operating conditions [C5-C7]. In
order to improve the system efficiency under non-uniform conditions, each PV module in the
system is assigned a dedicated power converter. Each of these dedicated converters is controlled
by its own MPPT controller. The hardware cost and size is usually higher than it is for the nondistributed MPPT method where only one power converter and one MPPT controller are used.
Therefore, there is a motivation to develop DMPPT methods and controllers with lower cost and
smaller size.
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3.1.1. Review of Suitable Algorithms for MPPT in Multi-Channel Systems
The MPPT controller performs algorithms such as “perturb and observe (P&O)” algorithm
[C8-C11], incremental conductance (IncCond) algorithm [C12, C13], fractional voltage/current
algorithms [C14], ripple correlation control (RCC) MPPT [C15] and neural network (N-N) MPPT
[C16], to mention a few. For applying MPPT control with dedicated power converter in multichannel PV system, several requirements needs to be met. (1) Accuracy: The MPPT controller
should ensure that the MPPs for all channels are accurately reached under varying weather
conditions. The operation of FV/FC MPPT method depends on PV panel parameters and this
makes it unsuitable for multi-channel PV systems. (2) Flexibility: The MPPT controller should be
able to have the so-called plug-and-play ability, which means the MPPT controller should be able
to perform MPPT on different panels with various power converter topologies. This requirement
eliminates the RCC MPPT control from consideration because the RCC controller is dependent
on a specific power converter design. Even if only the frequency of the power converter is
changed, the control circuitry needs to be re-designed. (3) Cost-effectiveness: In most
applications, it is important to reduce the PV solar system cost. Therefore, the Neural-Network
(N-N) control method is not suitable because it requires the highest numbers of sensors and the
highest computation power. In order to meet the three requirements, the choices left for
consideration are the P&O method and the IncCond method. Recent studies have further
developed the P&O MPPT concept by developing single-sensor technique, load maximization
technique. Compared to the IncCond method, these techniques are more cost effective. Thus, this
work develops the MPPT control for multi-channel system based on the P&O algorithm.
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3.1.2. PV System Architecuture Cost Issues
Fig. 3.1 [C17, C18] shows an example of N-channel PV solar power system block diagram
with digital DMPPT control. The voltage and current of each PV solar panel are sensed, sampled
by Analog-to-Digital Converters (ADCs), and multiplied in order to obtain the PV solar panel
power. The PV power-based P&O MPPT algorithms is then utilized. One advantage of such Nchannel system is that the mismatched operating conditions effect on the convergence to the
MPPT is eliminated because each channel has its own independent MPPT controller. The
drawbacks of such N-channel system compared to single channel systems are such as high cost,
larger size, high weight, and high controller power consumption. This is because this system
requires N voltage sensors, N current sensors, 2N ADCs (or an ADC with 2N channels) and NMPPT controllers along with the associated conditioning circuitries. If a power-based MPPT
algorithm is used, each channel requires a multiplier in order to calculate its power value.
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Fig. 3.1: Block diagram of an N-channel PV solar power system with MPPT control.
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The output parameters (load voltage and/or current) MPPT concepts have been discussed in
the literature [A27, A28]. For example, it was shown and proven that tracking the output
current/voltage in a single channel can yield to realizing MPPT functionality. The expansion of
this concept to be applicable to N-channel system requires only one current sensor, ADC and one
MPPT controller. Since the concept cuts the number of ADCs and sensors from N to one, the
cost of hardware implementation is reduced.
3.1.3. Proposed MPPT Controller for Multi-Channel Systems
This chapter of dissertation first presents a Single-Sensor MPPT (SS-MPPT) controller for Nchannel PV solar system as shown in Fig. 3.2 . In the proposed N-channel SS-MPPT controller,
only one output (load) current sensor is needed for the N-channels (no voltage sensing is
required). Two algorithms which can be used to realize the SS-MPPT controller are discussed
and compared in this work, namely (1) SS-MPPT-I and (2) SS-MPPT-II. The diffference
between SS-MPPT-I and SS-MPPT-II is how Mode II is realized as discussed in the next section.
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Fig. 3.2: Block diagram of an N-channel PV solar power system with SS-MPPT control.
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Section 3.2 discusses the proposed SS-MPPT algorithms with system analysis. Section 3.3
modifies the proposed algorithm to a multi-channel PV system with a current source inverter
(CSI) for grid connection. Section 3.4 shows the experimental results in a two-channel PV
system with a voltage/battery load and resistive load. Section 3.5 shows the experimental results
in a two-channel PV system with emulated CSI connection. Section 3.6 discusses the chapter
summary.
3.2. SS-MPPT Controller Operation Analysis
SS-MPPT-I and SS-MPPT-II each has two modes of operation. Mode I in the two algorithms
is the same. In this mode, the algorithm attempts to track the MPP of all channels simultaneously
by perturbing the duty cycles of all channels’ power converters in the same direction in order to
maximize the total output current. Mode II in both algorithms attempt to find the needed
difference between the channels duty cycles in order to account for the differences between the
channels (e.g. when they are subjected to different irradiance levels).
As shown in Fig. 3.2, the SS-MPPT controller senses the total load current (after the output
filter capacitor of the power converters) of the N-channel PV solar system. There is an optimum
set of duty cycles (D1 through DN) that will result in an MPP for each channel, and therefore an
MPP for the total system. The following subsections describe the algorithms and operations of
the SS-MPPT controller.
3.2.1. SS-MPPT-I Algorithm Illustration
The SS-MPPT-I controller utilizes a P&O-based algorithm hat has two modes of operation in
order to converge to the optimum set of duty cycles, as shown in Fig. 3.3. The initial converter
duty cycles could have the same value or they could be different. In Mode I, the controller
adjusts/perturbs the duty cycles of all channels in the same direction (all increment or all
43

decrement) in order to converge to a maxima under the existing difference between the duty
cycles (the difference between the duty cycles is kept unchanged in this operation mode). The
first mode of operation is used to quickly move the duty cycles of all channels to near the
optimum points. In Mode II, the controller adjusts the difference between the duty cycles, which
will result in current/power difference optimization [C19, C20] between the channels in order to
get closer to the MPP of each channel. Fig. 3.2 shows that output current difference optimization
in the second operation mode is performed without the need to sense each power converter
current.
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Fig. 3.3: Main algorithm for SS-MPPT-I controller.

44

No
Delay
Time

Start

Yes

r V

No

In Mode I of the SS-MPPT-I algorithm, the load current value I(k) is compared to its previous
value I(k-1) from the previous algorithm iteration to generate the value Idiff = I(k) - I(k-1).
Similarly, the value Ddiff = D1(k) - D1(k-1) is obtained. Note that obtaining Ddiff for any of the
channels (channel 1 is used here) is enough since in this operation mode all duty cycles are
perturbed in the same direction. If the sign of Idiff and Ddiff are the same, each channel's duty
cycle is incremented by ΔD and the variable X is set to “1” in order for the algorithm to
remember the last perturbation direction of the duty cycles. If the signs of Idiff and Ddiff are
opposite, each channel's duty cycles is decremented by ΔD and the variable X is set to “0” in
order for the algorithm to remember the last perturbation direction of the duty cycles.
As shown in Fig. 3.3, the value of X is used in the case when Idiff =0, which could happen
because the ADC’s resolution is not high enough to see the change in the load current as a result
of the last duty cycle perturbation. In this case, the duty cycles are perturbed in the same
direction as in the past iteration and the current values are not swapped. This step is equivalent to
increasing the duty cycle perturbation step size.
For operation safety, the duty cycle values are always compared and limited to a minimum
value (Dmin) and a maximum value (Dmax). The variable i is incremented each time the duty
cycles are incremented and the variable j is incremented each time the duty cycles are
decremented. Once the values of i and j are larger than a selected value P (e.g. P=5), the
controller switches Mode II. In Mode II, two channels (channel 1 and channel 2 to start with)
duty cycles in the N channel system are perturbed in opposite directions by ΔD (one is
incremented by ΔD and the other is decremented by ΔD) while keeping the duty cycles of the
rest of the channels unchanged. The variable Y in Mode II serves a similar purpose as the
variable X in Mode I. In other words, it is used to remember which of the two channel’s duty
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cycles (which are perturbed in opposite directions) was incremented or decremented in the
previous iteration. If channel x duty cycle Dx is incremented and channel y duty cycle Dy is
decremented by ΔD, the variable Y is set to “1.” If channel x duty cycle Dx is decremented and
channel y duty cycle Dy is incremented by ΔD, the variable Y is set to “0.” The main objective of
this mode is to perturb the duty cycles of each two adjacent channels/power converters against
each other in order to detect the needed difference, if any, between the duty cycles of the
channels. This eventually will result in detecting the needed difference between the duty cycles
of all channels. The perturbation direction is selected such that Idiff = I(k) - I(k-1) continue to be
larger than zero (Idiff > 0) until the values of m (the counter used for positive perturbation in duty
cycle) and n (the counter used for negative perturbation in duty cycle) become larger than a
selected value Q (e.g. Q=5). Once m and n become larger than Q, their values are reset to zero
and the values of x and y (x and y are indexes for the two selected PV panels in output current
difference optimization process) are incremented by one such that the perturbation is performed
for the duty cycles of channel 2 and channel 3 until again the values of m and n become larger
than Q. The same process continues (channels 3 and 4, channels 4 and 5 … etc.). Note that each
channel duty cycle gets to be perturbed with respect to the two adjacent channels (e.g. channel 2
adjacent channels are channel 1 and channel 3) such that the effect of each channel
current/power value on the other channels current/power values are accounted for in the process.
If x or y value become larger than N (the number of channels), their values are set back to "1"
and "2". The controller switches back to the first operation mode once the r (the counter is used
for output current difference optimization process) value becomes larger than V (V is the possible
numbers of combinations of every two channels in the system). The SS-MPPT controller
continues to sequentially switching between the two modes of operation which will result in
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maintaining the MPP point. As shown in Fig. 2 (a), a delay time (e.g. 10ms) is added after each
perturbation before sensing the new current value in order to allow the system to settle down to
its new steady-state from any transient state that may be caused by the perturbation. It should be
noted that when the SS-MPPT controller switches back to the first mode from the second mode,
the operation will start from the optimum duty cycle values obtained up to that point of operation
in the second mode.
3.2.2. SS-MPPT-II Algorithm Illustration
Fig. 3.4 shows the SS-MPPT-II algorithm flowchart. It can be observed that Mode I in the SSMPPT-II is the same as in the SS-MPPT-I. However, in Mode II, the SS-MPPT-II algorithm
perturbs the duty cycle of each channel sequentially in order to detect the needed difference
between the duty cycles rather than perturbing the duty cycles of the channels against each other
as it is in SS-MPPT-I. Therefore, in Mode II of the SS-MPPT-II algorithm, the duty cycle of
channel 1 is perturbed while the other channels duty cycles are kept constant, then the duty cycle
of channel 2 is perturbed while the other channels duty cycles are kept constant, and so on.
In the case of SS-MPPT-II algorithm, the controller might take longer time to converge to
each channel optimum duty cycle (depending on the transient type and instant) because only one
channel is perturbed at a given time. This extra time will be more significant if the transient
occurred when the controller is operating in Mode II, and especially if the channel that had the
change in its irradiance, for example, was not the one being perturbed by the controller at that
moment (it has to wait for its turn in order for its duty cycle to be perturbed to move to the new
MPP.
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3.2.3. Additional Discussion
For the case when all PV solar channels are identical and have the same power curve (as
illustrated in Fig. 3.5(a) for two channels example case), the duty cycle values are equal at the
MPP. However, when the PV solar channels have different power curves (as illustrated in Fig.
3.5(b) for two channels example case), each duty cycle for each channel will be different in order
to operate at the MPP for each channel. The difference between these duty cycles is detected in
Mode II in both of the SS-MPPT controller algorithms.
First Operation Mode

Second Operation Mode

Start
Initialize
x=1, m=0, n=0, r=0

Initialize
i=0,j=0, X=0

Sense I(k)
Sense I(k)
Delay Time

Delay Time

Delay Time

I diff  I (k )  I (k  1)

Idiff  I(k) I(k 1)
Ddiff  D1 (k )  D1 (k  1)

No
No
I (k  1)  I (k )
D1 (k  1)  D1 (k )

Dx (k  1)  Dx (k )

D(k  1)  D(k )

Dx (k  1)  Dx (k )

I (k  1)  I (k )

Yes

DN (k  1)  DN (k )

DN (k  1)  DN (k )

Yes

Yes

Y 1
Yes

D1 (k )  D1 (k  1)  D

D1 (k )  D1 (k  1)  D

DN (k )  DN (k  1)  D

DN (k )  DN (k  1)  D

D  Dmin

D  Dmax

No

X 1

No

Y 1
Yes

mQ
nQ

No

x  x 1
No

X 0
iP

Y 0

Yes

D  Dmin

No

Dx (k )  Dx (k  1)  D
n=n+1

Dx (k )  Dx (k  1)  D
m=m+1

j  j 1

Yes

No

Idiff  0

Sign(I diff )  Sign(Ddiff )

D >D max

No

No

X 1

No

i  i 1

Yes

I diff  0

Yes

I diff  0

xN

Yes

Delay
Time

Start

Yes

jP

Fig. 3.4: Main algorithm for SS-MPPT-II controller.
In Fig. 3.5(b), assume that initially the operating point of channel 1 is at point “A” and for
channel 2 is at point “E.” Mode I in both algorithms will result in moving channel 1 operating
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point from “A” to “B” to “C” to “D” and in moving channel 2 operating point from “E” to “F” to
“G” to “H” by perturbing the two duty cycles in the same direction (decrease in this example).
This will result in moving both channels closer to their overall MPP. In Mode II of the SSMPPT-I algorithm, the two duty cycles are perturbed in opposite directions, such that in this
example channel 1 operating point comes back to point “C” and the operating point of channel 2
moves forward to point “I” which results in both channels to operate at their MPPs. From Fig.
3.5(b), this would require increasing channel 1 duty cycle and decreasing channel 2 duty cycle
which will adjust the current/power distribution between the two channels. In Mode II of the SSMPPT-II algorithm, the controller will adjust channel 1 operating point toward point "B",
leaving channel 2 operating point unchanged. After the MPP of channel 1 is reached, the
controller will adjust channel 2 operating point toward point "I".
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Fig. 3.5: Power performance curves for (a) two identical channels and (b) two non-identical
channels.
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The two operation modes in both algorithms utilize only the total output current value in this
work's discussion. However, the same controller concept can be used by utilizing the total output
power but it would require sensing the total output voltage also and using a multiplier to
calculate the power. The SS-MPPT controller always perturbs the duty cycles in the direction
that will result in power/current increase. Therefore, it is the case for any other controller, as long
as the current measurements are correct (no sensing and sampling malfunction), the SS-MPPT
should always result in moving the duty cycles values in a direction that would increase
power/current. While the main motivation of the proposed SS-MPPT controller is to reduce the
number of sensors to a single sensor, it might be interesting to note the following: In a
conventional MPPT controller where each channel has its own MPPT controller, and each
channel MPPT algorithm requires one unit of memory size, N-channels would require N units of
memory size. In the SS-MPPT controller, approximately 2 units of memory size are required for
N-channels. If the conventional P&O algorithm is implemented by using only one MPPT
controller in an N-channel PV solar system that perturbs the duty cycles of all channels at the
same time with the same step size and direction, then the conventional P&O algorithm MPP
tracking time will be same as it is in the SS-MPPT algorithm, if it is assumed that the MPPs have
changed during Mode I in the SS-MPPT controller case, but this tracked MPP will not be the
actual or the accurate MPP for all channels in the case of the conventional P&O algorithm if the
PV panels are not exactly identical or if they are shaded (or illuminated) differently for example.
If the MPPs have changed during Mode II in the SS-MPPT controller, then the conventional
P&O algorithm might be a little faster (not significantly and not always) by an amount that is
equal to the time the SS-MPPT controller needs to go back to Mode I, but again, the MPP
tracked by the conventional P&O algorithm will not be the actual or the accurate MPP for all
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channels if the PV panels are not exactly identical or if they are shaded differently unlike the
case for the SS-MPPT which will result in tracking the actual and accurate MPP for each
individual channel. If the conventional P&O algorithm is implemented by using N MPPT
controllers in an N-channel PV solar system, in other words one MPPT controller per channel
that senses individual channel parameters (several sensors), then the P&O algorithm might have
faster MPP tracking time than the SS-MPPT controller under certain conditions but obviously at
the expense of significant increase in hardware cost, size, and power consumption (about N times
compared to the SS-MPPT controller). Also, in this case, the SS-MPPT controller will have
similar speed as the conventional P&O algorithm if the MPP change has occurred during Mode I
in the SS-MPPT controller.
3.2.4. System Analysis
The ith PV solar panel output power ( PPVi ) is dependent on its output current ( I PV i ) which is
also the power converter’s input current where i  1, 2,..., N and N is the number of PV solar
channels. I o1 , I o 2 ,..., I oN are the output currents of the power converters in the PV solar
channels as illustrated in Fig. 3.2. The efficiency of each individual power converter in each
channel is defined as effi and the output power of each power converter is defined as Pchi .
Such that:

effi 

Pchi
PPV i

(3.1)

The total output power which is delivered to the load is given by:
N

Ptotal  Pch1  Pch2  ...  Pch N   Pchi

(3.2)

i 1

For a load voltage VL (e.g. battery voltage):
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 Pch1  eff1  PPV 1  I o1  VL
P
 ch2  eff 2  PPV 2  I o 2 VL





 Pch N  eff N  PPV  N  I oN  VL

(3.3)

Substituting Eq. (3.3) in Eq. (3.2) yields:

Ptotal  ( Io1  Io2    IoN ) VL  I Ltotal VL

(3.4)

where the total load current is I Ltotal  Io1  I o2    I oN .
From Eq. (3.3), maximizing the output current of each channel will result in maximizing the
output power of each channel and therefore maximizing the total output power of the system. It
can also be observed from Eq. (3.3) that the maximum output power from each individual
channel ( Pchi ) exists when the multiplication of each power converter efficiency ( effi ) and the
power from each solar PV panel ( PPVi ) is maximum. This implies that theoretically it is possible
that the total output power of a channel is maximum while the PV solar panel is not operating
exactly at its MPP. However, this case is not expected to occur if the power converter efficiency
does not have significant change under different currents and voltages. Equation (4) indicates
that maximizing the total load current results in maximizing the total system output power.
Similar analysis can be obtained for a resistive load ( RL ) as follows:

 Pch1  eff1  PPV 1  I o21  RL

 Pch2  eff 2  PPV 2  I o22  RL






2
 Pch N  eff N  PPV  N  I oN
 RL

(3.5)
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From Eq. (3.5):
2
Ptotal  ( I o21  I o22    I oN
)  RL

(3.6)

From Eq. (3.5) and Eq. (3.6), for a given RL value, maximizing the output current of each
channel will result in maximizing the output power of each channel and therefore maximizing
the total output power of the system.
The input current of each PV solar panel is directly proportional to the output current of each
channel and scaled by its duty cycle. By taking the DC-DC buck converter as an example and
assuming lossless power converters, Eq. (3.7) shows this relationship.

I Ltotal 

I PV 1 I PV 2
I

 ...  PV  N
D1
D2
DN

(3.7)

For the case when all PV solar panels in all channels are identical and have the same power
curve, the duty cycles values (D1,D2,...,DN) in Eq. (3.7) are equal at the MPP of the system.
However, when the PV solar panel of each channel has a different power curve from the other
channels, in order to operate at the MPP for each channel, each duty cycle for each channel will
be different. Assuming that the difference between the power available from a channel’s output
and the power available from another P channel’s output is scaled by a factor of  i , this yields:
 1

N
2
Ptotal  VL  I Ltotal  VL  I PV 1   
 ... 

DN  DN 
 D1 D1  D2

(3.8)

D2 through DN represent the differences between the duty cycles (with respect to channel
1) that are needed in order to converge to an MPP for the non-identical channels. For the
identical channels case, D2  D2  ...  DN  0 and
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2  3  ...   N  1 .

3.3. Design Consideration for Current Source Inverter Application
A typical grid connected PV system commonly has two stages. The first stage is a DC-DC
power converter that performs Maximum Power Point Tracking (MPPT) functionality. The
second stage is a DC-AC power inverter (e.g. CSI) which is connected to the grid or an AC load.
Two types of inverters are mainly used in PV system: Voltage Source Inverter (VSI) and Current
Source Inverter (CSI) [C21, C22]. Current source inverter is increasingly receiving research
attention because it features several advantages over voltage source inverters including voltage
boosting by using the boost topology, reduction in filtering component requirements and over
current protection [C23-C25].
3.3.1. NCS-SVS-MPPT Control Architecture
One feature of CSI topology in PV system is that, ideally, the inverter input current is constant
DC value [C26, C27]. The equivalent circuit model of CSI in the PV system in this work is based
on the assumption that the CSI inverter can be treated as constant DC source (IL), as shown in
Fig. 3.6.
A No-Current-Sensor Single-Voltage-Sensor MPPT (NCS-SVS-MPPT) controller for Nchannel PV solar system is presented in this section based on the concept of SS-MPPT-II
algorithm. In the proposed N-channel NCS-SVS-MPPT control architecture, only one voltage
sensor is needed in the DC stage for the N-channels (no current sensing is required). The NCSSVS-MPPT controller senses the load voltage VL (across the output filter capacitor of the DC
stage). There is a set of duty cycles (D1 through DN) for each boost converter in the system. Each
power converter's input is a PV panel with operating voltage (Vpv-i) and current (Ipv-i). The power
converters' outputs are connected in parallel each supplying a current Ioi. System operation
principle is that by adjusting the duty cycles (D1, D2,...,DN) to an optimum set D1_MPP,
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D2_MPP,...,DN_MPP, the load voltage VL can be maximized, indicating that maximum power from
the PV panel are obtained.
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Fig. 3.6: Block diagram of the PV solar power system with NCS-SVS-MPPT controller.
3.3.2. System Small-Signal Modeling and Td Selection
The small-signal ac averaged circuit model of a boost converter with PV panel is illustrated in
Fig. 3.7. The model of PV panel at the vicinity of its maximum power point is used in small
signal analysis as explained in [C28]. The purpose of developing small-signal equivalent circuit
is to relate the control variable d and the sensed output voltage signal v L . Because the
perturbation in control variable ( d ) will cause oscillations in the output voltage signal ( v L ), a
delay interval (Td) needs to be inserted between the time of d perturbation and the next time the
output voltage is sensed.
The delay interval (Td) of the MPPT controller needs to be carefully selected which results in a
tradeoff between fast tracking response and high tracking accuracy. Generally, shorter interval
allows the MPPT controller to respond faster during dynamic conditions, nevertheless, Td must
be long enough for the oscillations in system to settle down.
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Fig. 3.7: Small-signal equivalent circuit of boost converter with PV panel.
In the multi-channel system, assume that all the individual power converter have identical
parameters, the analysis can be elaborated using one boost converter power stage, as shown in
Fig. 3.7. The control-to-output transfer functions of interest are:
G1 ( s) 

v pv
VL
 2
d
s LC  sL / RMPP  1

G2 ( s ) 

vL
1
 2
v pv s LC
sL
 '
 D'
'
D
D Req

(3.9)

(3.10)

The small-signal transfer function G1(s) describes the relationship between duty cycle
perturbation and the PV panel voltage response. The small-signal transfer function G2(s)
describes the relationship between the PV panel voltage disturbance and output voltage response.
The product of G1(s) and G2(s) represents the duty-cycle to output-voltage transfer function
(G3(s)).

G3 (s)  G1(s)  G2 (s)

(3.11)

The PV panel equivalent impedance at the MPP (RMPP) can be obtained by dividing the panel
MPP voltage by panel MPP current. In the design example used in this work, an Agilent® solar
array simulator is used to emulate the PV solar panel which has the following specifications:
Voc=15V, Vmp=12V, Isc=1.3A, Imp=1A, which results in RMPP=12Ω. The power stage design
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parameters are: An input capacitor (C) of 220µH and inductor (L) of 100 µH. As discussed in
the previous section, the CSI is modeled as a current source (IL=0.6A). The equivalent
impendence (Req) of the CSI seen from power converter output is Req= VL/IL. The load voltage
(VL) is approximately 24Vand Req (equal to VL/IL), is calculated as 40Ω. A simulation model is
built to obtain the delay interval (Td) based on Eqs. (3.9) to (3.11). The duty cycle perturbation is
1%. As shown in Fig. 3.8(a), a series of duty cycle perturbations from -1% to 1% is applied to
duty cycle, the response of the output voltage can be observed. Fig. 3.8(b) shows zoomed views
for the output voltage settling time resulted from one duty cycle perturbation of 1%. Duration of
about 20ms is long enough for the system to settle down. By adding 5ms safety margin, T d is
selected as 25ms.
3.3.3. MPPT Control under the Presence of Low Frequency Harmonics From the Grid
Practically, a PV system with grid-connected CSI suffers from both second-order harmonic
ripple voltage and current at the DC link. Methods of reducing input harmonics in CSI have been
discussed in the literature. By choosing proper size DC link inductor, adding active power filter
at the input of the CSI to compensate for the voltage oscillations caused by grid-injected
harmonics, the effects of secondary harmonics can be minimized [C29, C30]. These methods
target at minimizing the current ripples through improving the hardware of the system. But still
the low frequency voltage and current harmonics exist in a well designed PV system with CSI.
The existence of such harmonics might affect the operation of the MPPT controller.

For

example, referring to the system in Fig. 3.6, taking into account the harmonics, the load voltage
has the sinusoidal shape as shown in Fig. 3.9.
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Fig. 3.8: Simulation results for (a) output voltage response of 1% duty cycle perturbation and
(b) output voltage settling time under 1% duty cycle perturbation.
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Fig. 3.9: Timing diagram for sample-and-average method.

The peak-to-peak value of voltage oscillation is marked as Vp-ph at highest point and Vp-pl at
lowest point. The voltage oscillations will lead to generating duty cycle perturbation in wrong
direction by the MPPT controller. As shown in Fig. 3.9, at time t1, the duty cycle value is D(k).
From t2 to t3, the ADC senses and stores output voltage at a much higher frequency (e.g. 100µs)
than the ac harmonics frequency (1/TA = 1/10ms = 100Hz), and the controller averages the
sensed output voltage over duration TA. The length of TA is equal to the length of the harmonic
voltage period (10ms), and therefore the average is the DC voltage value (V L_DC) of the sensed
voltage. This results in eliminating the low frequency harmonic oscillations effect. The averaged
output voltage signal is stored as V(k) at t3. At t3, the duty cycle is perturbed and stored as
D(k+1). From t4 to t5, the voltage is averaged again and V(k+1) is obtained and compare with
V(k) at t5. Based on the comparison result of D(k+1)-D(k) and V(k+1)-V(k), a new duty cycle
perturbation is generated. The procedure will be used through the tracking process, making the
controller immune to the ac signal disturbance from harmonics. As long as the sensed DC link
voltage is averaged over one complete cycle of harmonic osculation, the start point and end point
of the ADC sampling is not important (can be any).
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3.4. Proof-Of-Concept Experimental Results with Voltage and Resistive Load
A proof of concept two-channel experimental prototype is designed and built in the
laboratory for testing and verification of the SS-MPPT controller as illustrated in Fig. 3.10
schematic. A two-channel Agilent® solar array simulator (SAS) is used to simulate the two PV
solar panels. PV panel A (PVA) has the following specifications: Voc=10V, Vmp=8.5V, Isc=0.9A,
Imp=0.8A. PV panel B (PVB) is with the following specifications: Voc=11V, Vmp=9V, Isc=1.1A,
Imp=1A. The power converter topology used in each of the two channels is synchronous DC-DC
buck converter. The SS-MPPT control algorithm is implemented using TMS320F28335
microcontroller from Texas Instruments®, which has a 12-bit ADC.

The Electronic load

(Chroma 63030) is used for the two load types, a 5V battery load and a 2Ω resistive load. Fig.
3.11(a) shows the experimental results of the voltages VSL1 and VSL 2 (as defined on Fig. 3.10) of
the two power converters under steady-state operation of the system using the SS-MPPT-I
controller.
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Fig. 3.10: Two-channel PV system experiment prototype schematic.
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Fig. 3.11: Steady state experimental results with 5V battery load for (a) the voltages VSL1 and
VSL 2 , (b) PVA I-V curve around the MPPs, (c) PVB I-V curve around the MPPs and (d) load I-V

curve around its MPP
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The two phase node voltages show the switching waveforms at the ouput filters of the power
converters. The duty cycle perturbation step (ΔD) is about 1% (100ns). The falling edges in both
waveforms indicate that the two PV panel voltages are pertubed by ΔD as the SS-MPPT
controller operates. Fig. 3.11(b)~(d) show the portion of the I-V curve during the SS-MPPT-I
controller operation in steady-state with 5V battery load. Fig. 3.11(b) and (c) show the I-V
curves for PVA and PVB, and Fig. 3.11(d) shows the I-V curve for the 5V battery load. From
Fig. 3.11(b) and (c), it can be observed that the oscillations occur close to (8.5V, 0.8A) point and
(9V, 1A) point, which means that the MPPs are tracked. The SS-MPPT controller is realized
using both options, namely, the SS-MPPT-I algorithm option and the SS-MPPT-II algorithm
option. In Fig. 3.12 and Fig. 3.13, the SS-MPPT-I and SS-MPPT-II tracking speeds are
compared. The results are obtained by starting the system with no MPPT control first and then
triggering the MPPT control to start in order to observe the tracking behavior, accuracy and
speed. The difference between the results of the two figures is that in Fig. 3.12, the results are
recorded when the controller operation starts in Mode I while in Fig. 3.13 the results are recorded
when the controller operation starts in Mode II, for both algorithms.
In Fig. 3.12(a) and Fig. 3.12(d), the SS-MPPT-I algorithm operation and the SS-MPPT-II
algorithm operation, respectively, start in Mode I, as marked by period T1. The duty cycles of the
two channels are perturbed in the same direction during T1 until the duty cycles oscillate around
a point indicating that the possible MPPs using this mode have been reached. During this mode
and for both algorithms, the two panel voltages increase while the two panel currents decrease,
as expected. This results in increasing the power from both panels as shown in Fig. 3.12(b) for
the SS-MPPT-I algorithm and in Fig. 3.12(e) for the SS-MPPT-II algorithm.
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Fig. 3.12: Experimental results with 5V battery load for (a) SS-MPPT-I PVA and PVB current
and voltage waveforms, (b) SS-MPPT-I PVA and PVB power waveforms, (c) SS-MPPT-I load
waveforms, (d) SS-MPPT-II PVA and PVB current and voltage waveforms, (e) SS-MPPT-II
PVA and PVB power waveforms and (f) SS-MPPT-II load waveforms.
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Fig. 3.13: Experimental results with 5V battery load for (a) SS-MPPT-I PVA and PVB current
and voltage waveforms, (b) SS-MPPT-I PVA and PVB power waveforms, (c) SS-MPPT-I load
waveforms, (d) SS-MPPT-II PVA and PVB current and voltage waveforms, (e) SS-MPPT-II
PVA and PVB power waveforms and (f) SS-MPPT-II load waveforms.
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As discussed in Section 3.2, the P variable is used to detect the duty cycles oscillations in
order to switch from Mode I to Mode II. P=5 is used in this experiment. If a larger number is
selected for P, this will cause additional delay before switching to Mode II, and if smaller
number is selected for P, this might make the controller mores sensitive to noise resulting in
undesired switching between the two modes (this constitutes a tradeoff between speed and noise
immunity). Similarly, Q variable is used to detect the duty cycles oscillations in order to switch
from Mode II to Mode I as discussed in Section 3.2. Q=P=5 is used in this experiment. Once the
mode transition criteria based on P value is met, the controller switches to Mode II, which has
different operation for both algorithm options as discussed in Section 3.2 and shown in Fig. 3.2.
This time duration for this mode is marked by T2 for the SS-MPPT-I algorithm and by T2 and T3
for the SS-MPPT-II algorithm as shown in Fig. 3.12 results. Fig. 3.13 (a) through (f) show
similar results as Fig. 3.12 (a) through (f) but when the MPPT controller operation is started in
Mode II.
The time needed in order to converge to the MPPs for both algorithm options are summarized
in Table 3.1. It can be observed that SS-MPPT-II needed longer time to coverage to the MPPs
when the SS-MPPT controller operation started in Mode I. As shown in Table 3.1 summary and
in Fig. 3.12 results, when the operation started in Mode II, the SS-MPPT-II needed even longer
time to converge to the MPPs compared to the time needed by SS-MPPT-I. This is because SSMPPT-II perturbs only one channel at a time in Mode II.
The SS-MPPT controller keeps switching between the two modes in order to track the new
MPPs if a change occurs, such as irradiance change or load change. Table 3.2 also shows a
summary of the tracking efficiency (Ɛ) for the SS-MPPT-I algorithm and SS-MPPT-II algorithm.
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The tracking efficiency is calculated by dividing the PV panels measured total power by the ideal
know or expected PV panels total power (set by the SAS).
Table 3.1. SS-MPPT-I and SS-MPPT-II algorithms comparison
Controller
SS-MPPT-I

SS-MPPT-II

Initial Tracking Mode T(ms)

Ɛ(%)

Mode I

480

96.5%

Mode II

460

96.2%

Mode I

520

96%

Mode II

550

96.4%

The system power efficiency, which is calculated by dividing the load power by the actual
total power measured from the PV panels, is approximately 89%-92% when the system operates
near the MPPs (higher power efficiency is possible with better power stage design and by using
better components). It can be observed that the SS-MPPT controler has very good tracking
efficiency when implemented by both algorithm options. The tracking efficiency might be
increased if a hardware with higher resultion is used, but the tradeoff would be increased cost,
size and power consumption.
Next is a presentation for additional results obtained for the SS-MPPT controller with the SSMPPT-I algorithm options under irradiance changes with resistive load and battery load, as
shown in Fig. 3.14 and Fig. 3.15. Two transient conditions are performed. In the first transient
condition (Transient A), PVA parameters are switched from the initial values defined earlier in
this section (Voc=10V, Vmp=8.5V, Isc=0.9A, Imp=0.8A) to new values (Voc=9.5V, Vmp=8V,
Isc=0.8A, Imp=0.7A) and PVB parameters are switched from the initial values (Voc=11V, Vmp=9V,
Isc=1.1A, Imp=1A) to new values (Voc=11.8V, Vmp=10V, Isc=0.55A, Imp=0.5A).
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(Horizontal scale: 100ms/div.)

Fig. 3.14: Experimental results of SS-MPPT-I controller in transient condition A for (a) PVA
and PVB current and voltage waveforms with 5V battery load, (b) PVA and PVB power
waveforms with 5V battery load, (c) 5V battery load waveforms, (d) PVA and PVB current and
voltage waveforms with resistive load, (e) PVA and PVB power waveforms with resistive load
and (f) waveforms at the resistive load.
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Fig. 3.15: Experimental results of SS-MPPT-I in transient condition B for (a) PVA and PVB
current and voltage waveforms with 5V battery load, (b) PVA and PVB power waveforms with
5V battery load, (c) 5V battery load waveforms, (d) PVA and PVB current and voltage
waveforms with resistive load, (e) PVA and PVB power waveforms with resistive load and (f)
the resistive load waveforms.
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In the second transient condition (Transient B) PVA parameters are switched from the initial
values (Voc=9.5V, Vmp=8V, Isc=0.8A, Imp=0.7A) to new values (Voc=10V, Vmp=8.5V, Isc=0.9A,
Imp=0.8A) and PVB parameters are switched from the initial values (Voc=11V, Vmp=9V, Isc=1.1A,
Imp=1A) to new values (Voc=11.8V, Vmp=10V, Isc=0.55A, Imp=0.5A). In Transient A the
irradiance levels of both channels increase and in Transient B the irradiance level increases for
PVA and decreases for PVB. Fig. 3.13(a) through (c) shows the results with 5V battery load
under Transient A and Fig. 3.14 (d) through (f) show the results with 2Ω resistive load under
Transient A. The results show the voltage, current, and power waveforms for PVA, PVB and the
load. Similarly, Fig. 3.15(a) through (c) shows the results with 5V battery load under Transient B
and Fig. 3.15(d) through (f) show the results with 2Ω resistive load under Transient B. The SSMPPT controller is able to converge to the new MPPs under both transient conditions and with
both load types.
3.5. Proof-Of-Concept Experimental Results with CSI emulated as load
A proof of concept three-channel experimental prototype is designed and built in the
laboratory for testing and verification of the NCS-SVS-MPPT controller as illustrated in Fig.
3.16. Agilent® solar array simulators are used to simulate the three PV solar panels. The power
converter topology used in each of the three channels is DC-DC boost converter. The three
power converters operate in continuous conduction mode with 100 kHz switching frequency and
PWM control. The NCS-SVS-MPPT control algorithm is realized by using TMS320F28335
microcontroller. Electronic load (Chroma 63030) is used to model the CSI by using the load as a
constant current source (but that can be varied for load transients as described next).
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Fig. 3.16: Illustration of the experimental prototype.
The experiment results in Fig. 3.17 and Fig. 3.18 are obtained by starting the system with no
MPPT control first and then triggering the MPPT control to start. In Fig. 3.17 and 3.18, the
operating conditions of the three panels are mismatched and the PV panel each started at the
following different operating conditions: PVA: Voc=15V, Vmp=11V, Isc=1.2A, Imp=1A (This
represents 90% irradiance level of 900W/m2). PVB: Voc=15.5V, Vmp=12V, Isc=1.4A, Imp=1.2A
(This represents 100% irradiance level of 1000W/m2). PVC: Voc=14V, Vmp=10V, Isc=1 A,
Imp=0.9A (This represents 80% irradiance level of 800W/m2). Initially, the MPPT algorithm is not
triggered to start and the voltage and current operating points of each cell group are not at the
desired maximum power points as shown in Fig. 3.17(a) and Fig. 3.17(a) (fixed lines before the
time duration T1).
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Fig. 3.17: Experimental results under mismatched irradiance conditions for (a) three PV
panels’ voltage waveforms and (b) three PV panels’ current waveforms.
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Fig. 3.18: Experimental results under mismatched irradiance conditions for (a) PVA and PVB
power waveforms, (b) PVC power waveforms and (c) load waveforms.
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Fig. 3.19: Experimental results under simultaneous solar irradiance transient for (a) PVA and
PVB current and voltage waveforms, (b) PVA and PVB power waveforms, (c) PVB and PVC
current and voltage waveforms, (d) PVB and PVC power waveforms and (e) load waveforms.
The NCS-SVS-MPPT algorithm starts in Mode I, as marked on the figures by period T1. The
duty cycles of the three channels are perturbed in the same direction during T1 until the duty
cycles oscillate around a point indicating that the possible MPPs using this mode have been
reached. During this mode the three panel voltages increase while the panel currents decrease, as
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shown in Fig. 3.17(a) and (b). Because of the mismatching conditions between the panels, Mode
I (duration T1) of the controller moves the operating points of PVA and PVC closer to their
individual MPPs, nevertheless, PVB's operating point is not yet at its MPP. As shown in Fig.
3.18(a) and (b), during Mode I, PVA’s and PVC's panel power values are increased but PVB's
power value is decreased, as a result of the mismatching. To correct the deviation caused by
mismatching conditions, Mode II (duration T2) of the controller increases PVB's panel voltage
and brings the PVB operating point to its MPP. The steady state operating points (expressed in the
form of panel voltage and current) of each PV panels are (11.2V, 0.95A), (12.2V, 0.94A) and
(11.8V, 0.9A) as set by the SAS, yielding a 97% tracking efficiency. The NCS-SVS-MPPT
controller keeps switching between the two modes in order to track the new MPPs if any transient
occurs, such as irradiance change, as shown in Fig. 3.19(a)-(e), or load change, as shown Fig.
3.20(a)-(e).
In Fig. 3.19(a)-(e), initially the operating conditions of the three panels are:
PVA: Voc=15V, Vmp=11V, Isc=1.2A, Imp=1.0A (Under 90% irradiance level of 900W/m2).
PVB: Voc=14V, Vmp=10V, Isc=1.0A, Imp=0.85A. (Under 80% irradiance level of 800W/m2).
PVC: Voc=15.5V, Vmp=12V, Isc=1.4A, Imp=1.2A (Under 100% irradiance level of 900W/m2).
The irradiance transient is triggered by changing the operating conditions of the PV panels
to:
PVA: Voc=15.5V, Vmp=12V, Isc=1.4A, Imp=1.2A (Under 100% irradiance level of 1000W/m2).
PVB: Voc=15V, Vmp=11V, Isc=1.2A, Imp=1.1A (Under 90% irradiance level of 900W/m2).
PVC operating conditions remain the same (Voc=15.5V, Vmp=12V, Isc=1.3A, Imp=1.1A.).
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Fig. 3.20: Experimental results under load transient (decrease from 1.5A to 0.8A) for (a)PVA
and PVB current and voltage waveforms, (b) PVA and PVB power waveforms, (c) PVB and
PVC current and voltage waveforms, (d) PVB and PVC power waveforms and (e) load
waveforms.
As shown in Fig. 3.19(a) and (c), the operating points of the three channels are perturbed in
the same direction, resulting in an increased PV current in PVA and PVB channel. Fig. 3.19(b)
74

and (d) illustrate that the new maximum power point is achieved after the irradiance transient
occurred on PVA and PVB. During the transient, the output power from PVC is also disturbed.
The NCS-SVS-MPPT controller is able to bring back the maximum power point of PVC after the
transient occurs. The load current, voltage and power waveforms are shown in Fig. 3.19(e).
In Fig. 3.20, a load current transient is triggered in the system to test the performance of the
NCS-SVS-MPPT controller when CSI’s current changes (when its CSI load varies). current is
stepped-down from 1.5A to 0.8A. The load transient represents the transient conditions at the DClink by the CSI input.
As a result of the CSI load transient, the output current of all three channels suffer significant
drop as shown in Fig. 3.20(a) and (c), thus leading to PV output power decrement. During T1 and
T2, the NCS-SVS-MPPT controller switches between Mode I and Mode II to bring back the
operating points of the three channels to the maximum power points.
Additional experiments are performed by taking into account of the effects of low frequency
harmonics. The electronic load available in the laboratory cannot generate a sinusoidal current
disturbance but it can generate current square waveform. Therefore, current oscillations with
square waveform shape of 100Hz frequency is generated to emulate the effect of low frequency
second harmonics, as illustrated in Fig. 3.21. A 10% current ripple is used in the experiment,
which means (IH- IL)/Iload=10%. Iload is set to 1.5A, IH = 1.575A, and IL= 1.425A. The square
waveform oscillates between IH and IL with a period of T=10ms. The specifications of the three
PV panels in this experiment are listed as below:
PVA: Voc=10V, Vmp=7V, Isc=0.8A, Imp=0.6A (Under 50% irradiance level of 500W/m2).
PVB: Voc=12V, Vmp=8V, Isc=0.9A, Imp=0.8A(Under 70% irradiance level of 700W/m2).
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PVC: Voc=15.5V, Vmp=12V, Isc=1.4A, Imp=1.2A (Under 100% irradiance level of 1000W/m2).

Load Current
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T=10ms

IH Iload

IL

Time (s)

Fig. 3.21: Emulated low frequency harmonics injected by CSI.
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Fig. 3.22: Experimental results under second-order low frequency load harmonics for (a)
waveforms of load voltage, current and power and (b) zoomed waveforms of load voltage,
current and power at steady-state conditions.
In Fig. 3.22, the load waveforms are shown to compare the system tracking efficiency before
and after the MPPT controller is on. In Fig. 3.22(a) total power from the system before the MPPT
controller turns on is around 13W. After the MPPT controller is triggered, the power rises to
around 21W. The maximum input power available is 22.5W. The system efficiency under the
presence of harmonics is 93.3%. Fig. 3.22(b) shows the 100Hz square wave current harmonics,
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load voltage and power. The voltage sensor senses the load voltage and feeds the voltage signal
into the ADC of the micro-controller. The sensed voltage value is averaged over one complete
cycle of the second-order low frequency load harmonics. In Fig. 14(a) and (b), all three channels
reach their individual MPP (set by the SAS) under the presence of second-order low frequency
load harmonics.
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Fig. 3.23: Experimental results under load harmonics for (a)PVA, PVB and PVC voltage
waveforms during tracking process and (b) PVA, PVB and PVC voltage waveforms under
steady-state conditions.
3.6. Chapter Summary
The chapter presents a method to realize a Multi-channel MPPT control, namely the SS-MPPT
controller, with only a single output sensor and MPPT control loop. SS-MPPT controller requires
one ADC only (for digital implementation). The result is reduced size, cost, weight and
controller and sensing circuitry power consumption. Two types of MPPT algorithms for SSMPPT controller are proposed and compared. In the SS-MPPT algorithm, each channel’s MPP is
tracked individually (in Mode II). It performs a distributed MPPT but using only one sensor for
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all channels. Therefore, if the panel or the cell in one of the channels is shadowed, the controller
will be able to track each channel individual MPP under this condition.
The theoretical assumption and operation of the SS-MPPT-I and the SS-MPPT-II algorithms
are tested, verified and compared by experimental results under steady-state and transient
operations. The proof-of-concept experimental results verify the SS-MPPT operation for a
battery load and a resistive load and under PV solar input.
The SS-MPPT-II algorithm is modified to use in a architecture of an N-channel CSI gridconnected PV system with NCS-SVS-MPPT control. With only a single voltage sensor, a single
ADC and one digital MPPT controller, the presented architecture is able to optimize the
performance of an N-channel PV system. The operation of the NCS-SVS-MPPT controller is
tested and verified by experimental results under steady-state and transient operations.
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CHAPTER 4
A COST-EFFECTIVE MPPT CONTROL AND ARCHITECTURE FOR PV SOLAR PANEL
WITH SUB-MODULE INTEGRATED CONVERTERS

4.1. Introduction
Commonly, a residential PV system is composed of PV panels that are connected in series and
a central power stage, as illustrated in Fig. 4.1(a) [D1-D4]. A single centralized power converter
with maximum power point tracking control is utilized in this architecture. The total output
voltage (Vpv) and the total output current (Ipv) from the PV panels connected in series are used as
the MPP tracking variables. The disadvantage of the system in Fig. 4.1(a) is that if one or
several panels are mismatched, the string current will be limited by the smallest current
generated from the panel. On the other hand, the PV system architecture illustrated in Fig. 4.1(b)
targets solving the mismatching conditions at the panel-level, with the aid of a module integrated
converter (MIC) for each panel [D5-D9]. The mismatching effects on PV panels are reduced by
performing a separate MPPT function for each individual PV panel. This is known as distributed
MPPT (DMPPT) architecture. The drawback of panel-level DMPPT structure is that if some PV
cells in a panel are shaded, this scheme cannot alleviate the partial shading effects within a single
PV panel. Bypass diodes could be used in the PV panel to bypass the shaded PV cells and
maintain the current level of unshaded PV cells [D10, D11], as illustrated in Fig. 4.2. For
example, if two cells in "group B" are shaded, then "group B" will be by-passed. Although this
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approach can maintain the current level of the unshaded PV cells, the power from all cells in
"group B" is forfeited in this case, thus the power efficiency of the system is degraded.
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Fig. 4.1: Series-connected PV panels with (a) centralized MPPT architecture and (b) module
integrated converter (MIC) MPPT architecture.
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Fig. 4.2: Bypass diodes concept for series-connected PV cells.
Further improvement in PV architecture has been investigated to eliminate panel-level
mismatching effects by using cell-level or grouped-cells-level MPPT control topologies to avoid
losing the energy caused by using the bypass diodes concept [D12, D13]. In 2011, the concept of
connecting sub-module MIC (boost power converter) in series and performing MPPT at celllevel within each PV panel is proposed in [D12]. The proposed concept is able to eliminate or
reduce cell’s mismatching conditions effects. However, each cell or group of cells requires a
dedicated MPPT controller with the associated sensors which increase cost and size. Also, as it is
the case in [D12], each cell or group of cells require a dedicated MPPT controller with the
associated sensors which increase cost and size. In 2013, a high efficiency synchronous buck
converter is used in [D13] to perform MPPT for each individual cell group within a PV panel.
The usage of the buck converter topology allows for higher output current coming out of the
converter and thus addresses the output current limitation issue in high step-up ratio converters.
Because of the voltage step-down characteristics of the buck topology, more PV cells need to be
connected in series to form a cell group. In [D13], a group of 24 cells are connected in series to
achieve higher output voltage. The more cells there are in a cell group, the less efficient the PV
system could be under mismatching or partial shading conditions.
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4.2. Proposed Sub-MIC Architecture with SOC-MPPT
In the literature, researchers have investigated high-efficiency power converter topologies for
sub-MIC architecture, but it does not seem yet that there is a focus in the literature on applying
more cost-efficient MPPT control algorithms and methods for the sub-MIC architecture. The
main objective of this work is to propose and investigate a cost-effective MPPT architecture and
control for sub-MIC architecture with MPPT control at PV cell-level or grouped-cells-level,
named, sub-MIC SOC-MPPT architecture. A digital MPPT controller for sub-MIC architecture
with series-output-connection (SOC-MPPT) is presented. In the proposed SOC-MPPT controller,
only one sensor at the system output terminal is needed for the MPPT function of N cells or
groups of cells. The controller algorithm is developed for usage with both current load type and
voltage load type (e.g. battery). When a voltage load type is used, a current sensor is needed for
the load current maximization. When a current load type is used, a voltage sensor is needed for
voltage maximization. The proposed system is depicted in Fig. 4.3(a) and (b). Series-connected
cell groups are connected to sub-MICs, named as "Power Converter 1,..., Power Converter N ".
In the case of a current load type with an output current IL, the output current (IL) is equal to
each sub-MIC (boost converter topology is used in this work) output current (as a result of the in
series connection at the output), nevertheless, by varying the duty cycle (D1, D2,..., DN) of
individual sub-MICs, the output current of each group of PV cells (Ipv-1, Ipv-2, ..., Ipv-N) can be
tuned (Eq. (4.1)) such that each group of cells is operating at its MPP. Thus, the mismatching
and partial shading conditions are addressed. This will be achieved by the proposed SOC-MPPT
controller.
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Fig. 4.3: Block diagram of sub-module integrated converter architecture with SOC-MPPT
controller with (a) voltage load type and (b) current load type.
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 I pv 1  I L / (1  D1 )

 I pv  2  I L / (1  D2 )





 I pv  N  I L / (1  DN )

(4.1)

The proposed SOC-MPPT control algorithm, which is described further in the next section
has two operation modes, namely Mode I and Mode II. In Mode I, the algorithm perturbs the
power converters' duty cycles (D1, D2, ..., DN) in the same direction in order to track the
maximum power points (MPPs) of all PV cell groups together, leading to a convergence to a
local maximum power point (MPP) of the system. Mode II in the algorithm detects the required
differences between each sub-MIC's duty cycles in order to account for the differences between
the PV cell groups (e.g. when they are subjected to different irradiance levels or when they are
mismatched).
As will be a part from the next sections, the advantage of the proposed MPPT controller and
architecture includes:
The maximum power point tracking is performed at the cell-level or at the groupedcells-level through sub-MICs. The system can extract more power under partial shading
and mismatching conditions. The energy harvesting efficiency is higher compare to when
MPPT is performed at the panel level.
Reduction in the controller cost and power consumption as a result of using only a
single output parameter sensor instead of N sensors, one ADC instead of 2N ADCs, and
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one digital controller and less conditioning circuitries (needed for the sensors, ADCs, and
controllers) for a PV system.
Reduced noise: Conventional MPPT controllers sense PV panel voltage and current
which have high frequency noise. Therefore, low pass filter circuits are often used to
guarantee clean and error-free signals. By utilizing the load signal at the output of the DC
stage, the sensed signal is cleaner.
Reduced errors (improved accuracy): Digital domain multiplication operation usually
results in truncation errors, which is avoided in the proposed controller because it does not
require multiplication.
4.3. SOC-MPPT Controller Algorithm Description
The SOC-MPPT controller algorithm is developed for two types of loads. The flow charts
of Fig. 4.4 and Fig. 4.5 describe the algorithm for both load types. The SOC-MPPT controller
algorithm is developed for two-types of loads. The flow charts of Fig. 4.4 and Fig. 4.5 describe
the algorithm for both load types. The following description focuses on based on a voltage load
type. In the case of the current load type, the operation steps of the algorithm are similar. In each
of the two modes, the algorithm first checks on a load type indicator (e.g. inputted by user or set
by another part of the system power management), as shown in Fig. 4.4. For a voltage load, the
SOC-MPPT controller senses the load current of the system. When the algorithm starts, the duty
cycles of each sub-MIC's duty cycles are set as D1, D2,...,DN. In the first operation mode (Mode
I), the SOC-MPPT controller adjusts/perturbs the duty cycles (Di) of all sub-MICs in the same
direction (all increment or all decrement) in order to converge to a maxima under the existing
differences between the duty cycles (the differences between the duty cycles are kept unchanged
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in this operation mode). In Mode I, the load current value I(k) is compared to its previous value
I(k-1) from the previous algorithm iteration to yield the change in load current Idiff =I(k)-I(k-1).
Similarly, the change in duty cycle Ddiff = D1(k)-D1(k-1) is obtained.
Mode I
Initialize
a=0,b=0, Flag1=0

Yes

No
Voltage load?

Sense I(k)

Sense V(k)

I diff  I (k )  I (k  1)

Vdiff  V (k )  V (k  1)

Delay Time
Ddiff  D1 (k )  D1 (k  1)

Ddiff  D1 (k )  D1 (k  1)

No

No

Yes

I diff  0

I (k  1)  I (k )

V (k  1)  V (k )

D(k  1)  D(k )

D1 (k  1)  D1 (k )

No

No

Sign(I diff )  Sign(Ddiff )

D(k  1)  D(k )

D1 (k  1)  D1 (k )

DN (k  1)  DN (k )

DN (k  1)  DN (k )

Yes

Vdiff  0

DN (k  1)  DN (k )

DN (k  1)  DN (k )

No

Yes

Flag1  1

No

Yes

Sign(Vdiff )  Sign( Ddiff )

Yes

Flag1  1

Yes

D1 (k )  D1 (k  1)  D

D1 (k )  D1 (k  1)  D

D1 (k )  D1 (k  1)  D

D1 (k )  D1 (k  1)  D

DN (k )  DN (k  1)  D

DN (k )  DN (k  1)  D

DN (k )  DN (k  1)  D

DN (k )  DN (k  1)  D

a  a 1

a  a 1

b  b 1

Yes

D >D max

D  Dmin

D  D max

No

No

D  D min

No

Flag1  1

D >D max

Yes

Yes

D  Dmin

D  D max

No

Mode II

No

Yes
D  D min

No

Flag1  1

Flag1  0
aR
bS

b  b 1

Yes

Flag1  0
aR
bS

Yes

Mode II

Fig. 4.4: SOC-MPPT algorithm flowchart for Mode I.
Note that obtaining Ddiff for any of the sub-MICs (sub-MIC for cells group 1 is used here as an
example) is enough since in this operation mode all duty cycles are perturbed in the same
direction. If the sign of Idiff and Ddiff are the same, each of the duty cycles is incremented by ΔD
and the variable "Flag1" is set to "1" in order for the algorithm to remember the last perturbation
direction of the duty cycles. If the signs of Idiff and Ddiff are opposite, each of the duty cycles is
decremented by ΔD and "Flag1" is set to “0” in order for the algorithm to remember the last
perturbation direction of the duty cycles. As illustrated in Fig. 4.4, the value of "Flag1" is used in
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the case when Idiff = 0, which could happen because the ADC’s resolution is not enough to see
the change in the load current as a result of the last duty cycles perturbation. In this case, the duty
cycles are perturbed in the same direction as in the past iteration and the voltage values are not
swapped. This step is equivalent to increasing the duty cycles perturbation step size. For
operation safety, the duty cycle values are always compared and limited to a minimum value
(Dmin) and a maximum value (Dmax). The variable "a" is incremented each time the duty cycles
are incremented and the variable "b" is incremented each time the duty cycles are decremented.
Once variables "a" and "b" are larger than selected threshold values R and S (e.g. R=4 and S=4),
the controller switches to the second mode of operation (Mode II).
Mode II
Initialize
x=1, c=0,d=0, Flag2=0

No

Yes
Voltage load?

Sense V(k)

Sense I(k)

Delay Time

I diff  I (k )  I (k  1)

No

No

Yes

I diff  0

Dx (k  1)  Dx (k )

No
No

Flag 2  1

No

Yes

No

Flag 2  1

xN

No

c U
d V

x  x 1

x  x 1
No

Flag 2  0

Yes

No

c U
d V

Yes

No
Mode I

xN

Yes
Mode I

Fig. 4.5: SOC-MPPT algorithm flowchart for Mode II.
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Yes

Dx (k )  Dx (k  1)  D
d=d+1

Flag 2  1

Flag 2  0

Yes

Flag 2  1

Yes

Vdiff  0

Dx (k )  Dx (k  1)  D
c=c+1

Dx (k )  Dx (k  1)  D
d=d+1

Dx (k )  Dx (k  1)  D
c=c+1

Dx (k  1)  Dx (k )

I (k  1)  I (k )

Yes

I diff  0

Yes

Vdiff  0

Dx (k  1)  Dx (k )

Dx (k  1)  Dx (k )

I (k  1)  I (k )

Delay Time

Vdiff  V (k )  V (k  1)

In Mode II, the SOC-MPPT controller perturbs the duty cycle of each sub-MIC sequentially
in order to detect the needed differences between the duty cycles. In Mode II of the algorithm,
the duty cycle of the sub-MIC connected to the first group of cells is perturbed while the other
sub-MICs' duty cycles are kept constant. The variable Flag2 in Mode II serves a similar purpose
as the variable Flag1 in Mode I. The variable c is incremented each time a positive duty cycle
perturbation is generated and the variable d is incremented each time a negative duty cycle
perturbation is generated. Once the values of c and d are larger than a selected value U and V
(e.g. U=4 and V=4), the index variable "x" is incremented by "1", which moves the algorithm
operation to perturb the second (or next) sub-MIC duty cycle. When the index variable "x" is
equal to N (number of the channels in the system), the algorithm switches form Mode II back to
Mode I.
4.4. Theoretical Analysis
In this section, analysis of the proposed SOC-MPPT controller operation is presented. For the
PV system with a battery load as illustrated in Fig. 4.3(a), the output voltage (VL) is relatively
constant or slowly varying compared to the MPPT control operation, but could also has faster
transients. The analysis here assumes constant load voltage but the experiment section will
demonstrate the operation under load voltage transients. The output power of the system (Pout) is
proportional to the load current (IL), as given by Eq. (4.2):

Pout I L

(4.2)

The MPPT controller's target is to maximize the load current. Assuming that power losses in
power converters are negligible, maximizing the load current is equivalent to maximizing each
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cell group's power. For the ith cell group, the cell group voltage (Vpv-i) is a function of the subMIC's output voltage (Vi) and its duty cycle (Di):
V pvi  Vi  (1  Di )

(4.3)

The ith cell group's current (Ipv-i) is a function of Vpv-i [D14] as given by Eq. (4.4):
qv pvi

I pvi  I sci  I o  (e Ak T  1)

(4.4)

In Eq. (4.4), Isc-i is the PV cell group's short circuit current, Io is the diode saturation current, q
is electron charge, T is temperature, A is ideality factor, and k is the Boltzmann constant.
The current of the group of PV cells is also a function of IL, as given by Eq. (4.5):
I pvi  I L / (1  D i )

(4.5)

Based on Eq. (4.3) to Eq. (4.5), the load current is expressed as:

I L  I sci  I sci  Di  I o

qVi (1 Di )
 e Ak T

 Di  I o

qVi (1 Di )
 e Ak T

 I o  Di  I o

(4.6)

Eq. (4.7) and Eq. (4.8) are the first and second derivatives of IL with respect to D i :
dI L
  I sci  I o  I o  e
dDi
d 2IL
dDi

2

  Di  I o 

q Vi
e
A  k T

qVi (1 D i )
Ak T

qVi (1 Di )
Ak T (

(

q Vi
q Vi
 Di 
 1)
A  k T
A  k T

q Vi
q Vi
 Di 
 1)  [ I o  e
A  k T
A  k T

qVi (1 Di )
Ak T

A

 Di

qVi
]
A  k T

(4.7)

(4.8)

B

Part A and part B of Eq. (4.8) are negative resulting in d 2 I L / dDi 2  0 . Applying concave
theorem [D15], Eq. (4.6) is a concave down curve, with maximum IL at dI L / dDi  0 . This
characteristic of Eq. (4.6) enables the P&O algorithm to track the MPP accurately by sensing IL,
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similar to conventional P&O algorithm utilizing the concave curve of PV power versus voltage.
When load current IL is maximized, each sub-MIC optimal duty cycle of each group of PV cells
is calculated as follows:
dI L
  I sci  I o  I o  e
dDi

qVi (1 D i )
Ak T (

q Vi
q Vi
 Di 
 1)  0
A  k T
A  k T

(4.9)

By assuming (q Vi  Di ) / ( A  k  T )  xi , and by applying first order Taylor series
approximation, Eq. (4.10) is obtained.
(1  xi )(

q Vi
(I
I )
 1  xi )  scqVi o
i
A  k T
e Ak T  I o

Let (q Vi ) / ( A  k  T )  ti , ( I sc i  I o

qVi
A
) / e k T

(4.10)

 I o  pi , Eq. (4.10) becomes:

xi 2  ti  xi  ( pi  ti  1)  0

(4.11)

(q Vi  D) / ( A  k  T )  xi and xi is negative, the solution for Eq. (4.11) is given by:

xi 

ti  ti 2  4  ti  ( pi  ti  1)
2



qVi Di
 ti  D
A  k T

1  1  4(
Di opt 

1  1  4( pi  ti  1) / ti
2



I sc i  I o
qVi

(4.12)



e Ak T  I o
2

q Vi
q Vi
 1) /
A  k T
A  k T

(4.13)

If all PV cell groups and their sub-MICs have identical characteristics, Mode I of the
algorithm is enough to locate the optimal duty cycle based on the concave function of Eq. (4.6).
In this case, D1-opt= D2-opt=...= DN-opt, where in Eq. (4.13), Isc-1= Isc-2= ...=Isc-N and Vi=VL/N. In
the case when the PV cell groups are mismatched, the purpose of Mode I algorithm is to speed
90

up the tracking process while Mode II of the algorithm locates each sub-MIC's optimal duty
cycle. If a current load type is used as in Fig. 4.3(b), similar conclusion can be reached.
4.5. Proof-Of-Concept Experimental Results
A proof of concept experimental prototype, as illustrated in Fig. 4.6, is developed in the
laboratory for the purpose of testing and evaluation of the SOC-MPPT controller and
architecture.
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Fig. 4.6: High-level schematics of the experimental prototype circuit (Cond. A: current load
type, Cond. B: voltage load type).
The prototype includes three DC-DC boost power converters with their output connected in
series, a TMS320F28335 micro-controller, Agilent solar array simulators (SAS), and an
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electronic load (Chroma 63030). In this experiment, the electronic load is once used as a
current load type (Cond. A in Fig. 4.6) and once as a battery load type (Cond. B in Fig. 4.6).
Under Cond. A, the load voltage is sensed and fed to the analog-digital-converter (ADC) of the
controller. Under Cond. B, the load current is sensed and fed to the 12-bit ADC of the
controller. The microcontroller perturbs the sub-MICs' duty cycles with 0.5% perturbation step
size. One point which is worth mentioning is that under both load conditions, the loads are not
always kept constant, i.e., the results here are also shown when load transients are triggered to
verify the effectiveness of the proposed system even when the load varies.
4.5.1. Load Cond. A Under Mismatched Irradiance Level of PV Cell Groups (Current Load Type)
Experiment Results

The experiment is performed first with a constant current load of 0.3A and with mismatched
conditions for the three PV cell groups. The parameters of the PV cell groups are:
GA: Voc=5.5V, Vmp=5.0V, Imp=1.2A, Isc=1.4A.
(This represents 100% irradiance level of 1000W/m2)
GB: Voc=4.8V, Vmp=4.0V, Imp=0.6A, Isc=0.8A.
(This represents 50% irradiance level of 500W/m2)
GC: Voc=5.0V, Vmp=4.5V, Imp=1.0A, Isc=1.2A.
(This represents 90% irradiance level of 900W/m2)
where Voc is the open circuit voltage of the PV cell group, Isc is the short circuit current of the
cell group, Vmp is the maximum power point voltage of the cell group and Imp is the maximum
power point current of the cell group. Initially, the SOC-MPPT algorithm is not triggered to start
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and the voltage and current operating points of each cell group are not at the desired maximum
power points as shown in Fig.4.7(a) and (b) waveforms (fixed lines before the time duration T1).

T1

T2

(a)
(Horizontal scale: 200ms/div, traces scales from top to bottom: GA voltage 2V/div, GB
voltage 2V/div, GC voltage 1.5V/div, ADC voltage 300mV/div.)

T1

T2

(b)
(Horizontal scale: 200ms/div, traces scales from top to bottom: GC current 250mA/div, GB
current 150mA/div, GA current 300mA/div.)
Fig. 4.7: Experimental results with 0.3A current load type under mismatched irradiance
conditions: (a) voltage waveforms of PV cell groups and (b) current waveforms of PV cell
groups.
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The SOC-MPPT algorithm is then triggered to start in Mode I, as marked by period T1. The
duty cycles of the three sub-MICs are perturbed in the same direction during T1 until the duty
cycles oscillate around a point indicating that a possible MPP using this mode have been reached
(this is would have been the MPP of PV cell groups were matched/under the same irradiance
level). During this mode, the currents in the three PV cell groups increase while the voltage
decrease, as shown in Fig. 4.7(a) and (b). Because of the mismatching conditions between the cell
groups, Mode I (duration T1) of the controller moves the operating points of GA and GC closer to
its MPP, however, operating points of GB are deviating from its MPP. In Mode II (duration T2),
the controller increases the voltage of GA and GC while decreases the voltage of GB. After T2,
the operating points (expressed in the form of voltage and current point) of each PV cell group is
approximately at (5V, 1.2A), (4V, 0.6A) and (4.5V, 1.0A), which correspond to the maximum
power points set by SAS. The total tracking time from the algorithm start time to reaching the
steady-state condition took 1200ms in this case.
The sensed voltage signal sent into the ADC of the controller is shown in Fig. 4.7(a). Two
observations can be obtained from this voltage waveform: (1) without low-pass filter, the signal
obtained after the output filter capacitor is clean and (2) the output voltage signal value is
maximized through the MPP tracking with the current load type as discussed in previous section.
Fig. 4.8 shows the power of each PV cell group reaching their maximum values and the load
power is thus maximized. In Fig.4.8(a) and (b), it can be observed that after the SOC-MPPT
controller is started, the power of GA has increased 40%, GB's power maintains at maximum
power value and GC's power increased by 50%.
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GA Power (2W/div.)

GC Power (1.5W/div.)

GB Power (1W/div.)

(a)

(b)
Load power (1.2W/div.)
Load voltage (10V/div.)
Load current (200mA/div.)

(c)
(Horizontal scale: 200ms/div)
Fig. 4.8: Experimental results with 0.3A current load type under mismatched irradiance
conditions: (a) GA and GB power waveforms, (b) GC power waveform and (c) load voltage,
current and power waveforms
4.5.2. Load Cond. A underLoad Transient (current load type) Experiment Results
Fig. 4.9 and Fig. 4.10 show the MPPT controller tracking results with 0.4A to 0.3A load
current transient. The decrease in the output current leads to decrease in the output current of the
cell groups and therefore the operating points of the cell groups initially deviates from the MPPs
before the controller converges again to the new MPP values. The dynamic tracking time took
approximately 600ms.
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GA Voltage (2.0V/div.)

GA power (2.0W/div.)
GA Current (500mA/div.)

GB power (1.0W/div.)
GB Voltage (2.0V/div.)

GB Current (500mA/div.)

(a)

(b)
(Horizontal scale: 200ms/div.)

Fig. 4.9: Experimental results with load current transient from 0.4A to 0.3A: (a) GA’s and
GB's voltage and current waveforms and (b) GA’s and GB's power waveforms.

GC voltage (1.5V/
div.)

GC current (500mA/div.)
GC power (1.5W/div.)

(Horizontal scale: 200ms/div)
Fig. 4.10: Experimental results of GC's voltage, current and power waveforms with load
current transient from 0.4A to 0.3A.
4.5.3. Load Cond. B under Mismatched Irradiance Level of PV Cell Groups (Voltage/Battery
Load Type) Experiment Results
Next, the experiment is performed with a voltage/battery load of 20V and with mismatched
irradiance level conditions for different PV cell groups. Initially, the MPPT algorithm is not
triggered to start and the voltage and current operating points of each cell group are not at the
desired maximum power points as shown in Fig. 4.11(a) and Fig. 4.12(a) (fixed lines before the
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time duration T1). After the SOC-MPPT controller is started, the voltage of GA drops to 5V, the
voltage of GB drops to around 4V, and the voltage of GC drops to 4.5V.

T1

T2
(a)

(Horizontal scale: 200ms/div, traces scales from top to bottom: GB voltage 1.0 V/div., GB
Current 300mA/div., GA voltage 1.2V/div., GA Current 1.0A/div.)

GA power (1.2W/div.)
GB power (800mW/div.)

(b)
(Horizontal scale: 200ms/div)
Fig. 4.11: Experimental results with 20V voltage/battery load under mismatched irradiance
levels: (a) GA’s and GB's voltage and current waveforms and (b) GA’s and GB's power
waveforms.
The voltage of each cell group corresponds to the maximum power point voltage as set by
SAS. The total power absorbed by the load form Fig. 4.11(b) is around 12W. With 12.8W power
generated by the PV cell groups, the power stage efficiency is around 93.5% under this operating
97

condition. As can be observed from Fig. 4.11(b) and Fig. 4.12(a), the power of GA and GB
increased by 20% and 30%. The power of GC increased by 10% after starting the controller. The
total tracking time from the algorithm start time to reaching the MPPs is around 800ms in this
case.

T1

T2
(a)

(Horizontal scale: 200ms/div, traces scales from top to bottom: GC voltage 1.2V/div., GC
Current 500mA/div. and GC power 900mW/div.)
Load voltage (6V/div)
Load current (300mA/div)

Load power (3W/div)

(b)
(Horizontal scale: 200ms/div)
Fig. 4.12: Experimental results with 20V voltage/battery load under mismatched irradiance
levels: (a) GC's voltage, current and power waveforms and (b) load voltage, current and power
waveforms.
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4.5.4. Load Cond. B under Load Transient (Voltage/Battery Load Type) Experiment Results
Fig. 4.13 shows the MPPT controller tracking results with 20V to 25V load voltage transient.
The increase in the load voltage leads to decrease in output current of the cell groups and
therefore the operating points of all cell groups are initially deviating from the MPPs. The SOCMPPT controller is able to recover the operating points of each cell group to the new

MPPs

after the transient within duration of 200ms under this transient case.
GA Voltage (1V/div)
GA power (1.2W/div.)

GA Current (500mA/div)
GB Voltage (1V/div)
GB Current (500mA/div)

GB power (800mW/div.)

(a)

(b)

GC voltage (1V/div)

GC current (500mA/
div)

GC power (1W/div)

(c)
(Horizontal scale: 200ms/div)
Fig. 4.13: Experimental results under load voltage transient from 20V to 25V: (a) GA's and
GB's voltage and current waveforms, (b) GA’s and GB's power waveforms and (c) GC's voltage,
current and power waveforms.
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4.5.5. Tracking Efficiency, Power Stage Efficiency and Total System Power Conversion
Efficiency of Sub-MIC SOC-MPPT Architecture

To further test and evaluate the performance of the proposed sub-MIC SOC-MPPT controller
and architecture, the tracking efficiency, power stage efficiency and total system power
conversion efficiency data are recorded by changing the load current from 0.3A to 0.5A for
current load type case (Fig. 4.14) and from 20V to 40V for voltage/battery load type (Fig. 4.15).
The irradiance conditions of the cell groups are set the same as in the conditions set in sub-section
4.5.1.
100%

Efficiency

95%
90%
Tracking Efficiency

85%

Power Stage Efficiency
Total System Power Conversion Efficiency

80%
0.3

0.4

0.5

0.6

Load Current (A)

Fig. 4.14: Experiment data for tracking efficiency, power stage efficiency and total system
power conversion efficiency under current load type.
The proposed sub-MIC SOC-MPPT architecture used in this paper senses output the voltage
or the current and maximizes the load power Pout_L. The total system power conversion efficiency
(η) is defined in this paper as the load power Pout_L divided by maximum available power from
all cell groups under certain irradiance level, which is given in Eq. (4.14):

  Pout _ L / ( PA _ max  PB _ max  PC _ max )

(4.14)
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where the PA_max, PB_max, PC_max is the maximum available power from each solar cell group
under certain shading condition. The total system power conversion efficiency takes into account
the power stage (sub-MIC) efficiency and the tracking efficiency of the input PV cell groups. It
is important to evaluate the PV system performance based on total system power conversion
efficiency because the final objective is to deliver higher amount of power to the load.

As

observed from Fig. 4.14 and Fig. 4.15, the tracking efficiency of the MPPT controller remained
above 95% and the power stage efficiency ranged from 92% to 95%, which result in the system
power conversion efficiency ranged from 91% to 92%. Higher power stage efficiency can be
achieved with better design and components. The tracking efficiency could also be improved by
using higher resolution hardware and smaller perturbation step size for the duty cycles.

100%

Efficiency

95%

90%
Tracking Efficiency

85%

Power Stage Efficiency
Total System Power Conversion Efficiency

80%
20

25

30

35

40

Load Voltage (V)

Fig. 4.15: Experiment data for tracking efficiency, power stage efficiency and total system
power conversion efficiency under voltage/battery load type.
Under the current load sweep and the voltage/battery load sweep, the tracking efficiency of the
MPPT controller remained above 95% and the power stage efficiency ranged from 92% to 95%.
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Higher power stage efficiency can be achieved with better design and components. The tracking
efficiency could also be improved by using higher resolution hardware and smaller perturbation
step size for the duty cycles.
4.5.6. Comparisons between Total System Power Conversion Efficiency of Sub-MIC SOCMPPT Architecture and Panel-Level Architecture

For comparison purpose, another experiment setup is built in the laboratory for panel-level
MPPT architecture. Different from the experiment setup shown in Fig. 4.6, in the panel-level
MPPT architecture, only one power converter is used to perform MPPT for the three cell groups
(cell groups are directly connected in series). In the testing, the irradiance level of PV cell group C
is varied from full irradiance to 30% irradiance level. Because all of the cells are connected in
series, varying the irradiance level of one cell group is sufficient to cause mismatched condition
effect in the PV cell string.
Fig. 4.16(a) shows comparisons between the total system power conversion efficiency of the
proposed sub-MIC SOC-MPPT architecture and the panel-level MPPT architecture with a
voltage/battery load (20V). Fig. 4.16(b) shows comparisons between the total system power
conversion efficiency of the proposed sub-MIC SOC-MPPT architecture and the panel-level
MPPT architecture with current load type (0.3A). As shown from Fig. 4.16(a) and Fig. 4.16(b),
without shading, both panel-level and the sub-MIC SOC-MPPT architecture have the same total
system power conversion efficiency (94%). In the panel-level MPPT architecture, the power
extraction from the system is limited by the shaded cell group, therefore the total system power
conversion efficiency is degraded. The sub-MIC SOC-MPPT architecture allows the current of
unshaded cells to operate at maximum power point, which results in higher harvested output
power and higher total system power conversion efficiency. In sub-MIC SOC-MPPT architecture,
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a maximum of 40% total system power conversion efficiency increase is achieved under heavily
shaded conditions as can be observed from Fig. 4.16(a) and Fig. 4.16(b). The proposed sub-MIC
SOC-MPPT architecture is able to maintain higher total system power conversion efficiency than
panel-level MPPT architecture by using one sensor and one MPPT controller . The total system
power conversion efficiency of sub-MIC SOC-MPPT architecture drops with increased shading,
as a result of lower power stage efficiency with increased shadings on the PV cell group.
100%
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Panel-level MPPT
Architecture Total System
Power Conversion Efficiency

40%
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Sub-MIC SOC-MPPT
Architecture Total System
Power Conversion Efficiency
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Sub-MIC SOC-MPPT Architecture
Total System Power Conversion
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(a)
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Fig. 4.16: Total system power conversion efficiency comparison between the panel-level
MPPT architecture and sub-MIC SOC-MPPT architecture with (a) constant voltage/battery load
(20V) and (b) with current load (0.3A).
As shown from Fig. 4.16(a) and Fig. 4.16(b), without shading, both panel-level and the subMIC SOC-MPPT architecture have the same total system power conversion efficiency (94%). In
the panel-level MPPT architecture, the power extraction from the system is limited by the shaded
cell group, therefore the total system power conversion efficiency is degraded. The sub-MIC
SOC-MPPT architecture allows the current of unshaded cells to operate at maximum power point,
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which results in higher harvested output power and higher total system power conversion
efficiency. In sub-MIC SOC-MPPT architecture, a maximum of 40% total system power
conversion efficiency increase is achieved under heavily shaded conditions as can be observed
from Fig. 4.16(a) and Fig. 4.16(b). The proposed sub-MIC SOC-MPPT architecture is able to
maintain higher total system power conversion efficiency than panel-level MPPT architecture by
using one sensor and one MPPT controller . The total system power conversion efficiency of subMIC SOC-MPPT architecture drops with increased shading, as a result of lower power stage
efficiency with increased shadings on the PV cell group.
4.6. Chapter Summary
The chapter presents the concept of sub-MIC SOC-MPPT control architecture. With only a
single output parameter sensor, a single ADC and one digital MPPT controller, the presented
algorithm is able to optimize the performance of PV system with multiple PV cell groups. The
theoretical assumption and operation of the SOC-MPPT controller and architecture are tested and
verified by experimental results under steady-state and transient operations. Compared to panellevel MPPT control and architecture, the proposed concept is able to maintain high tracking
efficiency and high total system power conversion efficiency under mismatching and partial
shading conditions.
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CHAPTER 5
A DISTRIBTUED PV SYSTEM ARCHITECTURE WITH SINGLE POWER CONVERTER
AND SINGLE-SENSOR MPPT CONTROLLER

5.1. Introduction
The major challenging factor in MIC or sub-MIC PV system architecture as discussed in the
last section is the high-cost in addition to increased circuitry complexity. For sub-MIC
architecture in Fig. 4.3, if the PV cells in a single PV panel are grouped into M cell groups and M
sub-MICs are required for each PV panel. This means that for an N-panel PV system, N×M
power converters are needed in addition to N×M digital MPPT controller, 2×N×M ADCs and
their related signal conditioning circuits, and 2×N×M voltage/current sensors. If buck converter
or boost converter is used for the sub-MICs as in [D12, D13], 2M power switches, M inductors
and at least 2M capacitors are required per sub-MIC (power converter).
As a result of the motivation to reduce cost in distributed PV system architectures, a singlesensor MPPT control scheme is proposed in [E1] which reduces the requirements to single
MPPT digitalcontroller, signle current sensor, and single ADC. The MPPT controller presented
in [E1] also achives fast tracking speed as a result of its two-mode operation. However, [E1] did
not solve another major issue of N power converters requirememt for the MIC archticture or
N×M power converters requirement for the sub-MIC architectures. This work addresses this
issue by pressenting a PV system architecture that requires only a single power converter (with
the related control concept) and single MPPT (Maximum Power Point Tracking) controller
(based on a the controller in [E1]) that only requires one sensor. For abbreviation, this
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architecture is referred to as SPC-SC-SS-MPPT (Single-Power-Converter Single-Controller
Single-Sensor MPPT). This results in significant cost reduction. The power converter used is a
Multi-Input Single-Inductor (MISI) converter. Multi-input power converter topologies can
potentially reduce the number of components in power systems [E2-E5].
Section 5.2 illustrates the proposed SPC-SC-SS-MPPT architecture with focus on power
converter operation and MPPT operation. Experimental results are presented in Section 5.3.
Summary of the chapter is given in Section 5.4.
5.2. SPC-SC-SS-MPPT PV Solar System Architecture And Analysis
The proposed SPC-SC-SS-MPPT architecture is illustrated in Fig. 5.1. The work will focus on
the application of the proposed architecture at grouped-cells-level even though the concept is
similar at the panel level, which means that each cell group/panel is connected to the MISI power
converter through power switches. For a PV system with N PV cell groups, by using the MISI
power converter topology along with single MPPT controller with single sensor, only one power
inductor, one ADC and one MPPT digital controller are required in the proposed architecture.
With fewer components, the size, cost and power losses are reduced. The single-sensor MPPT
technique of [E1] is modified in this work in order to suite the MISI converter for tracking the
MPPs of multiple cell groups under mismatching and partial shading conditions by using only
load current information assuming the load is a battery load or resistive load. Similarly, if the
load is current-type load (e.g. current source inverter), the load voltage can be used for MPPT.
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Fig. 5.1: Illustration diagram of proposed SPC-SC-SS-MPPT architecture.
5.2.1. MISI Power Converter Operation
As shown in Fig. 5.1, PV cell groups are connected to the MISI power converter through
power switches (Su1, Su2,..., SuN). The power switches Su1 to SuN are turned ON and OFF
sequentially based on the driving signals (Pu1, Pu2,..., PuN) as illustrated in Fig. 5.2
(T1=T2=...=TN=103µs in this design example including 3µs overlapping time). Fast recovery
diodes D1, D2,..., DN are placed before the power MOSFETs (Su1, Su2,..., SuN) to prevent the
conduction of MOSFET body diodes under the condition when the voltage at the source of the
MOSFET is higher than voltage at the drain of the MOSFET. Two power MOSFETs Sl1 and Sl2
are controlled by the driving signal Pl1 and Pl2 (with a frequency of 100kHz in this work’s design
example resulting Td=10us). Because Sl1 and Sl2 are driven ON and OFF complimentarily, only
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the driving signal Pl1 of Sl1 is shown in Fig. 5.2. In Fig. 5.2, when Sui is switched ON, the duty
cycle value of Pl1 is Di (where i=1,..., N and N is the number of inputs).

Pu1

T1
To

Pu2

t

T2

To

t
TN

PuN

Pl1

Td

D1

Td

Td

D2

DN

t
t

t
Fig.5.2: Illustration diagram of driving signals to each power switch in MISI power converter
with the proposed control
In order to keep the power converter operating in continuous conduction operation mode [E6],
there is a 3µs overlap time (e.g. To=3µs) between the driving signals of input switches. Sui+1 is
turned ON before Sui (i=1,2,....,N) is turned OFF by To, as shown in Fig. 5.4. The behavior of
MOSFET during the 3µs overlapping time will be explained later in this section. To simplify the
description of the operation modes, the case with two inputs is used. The equivalent circuits for
the main modes of operations are illustrated in Fig. 5.3, and the timing for each operation mode
is illustrated in Fig. 5.4.
Mode 1 (t10~t11): In this mode, the power switches Su1, Sl2 are turned ON and Sl1 is turned
OFF. PV Cell Group 1 supplies voltage V1 at the input which charges the inductor and causes its
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current to ramp up. Assume that the output voltage is Vout, and change in inductor current is ∆iL.
Eq. (5.1) gives the relationship between the input voltage and the charging time:

iL / (t11  t10 )  V1 / L

(5.1)

Mode 2 (t11~t12): In this mode, the power switch Su1 and Sl1 are turned ON and Sl2 is turned
OFF. PV Cell Group 1 supplies voltage V1 at the input. In this mode the inductor discharges and
its current ramps down based on Eq. (5.2):

iL / (t12  t11 )  (V1  Vout ) / L

(5.2)

Mode 1 and Mode 2 repeats for N switching cycles (10 cycles in this work’s design example)
during T1 when Su1 is ON. The MPPT control for PV Cell Group 1 can be performed by
perturbing the duty cycle (D1) of Sl1 during T1, where D1= (t12-t11)/Td (shown in Fig. 5.4).
At the time t1q, the power converter is still operating in Mode 1 where Sl1 enters OFF state.
The t1r represents the start of Mode 2, when Sl1 enters ON state. The time t1s represents the time
when the power converter enters Mode 3 (q=N-1, r=N and s=N+1).
Mode 3 (t1s~t21): Mode 3 (t1s~t21): In this mode, the driving signals of the two power switches
Su1 and Su2 are logic high during To. However only the power switch connected to the PV with
higher input voltage will turn ON. For instance, if V1>V2, then power switch Su1 is turned ON as
shown in Fig. 5.4. The power switch Su2 is not turned ON because the voltage at source is larger
the voltage at drain. In this mode, the inductor continues to discharge based on Eq. (5.3):

iL / (t21  t1s )  [(V1  V2 ) / 2  Vout ] / L

(5.3)

109

Su1

D1

PV Cell
Group 1

V1

L

Sl1

Vout

D1

PV Cell
Group 1

C1
Su2

D2

PV Cell
Group 2

iL

Pu1

C2

Pl1
Sl2

C1

Load

Cout
C2

D1

Su1

C1

C2

D2

Su2

Sl1

Vout

V 1 D1

PV Cell
Group 1

Su2

Pl1
Sl2

Load

Cout
Pl2

iL

Pu1

Pl1

Load

Cout

V2 D2

PV Cell
Group 2

Pl2

C2

Pu2

Vout

L

Su1

C1

Pl1
Sl2

iL

Vout

Mode 2

iL

Pu1
V2

PV Cell
Group 2

L

Sl1

L

Pu2

Mode 1
V1

V1

Pu1
D2

PV Cell
Group 2

Pl2

Pu2

PV Cell
Group 1

Su1

Su2

Sl2

Load

Cout
Pl2

Pu2

Mode 3

Mode 4
V1 D1

PV Cell
Group 1

Su1

C1

L
iL

Pu1
Su2
V2 D2

PV Cell
Group 2

C2

Sl1

Vout

Pl1
Sl2

Load

Cout
Pl2

Pu2

Mode 5
Fig.5.3: Equivalent circuits for the modes of operation.
Mode 4 (t21~t22): In this mode, the power switches Su2, Sl2 are turned ON and Sl1 is Turned
OFF. PV Cell Group 2 supplies voltage V2 at the input which charges the inductor and causes its
current to ramp up. Eq. (5.4) gives the relationship between input voltage and charging time:

iL / (t22  t21 )  V2 / L

(5.4)

Mode 5 (t22~t23): In this mode, the power switch Su2 and Sl1 are turned ON and Sl2 is turned
OFF. PV Cell Group 2 supplies voltage V2 at the input. In this mode, the inductor discharges and
its current ramps down based on Eq. (5.5):
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iL / (t23  t22 )  (V2  Vout ) / L

(5.5)

Mode 4 and Mode 5 repeats for N switching cycles (10 cycles in this work’s design example)
during T2 when Su2 is ON. The MPPT control for PV Cell Group 2 can be performed by
perturbing the duty cycle (D2) of Sl1 during T2, where D2= (t23-t22)/Td. Mode 3 repeats each time
an input switch is to be turned ON and another is to be turned OFF in order to perform MPPT
control for the next input. For N inputs, the five modes of operation keep repeating. Having
different duty cycle values for Sl1 during each input switch turn ON period allows for MPPT
control for each input.
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Fig.5.4: Modes of operation for two input sources based on driving signal timing diagram.
By referring to Fig. 5.1, Fig. 5.2 and Fig. 5.4, by assuming the input voltages from the N PV
cell groups (or N PV solar panels) are V1, V2,..., VN and by applying Volt-Second balance theory
[C28] with duty cycle of Sl1 equal to Di yields:
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N

N

V

 Li  (1  Di )   
i 1

i 1

(Vi  Vout )
 Di
L

(5.6)

Solving Eq. (5.6) yields the output voltage equation:

Vout 

1 N Vi

N i 1 Di

(5.7)

5.2.2. Single-Sensor Maximum Power Point Tracking
The proposed single-sensor MPPT (SS-MPPT) algorithm proposed in [E1] is utilized to
perform MPPT control for the MISI power converter topology, as shown in Fig. 5.5. The
following discusses the operation of the algorithm. By referring to Fig. 5.1, the power switches
Su1, Su2,..., SuN operate at fixed frequency and fixed ON time duration. When Sui is tuned ON, the
duty cycle of Pl1 is Di, then by tuning/adjusting/perturbing D1, D2,..., DN , each PV cell group can
achieve their own MPP. The SS-MPPT algorithm has two operation modes, namely Mode I and
Mode II. In Mode I, the algorithm perturbs Pl1's duty cycles (D1, D2, ..., DN) in the same
direction in order to track the maximum power points (MPPs) of all PV cell groups together,
leading to a converge to a maximum power point (MPP) of the system, but not necessarily the
MPP of each PV cell group. Mode II in the algorithm detects the required difference between the
duty cycle value of Pl1 in order to account for the differences between the PV cell groups (e.g.
when they are subjected to different irradiance levels or when they are mismatched). The
controller senses the load current of the system. When the algorithm starts, the duty cycles of Pl1
are set as D1, D2,...,DN. In the first operation mode (Mode I), the controller adjusts/perturbs the
duty cycles (Di) in the same direction (all increment or all decrement) in order to converge to a
maxima under the existing difference between the duty cycles (the difference between the duty
cycles is kept unchanged in this operation mode). In Mode I, the load current value I(k) is
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compared to its previous value I(k-1) from the previous algorithm iteration to yield the change in
load current Idiff =I(k)-I(k-1). Similarly, the change in duty cycle Ddiff = D1(k)-D1(k-1) is
obtained.
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Fig. 5.5: Modified SS-MPPT control algorithm flowchart utilized in the SPC-SC-SS-MPPT
architecture.
If the sign of Idiff and Ddiff are the same, each of the duty cycles is incremented by ΔD and the
variable "Flag1" is set to "1" in order for the algorithm to remember the last perturbation
direction of the duty cycles. If the signs of Idiff and Ddiff are opposite, each of the duty cycles is
decremented by ΔD and "Flag1" is set to “0” in order for the algorithm to remember the last
perturbation direction of the duty cycles. As illustrated in Fig. 5.5, the value of "Flag1" is used in
the case when Idiff = 0, which could happen because the ADC’s resolution is not enough to see
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the change in the load voltage as a result of the last duty cycles perturbation. In this case, the
duty cycles are perturbed in the same direction as in the past iteration and the current values are
not swapped. This step is equivalent to increasing the duty cycles perturbation step size. For
operation safety, the duty cycle values are always compared and limited to a minimum value
(Dmin) and a maximum value (Dmax). The variable "a" is incremented each time the duty cycles
are incremented and the variable "b" is incremented each time the duty cycles are decremented.
Once variables "a" and "b" are larger than selected threshold values R and S (e.g. R=4 and S=4),
the controller switches to the second mode of operation (Mode II).
In Mode II, the SS-MPPT controller perturbs the duty cycle of Pl1 sequentially in order to
detect the needed difference between the input PV cells groups. In Mode II of the algorithm, the
duty cycle of Pl1 is perturbed and is passed to the first group of cells channel (when Su1 is ON).
The variable Flag2 in Mode II serves a similar purpose as the variable Flag1 in Mode I. The
variable c is incremented each time a positive duty cycle perturbation is generated and the
variable d is incremented each time a negative duty cycle perturbation is generated. Once the
values of c and d are larger than a selected value U and V (e.g. U=4 and V=4), the index variable
"i" is incremented by "1", which moves the algorithm operation to perturb the next perturbation
duty cycle. When the index variable "i" is equal to N (number of the cells groups in the system),
the algorithm switches form Mode II back to Mode I.
5.3. Experimental Results
A proof of concept experimental prototype, as previously illustrated in Fig. 5.1, is developed
in the laboratory for the purpose of testing and evaluation of the SPC-SC-SS-MPPT architecture
with a 15V battery/voltage type load. Three channels from the Agilent® Solar Array Simulator
(SAS) are used to emulate the behavior of the three cell groups, with each SAS's channel
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emulating a string of 20 PV cells (cell type P-Maxx-1400mA from SiliconSolar®) connected in
series. The reason for the SAS use in this experiment is that different combinations of
mismatching conditions can be set such that the operation of the proposed control scheme and
architecture can be evaluated within controlled laboratory environment for consistent results that
can be analyzed and compared. A TMS320F28335 micro-controller with 12-bit ADC is used as
SS-MPPT digital controller. The microcontroller generates 0.5% duty cycle perturbations during
the MPPT process. One point worth mentioning is that the voltage load is not always kept
constant, i.e., the results here are also shown when load transients are triggered to verify the
effectiveness of the proposed system even when the load varies. A MISI power converter
prototype with two inputs (illustrated in Fig. 5.1) is designed. The MISI power converter consists
of a 100uH inductor (L), three 220µH capacitors (C1, C2, Cout) and four MOSFETs (Su1, Su2, Sl1,
Sl2) and two diodes (D1 and D2).
The parameters of the PV cell groups are:
PV Cell Group1: Voc=11V, Vmp=10V, Imp=1.2A, Isc=1.4A.
(This represents 100% irradiance level of 1000W/m2)
PV Cell Group 2: Voc=9.0V, Vmp=8.0V, Imp=0.96A, Isc=1.12A.
(This represents 80% irradiance level of 800W/m2)
PV Cell Group 3: Voc=5.5V, Vmp=5.0V, Imp=0.6A, Isc=0.7A.
(This represents 50% irradiance level of 500W/m2)
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Fig. 5.6: Experimental results with 15V battery load under mismatched irradiance conditions
for voltage of each PV cell group.
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Fig. 5.7: Experimental results with 15V battery load under mismatched irradiance conditions:
(a) voltage, current and power waveforms of PV Cell Group 1 and PV Cell Group 2 and (b)
voltage, current and power waveforms of PV Cell Group 3.
Fig. 5.6 shows the MPPT operation voltage waveforms of the three PV cell groups under
mismatching conditions with 12V battery load. Initially, the SS-MPPT algorithm is not triggered
to start and the voltage and current operating points of PV cell groups are not at the desired
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maximum power points as shown in Fig. 5.6. The controller is then triggered to start, which
results in adjusting the duty cycles D1, D2 and D3 to their optimal values to yield to the three
MPPs. In Fig. 5.6, TI indicates the time period for Mode I of the controller algorithm and TII
indicates the time period for Mode II of the controller algorithm. During TI, the duty cycles D1, D2
and D3 are perturbed together and in the same direction, which results in increasing the total
system output power but not necessarily converging to each PV cell group MPP especially when
the PV cell groups are mismatched. During TII, the controller detects the needed difference
between D1, D2 and D3 in order to compensate for the mismatch and converge to the MPPs.

Load Voltage (5V/div.)
Load Current (500mA/div.)

Load Power (5w/div.)

(Horizontal scale: 100ms/div.)
Fig. 5.8: Experimental results with 15V battery load under mismatched irradiance conditions:
for voltage, current and power waveforms of load.
Fig. 5.7(a) and (b) show the voltage, current and power waveforms of each PV cell group
reaching their optimal values and therefore the power of each PV cell group is reaching its MPP.
Fig. 5.8 shows the waveforms at the load. The total tracking time from the algorithm start time to
reaching the steady-state condition took 800ms in this case (25ms MPPT perturbation period is
used, i.e., the complete MPPT cycle, from adjusting duty cycle to sensing the load current again,
is completed every 25ms). The power from PV Cell Group 1 is 11.8W, yielding 98.3% tracking
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efficiency (tracking efficiency calculated by dividing the power generated from the cell group by
the maximum available power of the cell group). The power from PV Cell Group 2 is 7.5W,
yielding 97.4% tracking efficiency. The power from PV Cell Group 3 is 2.9W, yielding 96.7%
tracking efficiency. The MISI power converter efficiency is around 91.3% (different power
converter design could lead to higher efficiency).
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Fig. 5.9: Experimental results with battery load transient (from 15V to 12V) under mismatched
irradiance conditions: (a) voltage, current and power waveforms of load, (b) voltage and current
waveforms of PV Cell Group 1 and PV Cell Group 2, (c) power waveforms of PV Cell Group 1
and PV Cell Group 2 and (d) voltage, current and power waveforms of PV Cell Group 3.
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Fig. 5.9 shows the MPPT controller tracking results with 15V to 12V load voltage transient.
The increase in the output voltage leads to decrease in the output current of the cell groups and
therefore the operating points of the PV cell groups initially deviates from the MPPs before the
controller converges again to the new MPP values. The dynamic tracking time took
approximately 200ms in this case.
Besides using a voltage-type load, the proposed architecture and SS-MPPT control scheme
can also be applied in PV system with current load type. For PV system with current load type,
SS-MPPT algorithm (illustrated in Fig. 5.10) senses and maximizes the load voltage instead of
sensing and maximizing the load current. The experiment MPPT results for PV system under
mismatching conditions and load transient conditions with a current-type load (1A) are shown as
follows. For the MPPT under mismatching conditions, the parameters of the PV cell groups are:
PV Cell Group1: Voc=11V, Vmp=10V, Imp=1.2A, Isc=1.4A.
(This represents 100% irradiance level of 1000W/m2)
PV Cell Group 2: Voc=9.0V, Vmp=8.0V, Imp=0.96A, Isc=1.12A.
(This represents 80% irradiance level of 800W/m2)
PV Cell Group 3: Voc=5.5V, Vmp=5.0V, Imp=0.6A, Isc=0.7A.
(This represents 50% irradiance level of 500W/m2)
In Fig. 5.10, the experiment is performed with a 1A current load type and with mismatched
irradiance level conditions for different PV cell groups. Initially, the MPPT algorithm is not
triggered to start and the voltage and current operating points of each cell group are not at the
desired maximum power points. After the SS-MPPT controller is started, as observed from Fig.
5.10(a) and Fig. 5.10(b), the voltage of PV Cell Group 1 increases to 10V, the voltage of PV Cell
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Group 2 drops to around 8V, and the voltage of PV Cell Group 3 increases to 5V. The voltage of
each cell group corresponds to the maximum power point voltage as set by SAS.
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Fig. 5.10: Experimental results with 1A current load type under mismatched irradiance
conditions: (a) voltage, current and power waveforms of PV Cell Group 1 and PV Cell Group 2,
and (b) voltage, current and power waveforms of PV Cell Group 3.
5.4. Chapter Summary
A PV system architecture with a single power converter with a single inductor and single
MPPT controller that only requires one sensor is presented in this work. In the proposed SPCSC-SS-MPPT (Single-Power-Converter Single-Controller Single-Sensor MPPT) architecture, the
input sources can be PV panels, PV cell groups or PV cells. The proposed architecture
effectively reduces the component cost and system volume compared to MIC or sub-MIC PV
solar system architectures. The proposed MISI-SS-MPPT architecture yields high tracking
efficiencies under mismatching conditions and transient conditions.
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CHAPTER 6
CONCLUSIONS AND FUTURE WORK
6.1. Major Contributions
The main contribution of this work includes addressing several issues that affect the power
efficiency, cost, and size of PV solar systems with different architectures for different
applications.
(1) A novel load-current-based MPPT digital controller with adaptive step size and adaptive
perturbation frequency algorithm is developed which improves PV system MPPT tracking speed
and tracking efficiency [F1].
(2) A two-mode single-sensor MPPT control algorithm for N-channel PV solar system is
developed which reduces the number of required sensors, number of ADCs, number of MPPT
digital controllers, and control circuitry power compared to conventional PV solar systems with
parallel MIC architecture [E1]. High tracking efficiencies are achieved under PV solar panel
mismatching conditions, irradiance transients and load transients.
(3) A sub-MIC SOC-MPPT controller and architecture is developed which effectively
eliminates partial shading effects in PV system. Compared to sub-MIC architectures proposed in
literature, this proposed controller and architecture reduces the required number of sensors and
MPPT controllers. This results in significant cost and size reduction while yielding high power
efficiency.
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(4) A SPC-SC-SS-MPPT architecture is developed in this work which is able to perform
MPPT control for PV solar systems at panel-level, cell-group-level and single-cell-level under
mismatching and partial shading conditions. The proposed architecture not only adopts a cost
effective single-sensor MPPT control method but also take another forward step by reducing the
power stage size and cost by using a multi-input single-power-converter with a single inductor.
A control scheme to drive the power stage switches is developed such that the single inductor
current is operating with continuous conduction mode while performing MPPT. Continuous
conduction mode results in lower current ripple (lower power losses at high currents, i.e., higher
efficiency) and lower voltage ripples (less capacitance requirement). It also reduces component
current stresses at high currents.
6.2. Summary
In Chapter 2, the MPPT tracking speed is addressed by developing two new control functions
that that can be used individually or jointly to significantly increase the MPPT tracking speed.
For the first time, a scheme is proposed to adapt the MPPT perturbation period as a function of
the duty cycle perturbation adaptive step size. When combing this with a proposed duty cycle
adaptive step size function which requires sensing only the load current, the MPPT controller
tracking speed is significantly improved. This yields to tracking the MPP faster under varying
conditions in order to harvest higher amount of solar energy (improves energy harvesting
efficiency). The proposed method is theoretically analyzed and evaluated experimentally.
In Chapter 3, this work develops a two-mode single-sensor MPPT control algorithm (SSMPPT) to realize MPPT control for N-channel PV system with parallel connection that requires
sensing and sampling only one current or one voltage value. This single load parameter of the
DC-DC power converter is used for MPPT control, for all the parallel PV channels. This is
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unlike conventional MPPT control algorithms that require sensing and sampling the voltage and
current of each channel (requiring N voltage sensors, N current sensors, 2N ADCs, and N MPPT
controllers) and in some of them using multipliers to calculate the power. The second mode of
the SS-MPPT algorithm takes care of locating the individual MPP for each channel while the
first mode improves the MPPs tracking speed. This MPPT control method is suited for
applications when the PV solar system's load is voltage type such as a battery or a gridconnected voltage source inverter, or when the PV solar system's load is current type such as
when the load is a grid-connected current source inverter (CSI). For the voltage load type
application, only one current sensor is needed and no voltage sensor is needed and for the current
load type application only one voltage sensor is needed and no current sensor is needed. For
both load types, only one MPPT controller is needed for N-channel PV solar system. It is also
suited for applications that require parallel connected channels (parallel connected PV solar
panels with high voltage and power rating in order to increase load current). The SS-MPPT
controller is discussed, analyzed, and experimentally tested and evaluated by using a laboratory
proof-of-concept experimental prototype.
In Chapter 4, the two-mode SS-MPPT algorithm is utilized in a PV solar with sub-MIC
architecture. This architecture is suitable for cell-level or cells-group-level MPPT control since a
single PV cell or a few PV cells have low output voltage and the series connection will result in
boosting this voltage to a desired level for some applications. Two main load types are
considered, the constant voltage load type (e.g. battery) and a constant current load type (e.g.
CSI). For the constant voltage load type application, only one current sensor is needed and no
voltage sensor is needed and for the constant current type application only one voltage sensor is
needed and no current sensor is needed. For both load types, only one MPPT controller is
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needed for N-channel PV solar system. As a result, the cost, size and complexity are significantly
reduced which makes sub-MIC architecture more practical. Proof-of-concept experimental
prototype results validated the concept for the two load types.
In Chapter 5, a SPC-SC-SS-MPPT (Single-Power-Converter Single-Controller Single-Sensor
MPPT) architecture is developed. This proposed architecture is able to perform maximum power
point tracking (MPPT) for PV system at panel-level, cells-group-level and single-cell-level under
mismatching and partial shading conditions using only one power stage with a single inductor.
The proposed architecture effectively reduces the number of components cost and system size
compared to other MIC or sub-MIC PV solar system architectures. The proposed SPC-SC-SSMPPT architecture yields high tracking efficiencies under mismatching conditions and transient
conditions. Compared to a sub-MIC architecture with N PV panels and M cell groups in a single
panel, the proposed architecture reduces the number of power stages from N×M to one or the
number of inductors from N×M to one, the number of required MPPT digital controller from
N×M to one, ADCs numbers from 2×N×M to one, the number of voltage and current sensors
from 2×N×M to one.
6.3. Future Work
The followings discuss some possible future research directions that are related to the concept
developed in this dissertation.
6.3.1. Investigation of Single-Stage Distributed MPPT Techniques for AC Systems
The concepts in this work were developed and validated by using DC-DC power stages to
supply power directly to a DC load or be used as a first stage to be connected to a DC-AC
inverter stage in order to supply power to standalone AC load or to the AC grid (two-stage
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system [F2]).

Another future candidate approach is to use a single-stage approach where

DMPPT control is performed directly by a DC-AC inverter without a first stage DC-DC
converter. An example of such system is illustrated in Fig. 6.1.

AC Load
(e.g. Grid)
PV Array
1

DC-AC
With MPPT

PV Array
2

DC-AC
With MPPT

PV Array
N

DC-AC
With MPPT

Fig. 6.1: Series-connected DC-AC DMPPT architecture for N-panel PV solar system.
Potential advantages of such single-stage DC-AC DMPPT architecture include:
(1) Potentially higher power conversion efficiency and lower hardware cost could be
achieved as a result of using single-stage architecture instead of two-stage architecture.
(2) Higher AC output voltage as a result of the series connection. This is of advantage when
the voltage available from each PV solar input is low (such as when using DMPPT architecture
at the PV cell level).
However, the control of such system is more complicated because several functions has to be
performed in one stage including MPPT, DC-AC inversion, in-series connection for AC outputs,
and synchronization with the grid if the system is grid-connected.
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One possible future research direction for the series-connected DC-AC DMPPT concept is to
develop cell-level or cells-group level series-connected DC-AC DMPPT architecture which
effectively eliminates the partial shading effects. Commonly used half-bridge inverters or fullbridge inverters for grid connection work at high voltage level. But other suitable DC-AC
inverter topologies that are suitable to work under low input voltage with voltage boosting ability
needs to be investigated. MPPT control algorithms need to be investigated to reduce the
hardware cost and size. Or in other words, an investigation of how similar concepts to the ones
developed in this work can be developed for such single-stage AC system.
6.3.2. Combination of Proposed Concepts
The proposed LCASF algorithm concept in this dissertation can be utilized to improve the
tracking time of the SS-MPPT algorithm. In this case, the perturbation step size and perturbation
frequency generated by the controller becomes adaptive in the two-modes of the SS-MPPT.
6.3.3. Mixed-Signal and On-Chip MPPT Controller Design and Integration
The on-chip integration of power systems is a recent and future trend for power systems
miniaturization and connection power losses reduction. MPPT controllers and MPPT power
stage could be integrated on-chip and with the PV cells or panels. This research area involves the
development of mixed-signal circuit designs that should have the following characteristics: Lowcost, low power consumptions, small-size, and high reliability. The concepts developed in this
work could be of benefit in this area. For example, the SPC-SC-SS-MPPT PV solar system
architecture developed in this work is potentially able to reduce the size and cost of the mixedsignal design and on-chip integration. Development in power component technologies is another
important factor.

126

REFERENCES
CHAPTER 1
[A1]

M.Thomsan, D.G.Infiels: “Impact of widespread photovoltaics generation on distribution
systems,” IET on Renewable Power Generation, vol. 1, no. 1, pp.33-40, 2007.

[A2]

D. Manz, O. Schelenz, R. Chandra, S. Bose, M. de Rooij, and J. Bebic, Enhanced
Reliability of Photovoltaic Systems with Energy Storage and Controls. NREL/SR-58142297 : National Renewable Energy Laboratory, January 2008.

[A3]

M. Meinhardt and G. Cramer, “Past, present and future of grid connected photovoltaic
and hybrid power systems,” in Proc. IEEE Power Eng. Soc. Summer Meeting, Seattle,
WA, Jul. 2000, vol. 2, pp. 1283–1288.

[A4]

G. Velasco-Quesada, F. Guinjoan-Gispert, R. Pique-Lopez, M. Roman-Lumbreras, A.
Conesa-Roca, "Electrical PV Array Reconfiguration Strategy for Energy Extraction
Improvement in Grid-Connected PV Systems," IEEE Transaction on Industrial
Electronics, vol. 56, no. 11, pp.4319-4331, Nov. 2009.

[A5]

J. H. R. Enslin, M. S. Wolf, D. B. Snyman, and W. Swiegers, “Integrated photovoltaic
maximum power point tracking converter,” IEEE Transaction on Industrial Electronics,
vol. 44, no. 6, pp. 769–773, Dec. 1997.

[A6]

U.S. Departement of Energy, 2011
http://www.nrel.gov/docs/fy13osti/54909.pdf.

[A7]

Goldberg, Delen (April 3, 2011). "Questions emerge over tax breaks for solar
project". Las Vegas Sun. Retrieved August 19, 2011.

[A8]

A. Riisnaes, C. Allen and P. Winkler, ""Dakota Sun" - the next generation solar powered
racing vehicle," Aerospace and Electronic Systems Magazine, vol.11, no.11, pp.3-6, Nov.
1996.

[A9]

R. Tonkoski, D. Turcotte and T.H.M. EL-Fouly, "Impact of High PV Penetration on
Voltage Profiles in Residential Neighborhoods," IEEE Transactions on Sustainable
Energy, vol.3, no.3, pp.518-527, July 2012.

Renewable

Energy

Data

Book,

[A10] S. Munir and Y.W. Li, "Residential Distribution System Harmonic Compensation Using
PV Interfacing Inverter," IEEE Transactions on Smart Grid, vol.4, no.2, pp.816-827, June
2013.
[A11] N. Kishor, S.R. Mohanty, M.G. Villalva and E. Ruppert, "Simulation of PV array output
power for modified PV cell model," in proceedings of IEEE International Conference
on Power and Energy (PECon), pp.533-538, Nov. 2010.

127

[A12] A.H.M. Nordin and A.M. Omar, "Modeling and simulation of Photovoltaic (PV) array
and maximum power point tracker (MPPT) for grid-connected PV system," in
proceedings of International Symposium & Exhibition in Sustainable Energy &
Environment (ISESEE), pp.114-119, June 2011.
[A13] K. Siri and K.A. Conner, "Independently sourced parallel-connected power systems with
maximum power tracking," Applied Power Electronics Conference and Exposition (
APEC '03), vol.1, pp. 533- 539, Feb. 2003.
[A14] G. Petrone, G. Spagnuolo, M. Vitelli, "A Multivariable Perturb-and-Observe Maximum
Power Point Tracking Technique Applied to a Single-Stage Photovoltaic Inverter," IEEE
Trans. Ind. Electron., vol. 58, no. 1, pp.76-84, Jan. 2011
[A15] Y. Jiang and J. A. Qahouq, “PV System Matlab Simulation Model for Two MPPT
Methods,” thhe Journal of International Review on Modelling and Simulations
(I.RE.MO.S.), Vol. 3, No.5, October 2010.
[A16] L. Piegari and R. Rizzo, "Adaptive perturb and observe algorithm for photovoltaic
maximum power point tracking," IET on Renewable Power Generation, vol. 4, no. 4,
pp.317-328, July 2010.
[A17] T. Esram and P. L. Chapman, “Comparison of photovoltaic array maximum power point
tracking techniques,” IEEE Transactions on Energy Conversion., vol. 22, no. 2, pp. 439–
449, Jun. 2007.
[A18] N. Femia, D. Granozio, G. Petrone, G. Spagnuolo, and M. Vitelli, “Predictive & adaptive
MPPT perturb and observe method,” IEEE Transaction on Aerospace Electronics
System, vol. 43, no. 3, pp.934–950, Jul. 2007.
[A19] N. Femia, G. Petrone, G. Spagnuolo and M. Vitelli, "A Technique for Improving P&O
MPPT Performances of Double-Stage Grid-Connected Photovoltaic Systems," IEEE
Transaction on Industrial Electronics., vol. 56, no. 11, pp.4473-4482, Nov. 2009.
[A20] Y. Jiang and J. Abu-Qahouq, "Study and evaluation of load current based MPPT control
for PV solar systems," in proceedings of IEEE Energy Conversion Congress and
Exposition (ECCE), pp.205-210, Sept. 2011.
[A21] A. Safari and S. Mekhilef, "Simulation and Hardware Implementation of Incremental
Conductance MPPT With Direct Control Method Using Cuk Converter," IEEE
Transaction on Industrial Electronics, vol. 58, no.4, pp.1154-1161, Apr. 2011.
[A22] W. Wu, N. Pongrantananukul, W. Qiu, K. Ruston, T. Kasparis, and I. Batarseh, DSPbased multiple peak power tracking for expandable power system, in proceedings of
IEEE Applied Power Electronics Conference and Exposition, pp.525-539, 2003.
[A23] X. Zhou, D. Song, Y.Ma and D. Cheng, "The simulation and design for MPPT of PV
system Based on Incremental Conductance Method," in proceedings of Information
Engineering Conference (ICIE), vol.2, pp.314-317, Aug. 2010.
128

[A24] M. Rafiei, M. Abdolmaleki and A.H. Mehrabi, "A new method of maximum power point
tracking (MPPT) of photovoltaic (PV) cells using impedance adaption by Ripple
correlation control (RCC)," in proceedings of Conference on Electrical Power
Distribution Networks (EPDC), pp.1-8, 2-3 May 2012.
[A25] M.A.S. Masoum, H. Dehbonei and F.F. Fuchs, "Theoretical and experimental analyses of
photovoltaic systems with voltageand current-based maximum power-point tracking,"
IEEE Transactions on Energy Conversion, vol.17, no.4, pp.514-522, Dec. 2002.
[A26] L. Jie and Z. Chen, "Research on the MPPT algorithms of photovoltaic system based on
PV neural network," in proceedings of Control and Decision Conference (CCDC),
pp.1851-1854, May 2011.
[A27] D. Shmilovitz, “On the control of photovoltaic maximum power point tracker via output
parameters,” in proceedisng of the IEE Elecric Power Applicaions, pp. 239-248, 2005.
[A28] D. Shmilovitz, "Photovoltaic maximum power point tracking employing load
parameters," in proceedings of the IEEE International Symposium on Industrial
Electronics(ISIE) , vol.3, pp. 1037-1042 , June 2005.
[A29] A. Yazdani and P.P. Dash, "A Control Methodology and Characterization of Dynamics
for a Photovoltaic (PV) System Interfaced With a Distribution Network," IEEE
Transactions on Power Delivery, vol.24, no.3, pp.1538-1551, July 2009.
[A30] L. Gao, R.A. Dougal, S. Liu and A.P. Iotova, "Parallel-Connected Solar PV System to
Address Partial and Rapidly Fluctuating Shadow Conditions," IEEE Transactions
on Industrial Electronics, vol.56, no.5, pp.1548-1556, May 2009.
[A31] A. Dolara, F. Grimaccia, S. Leva, M. Mussetta, R. Faranda and M. Gualdoni,
"Performance Analysis of a Single-Axis Tracking PV System," IEEE Journal
of Photovoltaics, vol.2, no.4, pp.524-531, Oct. 2012.
[A32] A. Bidram, A. Davoudi and R.S. Balog,"Control and Circuit Techniques to Mitigate
Partial Shading Effects in Photovoltaic Arrays," IEEE Journal of Photovoltaics, vol.2,
no.4, pp.532,546, Oct. 2012.
[A33] P. Bakas, A. Marinopoulos and B. Stridh, "Impact of PV module mismatch on the PV
array energy yield and comparison of module, string and central MPPT," in proceedings
of Photovoltaic Specialists Conference (PVSC), pp.1393-1398, June 2012.
[A34] Y.C. Chang, C.L. Kuo, K.H. Sun and T.C. Li, "Development and Operational Control of
Two-String Maximum Power Point Trackers in DC Distribution Systems," IEEE
Transactions on Power Electronics, vol.28, no.4, pp.1852-1861, April 2013.
[A35] M.S. Agamy, C. Song, A. Elasser, M. Harfman-Todorovic, Y. Jiang, F. Mueller and F.
Tao, "A High-Power-Density DC–DC
Converter
for
Distributed PV
Architectures," IEEE Journal of Photovoltaics, vol.3, no.2, pp.791-798, April 2013.

129

[A36] Z. Liang, R. Guo, J. Li and A. Huang, "A High-Efficiency PV Module-Integrated DC/DC
Converter for PV Energy Harvest in FREEDM Systems," IEEE Transactions on Power
Electronics, vol.26, no.3, pp.897-909, March 2011.
[A37] B. Sahan, A.N. Vergara, N. Henze, A. Engler and P. Zacharias, "A Single-Stage PV
Module Integrated Converter Based on a Low-Power Current-Source Inverter," IEEE
Transactions on Industrial Electronics, vol.55, no.7, pp.2602-2609, July 2008.
[A38] Q. Li and P. Wolfs, "A Review of the Single Phase Photovoltaic Module Integrated
Converter Topologies With Three Different DC Link Configurations," IEEE
Transactions on Power Electronics, vol.23, no.3, pp.1320-1333, May 2008.
[A39] A. Barchowsky, J.P. Parvin, G.F. Reed, M.J. Korytowski and B.M. Grainger, "A
comparative study of MPPT methods for distributed photovoltaic generation," in
proceedings of IEEE conference of Innovative Smart Grid Technologies (ISGT), pp.1-7,
Jan. 2012.
[A40] Y. Jiang, J. Abu Qahouq, A. Hassan, M.E. Ahmed and M. Orabi, "Energy Efficient Finegrained approach for Solar Photovoltaic Management System," in proceedings of
International Telecommunications Energy Conference (INTELEC), pp.1-4, Oct. 2011.
[A41] R.C.N. Pilawa-Podgurski and D.J. Perreault, "Submodule Integrated Distributed
Maximum Power Point Tracking for Solar Photovoltaic Applications," IEEE
Transactions on Power Electronics, vol.28, no.6, pp.2957-2967, June 2013.
[A42] P. Mazumdar, P.N. Enjeti and R.S. Balog, "Analysis and Design of Smart PV Modules,"
in proceedings of Applied Power Electronics Conference and Exposition (APEC), Mar.
2013.
[A43] S. Taheri, H. Taheri, Z. Salam, K. Ishaque and H. Hemmatjou, "Modified Maximum
Power Point tracking (MPPT) of grid-connected PV system under partial shading
conditions," in proceedings of IEEE Canadian Conference on Electrical & Computer
Engineering (CCECE), pp.1-4, May 2012.
[A44] S. Kabir, R. Bansal and M. Nadarajah, "Effects of partial shading on Photovoltaic with
advanced MPPT scheme," in proceeding of IEEE International Conference on Power and
Energy (PECon), pp.354,359, Dec. 2012.
[A45] A. Sayal, "MPPT techniques for photovoltaic system under uniform insolation and partial
shading conditions," in proceedings of Conference on Engineering and Systems (SCES),
pp.1-6, March 2012.
[A46] D. Giaffreda, M. Omana, D. Rossi and C. Metra,"Model for Thermal Behavior of
Shaded Photovoltaic Cells under Hot-Spot Condition," in proceedings of IEEE
International Symposium on proceedings of Defect and Fault Tolerance in VLSI and
Nanotechnology Systems, pp.252-258, Oct. 2011.

130

[A47] R. Kotti and W. Shireen, "Fast converging MPPT control of photovoltaic systems under
partial shading conditions," in proceedings of IEEE International Conference on Power
Electronics, Drives and Energy Systems (PEDES), pp.1-6, Dec. 2012.
[A48] R. Ramaprabha, B. Mathur, A. Ravi and S. Aventhika, "Modified Fibonacci Search
Based MPPT Scheme for SPVA Under Partial Shaded Conditions," in proceedings of
International Conference on Emerging Trends in Engineering and Technology (ICETET),
pp.379-384, Nov. 2010.
[A49] A. Zbeeb, V. Devabhaktuni and A. Sebak, "Improved photovoltaic MPPT algorithm
adapted for unstable atmospheric conditions and partial shading," in proceedings of
International Conference on Clean Electrical Power, pp.320-323, June 2009.
[A50] J. Abu-Qahouq, W. Al-Hoor, W. Mikhael, L. Huang and I. Batarseh, "Analysis and
Design of an Adaptive-Step-Size Digital Controller for Switching Frequency
Autotuning," IEEE Transactions on Circuits and Systems I: Regular Papers, vol.56,
no.12, pp.2749-2759, Dec. 2009.
[A51] J. Abu-Qahouq, H. Mao and I. Batarseh, "Multiphase voltage-mode hysteretic controlled
DC-DC converter with novel current sharing," IEEE Transactions on Power Electronics,
vol.19, no.6, pp.1397-1407, Nov. 2004.
[A52] W. Al-Hoor, J. Abu-Qahouq, L. Huang W.B. Mikhael and I. Batarseh, "Adaptive Digital
Controller and Design Considerations for a Variable Switching Frequency Voltage
Regulator," IEEE Transactions on Power Electronics, vol.24, no.11, pp.2589-2602, Nov.
2009.
[A53] J. Abu-Qahouq and V. Arikatla, "Power Converter With Digital Sensorless Adaptive
Voltage Positioning Control Scheme," IEEE Transactions on Industrial Electronics,,
vol.58, no.9, pp.4105-4116, Sept. 2011.
[A54] J. Abu-Qahouq, L. Huang and D. Huard, "Sensorless Current Sharing Analysis and
Scheme For Multiphase Converters," IEEE Transactions on Power Electronics, vol.23,
no.5, pp.2237-2247, Sept. 2008.
CHAPTER 2
[B1]

Xunwei Zhou, Pit-Leong Wong, Peng Xu, F.C. Lee, and A. Q. Huang, “Investigation of
candidate VRM topologies for future microprocessors,” IEEE Transactions on Power
Electronics, Vol. 15, No. 6, pp. 1172 – 1182, 2000.

[B2]

F.Liu, S. Duan, B. Liu and Y. Kang, "A Variable Step Size INC MPPT Method for PV
Systems," IEEE Transaction on Industrial Electronics, vol.55, no.7, pp.2622-2628, July
2008.

131

[B3]

Q. Mei, M. Shan, L. Liu and J.M. Guerrero , "A Novel Improved Variable Step-Size
Incremental-Resistance MPPT Method for PV Systems," IEEE Transaction on Industrial
Electronics, vol. 58, no. 6, pp. 2427-2434, June 2011.

[B4]

L. Piegari and R. Rizzo, "Adaptive perturb and observe algorithm for photovoltaic
maximum power point tracking," IET Renewable Power Generation, vol.4, no.4, pp.317328, July 2010.

[B5]

G. Petrone, G. Spagnuolo and M. Vitelli, "A Multivariable Perturb-and-Observe
Maximum Power Point Tracking Technique Applied to a Single-Stage Photovoltaic
Inverter," IEEE Transaction on Industrial Electron., vol.58, no.1, pp.76-84, Jan. 2011.

[B6]

N. Femia, G. Petrone, G. Spagnuolo and M. Vitelli, "Optimization of perturb and observe
maximum power point tracking method," IEEE Transaction on Power Electronics.,
vol.20, no.4, pp. 963- 973, July 2005.

[B7]

B. Yang, Y. Zhao, and X. He, “Design and analysis of a grid-connected photovoltaic
power system,” IEEE Transaction on Power Electronics, vol. 25, no. 4, pp.992–1000,
Apr. 2010.

[B8]

Y. Xiong, S. Qian and J. Xu, "Research on Constant Voltage with Incremental
Conductance MPPT Method," in proceedings of Power and Energy Engineering
Conference (APPEEC), pp.1-4, March 2012.

[B9]

G.Hsieh, S. Chen and C. Tsai, "Interleaved smart burp PV charger for lead acid batteries
with incremental conductance MPPT," in proceedings of IEEE Energy Conversion
Congress and Exposition (ECCE), pp.3248-3255, Sept. 2011.

[B10] A.M. Bazzi and P.T. Krein,"Concerning “Maximum Power Point Tracking for
Photovoltaic Optimization Using Ripple-Based Extremum Seeking Control,” IEEE
Transactions on Power Electronics, vol.26, no.6, pp.1611-1612, June 2011.
[B11] R. Kadri, J.P. Gaubert and G. Champenois, "An Improved Maximum Power Point
Tracking for Photovoltaic Grid-Connected Inverter Based on Voltage-Oriented
Control," IEEE Transactions on Industrial Electronics, vol. 55, no.7, pp.66-75, Jan. 2011.
[B12] W.M. Lin, C.M. Hong and C.H. Chen, "Neural-Network-Based MPPT Control of a
Stand-Alone Hybrid Power Generation System," IEEE Transactions on Power
Electronics, vol.26, no.12, pp.3571-3581, Dec. 2011.
[B13] K. Samangkool and S. Premrudeepreechacharn, "Maximum power point tracking using
neural networks for grid-connected photovoltaic system," in proceedings of International
Conference on Future Power Systems, pp.4, Nov. 2005.
[B14] M. Tsai, C.Tseng and G. Hong, S. Lin, "A novel MPPT control design for PV modules
using neural network compensator," in proceedings of International Symposium
on Industrial Electronics (ISIE), pp.1742-1747, May 2012.

132

CHAPTER 3
[C1]

M. Thomson and D.G. Infield, "Impact of widespread photovoltaics generation on
distribution systems," IET Renewable Power Generation, vol.1, pp. 33-40, 2007 .

[C2]

B.-R. Lin and C.-L.Huang, "Analysis and implementation of an integrated sepic-forward
converter for photovoltaic based light emitting diode lighting," IET Power Electronics,
vol. 2 , pp. 635-645, 2009.

[C3]

F. Delfino, R. Procopio, M. Rossi and G. Ronda, "Integration of large-size photovoltaic
systems into the distribution grids: a p-q chart approach to assess reactive support
capability," IET Renewable Power Generation, vol.4, pp. 329-340, 2010.

[C4]

A.J. Roscoe and G. Ault, "Supporting high penetrations of renewable generation via
implementation of real-time electricity pricing and demand response," IET Renewable
Power Generation, vol.4, pp. 369-382, 2010.

[C5]

A. Traiq and M.S.J. Asghar, "Development of an Analog Maximum Power Point Tracker
for Photovoltaic Panel," in proceedings of International Conference on Power
Electronics and Drives Systems, pp. 251-255, 2005.

[C6]

C.A. Ramos-Paja, G. Spagnuolo, G. Petrone, M. Vitelli and J.D. Bastidas, "A
multivariable MPPT algorithm for granular control of photovoltaic systems," in
proceedings of IEEE International Symposium on Industrial Electronics (ISIE), pp.34333437, July 2010.

[C7]

U. Kamnarn, S. Yousawat, S. Sreeta, W. Muangjai and T. Somsak, "Design and
implementation of a distributed solar controller using modular buck converter with
Maximum Power Point tracking," in proceedings of Universities Power Engineering
Conference (UPEC), pp.1-6, Aug. 2010.

[C8]

N. Femia, G. Petrone, G. Spagnuolo and M. Vitelli, "Optimization of perturb and observe
maximum power point tracking method," IEEE Transactions on Power Electronics,
vol.20, no.4, pp.963-973, July 2005.

[C9]

A.K. Abdelsalam, A.M. Massoud, S. Ahmed and P. Enjeti, "High-Performance Adaptive
Perturb and Observe MPPT Technique for Photovoltaic-Based Microgrids," IEEE
Transactions on Power Electronics, vol.26, no.4, pp.1010-1021, April 2011.

[C10] D. Shmilovitz, "On the control of photovoltaic maximum power point tracker via output
parameters," ,in IEE Proceedings of Electric Power Applications , vol.152, no.2, pp.239248, 4 March 2005.
[C11] A. Pandey, N. Dasgupta and A.K. Mukerjee, "A Simple Single-Sensor MPPT
Solution," IEEE Transactions on Power Electronics, vol.22, no.2, pp.698-700, March
2007.

133

[C12] G.-C. Hsieh, H.I. Hsieh, C.Y. Tsai and C.H. Wang, " Photovoltaic Power-IncrementAidedIncremental-Conductance MPPT With Two-PhasedTracking," IEEE Transactions
on Power Electronics, vol.28, no.6, pp.2895-2911, 2013.
[C13] Q. Mei, M. Shan, L. Liu and J.M. Guerrero, "A Novel Improved Variable Step-Size
Incremental-Resistance MPPT Method for PV Systems," IEEE Transactions on Industrial
Electronics, vol.58, no.6, pp.2427-2434, June 2011.
[C14] M.A.S. Masoum, H. Dehbonei and F.F. Fuchs, "Theoretical and experimental analyses of
photovoltaic systems with voltageand current-based maximum power-point tracking,"
IEEE Transactions on Energy Conversion, vol.17, no.4, pp.514-522, Dec. 2002.
[C15] J.W. Kimball, P.T. Krein, P.L. Chapman and P. Midya, " Dynamic Maximum Power
Point Tracking of Photovoltaic Arrays Using Ripple Correlation Control", IEEE
Transactions on Power Electronics, vol.21, no.5, pp.1282-1291, Sept. 2006.
[C16] L. Jie and Z. Chen, "Research on the MPPT algorithms of photovoltaic system based on
PV neural network," in proceedings of Control and Decision Conference (CCDC),
pp.1851-1854, May 2011.
[C17] R. Alonso, P. Ib ez, V. Mart nez, E. Rom n and A. Sanz, "Analysis of performance of
new distributed MPPT architectures," in proceedings of IEEE International Symposium
of Industrial Electronics (ISIE), pp.3450-3455, July 2010.
[C18] J.M. Kwon, B.H. Kwon and K.H. Nam, "High-efficiency module-integrated photovoltaic
power conditioning system," IET Power Electronics, vol. 4, pp. 410-420, 2009.
[C19] J.A. Abu-Qahouq, "Analysis and Design of N-Phase Current-Sharing Autotuning
Controller," IEEE Transactions on Power Electronics, vol.25, pp. 1641-1651, 2010.
[C20] Y.M. Lai, S.C. Tan, Y.M. Tsang, "Wireless control of load current sharing information
for parallel-connected DC/DC power converters," IET Power Electronics, vol.2, pp. 1421, 2009.
[C21] J. Puukko and T. Suntio, "Dynamic properties of a voltage source inverter-based threephase inverter in photovoltaic application," IET Renewable Power Generation, vol.6,
no.6, pp.381-391, November 2012.
[C22] P.P Dash and M. Kazerani, "Dynamic Modeling and Performance Analysis of a GridConnected Current-Source Inverter-Based Photovoltaic System," IEEE Transactions
on Sustainable Energy, vol.2, no.4, pp.443-450, Oct. 2011.
[C23] G. Ertasgin, D.M. Whaley, N. Ertugrul and W.L. Soong, "Implementation and
performance evaluation of a low-cost current-source grid-connected inverter for PV
applications," in proceedings of IEEE International Conference on Sustainable Energy
Technologies, pp.939-944, Nov. 2008.

134

[C24] Y. Beck, "A photovoltaic grid connected inverter with current source characteristics and
maximum power tracking," in proceedings of International Aegean Conference
on Electrical Machines and Power Electronics, pp.152-155, Sept. 2007.
[C25] P.P. Dash and M. Kazerani, "A multilevel current-source inverter based grid-connected
photovoltaic system," in proceedings of North American Power Symposium (NAPS),
pp.1-6, Aug. 2011.
[C26] D. Amorndechaphon, S. Premrudeepreechacharn and K. Higuchi, "Modified gridconnected current source inverter for multi-string PV system," in proceedings of
Innovative Smart Grid Technologies (ISGT), pp.1-8, Jan. 2012.
[C27] I.T. Roman and L.S. Silva,"A single-phase current-source inverter with active power
filter for grid-tied PV systems," in proceedings of Power Electronics for Distributed
Generation Systems (PEDG), pp.349-356, June 2012.
[C28] R. W. Erickson and D. Maksimovic´, Fundamentals of Power Electronics, 2nd ed.
Norwell, MA: Kluwer, 2001.
[C29] S. Kwak and T. Kim, "An Integrated Current Source Inverter With Reactive and
Harmonic Power Compensators," IEEE Transactions on Power Electronics, vol.24, no.2,
pp.348-357, Feb. 2009.
[C30] G. Ertasgin, D.M. Whaley, N. Ertugrul and K.L. Soong, "Analysis and design of energy
storage for current-source 1-ph grid-connected PV inverters," in proceedings of Applied
Power Electronics Conference and Exposition (APEC), pp.1229-1234, Feb. 2008.

CHAPTER 4
[D1]

K. A. Kim and P. T. Krein, “Photovoltaic converter module configurations for maximum
power point operation,” in Proc. IEEE Power Energy Conf., Feb. 2010, pp. 77–82.

[D2]

A. Bidram, A. Davoudi and R.S. Balog, "Control and Circuit Techniques to Mitigate
Partial Shading Effects in Photovoltaic Arrays," IEEE Journal of Photovoltaics, , vol.2,
no.4, pp.532-546, Oct. 2012.

[D3]

A. M ki, and S. Valkealahti, "Power Losses in Long String and Parallel-Connected Short
Strings of Series-Connected Silicon-Based Photovoltaic Modules Due to Partial Shading
Conditions," IEEE Transactions on Energy Conversion, vol.27, no.1, pp.173-183, March
2012.

[D4]

B.N. Alajmi, K.H. Ahmed, S.J. Finney and B.W. Williams, "A Maximum Power Point
Tracking Technique for Partially Shaded Photovoltaic Systems in Microgrids," IEEE
Transactions on Industrial Electronics, vol.60, no.4, pp.1596-1606, April 2013.

135

[D5]

M.S. Agamy, S. Chi, A. Elasser, M. Harfman-Todorovic, Y. Jiang, F. Mueller and F.
Tao, "A High-Power-Density DC–DC Converter for Distributed PV Architectures," IEEE
Journal of Photovoltaics, vol.3, no.2, pp.791-798, April 2013.

[D6]

A.K. Abdelsalam, A.M. Massoud, S. Ahmed and P. Enjeti, "High-Performance Adaptive
Perturb and Observe MPPT Technique for Photovoltaic-Based Microgrids," IEEE
Transactions on Power Electronics, vol.26, no.4, pp.1010-1021, April 2011.

[D7]

G. Petrone, G. Spagnuolo and M. Vitelli, "An Analog Technique for Distributed MPPT
PV Applications," IEEE Transactions on Industrial Electronics, vol.59, no.12, pp.47134722, Dec. 2012.

[D8]

S. Poshtkouhi, V. Palaniappan, M. Fard and O. Trescases, "A General Approach for
Quantifying the Benefit of Distributed Power Electronics for Fine Grained MPPT in
Photovoltaic Applications Using 3-D Modeling," IEEE Transactions on Power
Electronics, vol.27, no.11, pp.4656-4666, Nov. 2012.

[D9]

N. Femia, G. Lisi, G. Petrone, G. Spagnuolo and M. Vitelli, "Distributed Maximum
Power Point Tracking of Photovoltaic Arrays: Novel Approach and System
Analysis," IEEE Transactions on Industrial Electronics, vol.55, no.7, pp.2610-2621, July
2008.

[D10] E. D az-Dorado, A. Su rez-Garc a, C. Carrillo and J. Cidr s, "Influence of the shadows in
photovoltaic systems with different configurations of bypass diodes," in proceedings of
Power Electronics Electrical Drives Automation and Motion (SPEEDAM), pp.134-139,
June 2010.
[D11] E.V. Paraskevadaki and S.A. Papathanassiou, "Evaluation of MPP Voltage and Power of
mc-Si PV Modules in Partial Shading Conditions," IEEE Transactions on Energy
Conversion, vol.26, no.3, pp.923-932, Sept. 2011.
[D12] Y. Jiang, J. Abu Qahouq, A. Hassan, M.E. Ahmed and M. Orabi, "Energy Efficient Finegrained approach for Solar Photovoltaic Management System," in proceedings of
International Telecommunications Energy Conference (INTELEC), pp.1-4, Oct. 2011.
[D13] R.C.N. Pilawa-Podgurski and D.J. Perreault, "Submodule Integrated Distributed
Maximum Power Point Tracking for Solar Photovoltaic Applications," IEEE
Transactions on Power Electronics, vol.28, no.6, pp.2957-2967, June 2013.
[D14] A. Chatterjee, A. Keyhani and D. Kapoor, "Identification of Photovoltaic Source
Models," IEEE Transactions on Energy Conversion, vol.26, no.3, pp.883-889, Sept.
2011.
[D15] Rao, S. Singiresu (2009). Engineering Optimization: Theory and Practice. John Wiley
and Sons. p. 779.
CHAPTER 5

136

[E1]

Y. Jiang and J. Abu Qahouq, "Single-sensor multi-channel maximum power point
tracking controller for photovoltaic solar systems," IET Power Electronics, vol.5, no.8,
pp.1581-1592, Sep. 2012.

[E2]

S.H. Hosseini, S. Danyali, F. Nejabatkhah and S.A.K. Mozafari Niapoor, "Multi-input
DC boost converter for grid connected hybrid PV/FC/Battery power system," in
procedings of IEEE Electric Power and Energy Conference (EPEC), pp.1-6, Aug. 2010.

[E3]

Y.M. Chen, Y.C. Liu, F.Y. Wu, Y.E. Wu, "Multi-input converter with power factor
correction and maximum power point tracking features," in proceedings of Applied
Power Electronics Conference and Exposition (APEC), pp.490-496, March 2002.

[E4]

S. Poshtkouhi and O. Trescases, "Multi-input single-inductor dc-dc converter for MPPT
in parallel-connected photovoltaic applications," in proceedings of Applied Power
Electronics Conference and Exposition (APEC), pp.41-47, March 2011.

[E5]

Y.Chen, Y. Liu, S. Hung and C. Cheng, "Multi-Input Inverter for Grid-Connected Hybrid
PV/Wind Power System," IEEE Transactions on Power Electronics, vol.22, no.3,
pp.1070-1077, May 2007.

[E6]

J. Abu-Qahouq,"Control Scheme for Sensorless Operation and Detection of CCM and
DCM Operation Modes in Synchronous Switching Power Converters," IEEE
Transactions on Power Electronics, vol.25, no.10, pp.2489-2495, Oct. 2010.
CHAPTER 6

[F1]

Y. Jiang, J. Abu-Qahouq and T.A. Haskew, "Adaptive Step Size With AdaptivePerturbation-Frequency Digital MPPT Controller for a Single-Sensor Photovoltaic Solar
System," IEEE Transactions on Power Electronics, vol.28, no.7, pp.3195-3205, July
2013.

[F2]

Y. Jiang, J. Abu-Qahouq and M. Orabi, "AC PV solar system distributed architecture
with maximum power point tracking," in proceedings of IEEE International
Telecommunications Energy Conference (INTELEC), pp.1-5, Oct. 2012.

137

