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ABSTRACT

VARIABLE PERTURBATION SIZE MAXIMUM POWER POINT TRACKING
ALGORITHMS FOR PHOTOVOLTAIC SYSTEMS
Neil Savio D’Souza

The perturbation and observation (P&O) or hill-climbing maximum power point tracking
(MPPT) algorithms are commonly used in PV systems due to their easy implementation.
A P&O algorithm based on peak current control (PCC) and on the use of instantaneous
sampled values to calculate the next perturbation can provide faster transient responses
and small oscillations around the maximum power point (MPP) than when pulse width
modulation (PWM) and averaged control values are used. However, the use of a fixed
size perturbation (variation of the reference current for the PCC) results in a compromise
solution between transient and steady-state responses.

This thesis focuses on alternatives for implementing variable size perturbations in
peak current controlled P&O MPPTs. First a Fuzzy logic based implementation is
proposed and designed. Then hybrid region-based methods, where the MPPT algorithms
operate differently depending on where in the PV panel Volt-current characteristics the
system operates, are considered. The concept of non-switching zones is proposed as a
means for moving the operating point of the PV system towards the vicinity of the MPP
in the shortest possible interval. The potential performance of four different P&O
algorithms is investigated by means of simulations. Experimental results are then used to
verify how the computational burden of each algorithm and the processing speed of a
common digital signal processor (DSP) affect the performance of each method in a

practical prototype.
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CHAPTER 1

INTRODUCTION

1.1 BACKGROUND [1]

“The use of solar energy has never been more important now that it is evident that
exploitation of fossil fuel energy sources maybe affecting the planet’s ambient. Other
renewable means of power generation e.g. hydroelectric, wind and wave power also
depend on the sun as the primary source. The use of photovoltaics as an energy source is
imperative to help reduce the levels of green house gases in the atmosphere and reduce
global warming. At present the direct conversion of light into electricity through the use
of photovoltaics, is becoming an important form of power generation. The production
rate has been increasing at almost 20% annually over the last decade and is likely to reach
the scale of gigawatts in the early decades of this millennium. Photovoltaic power
generation is reliable, involves no moving parts, and presents low operation and
maintenance costs. The operation of a photovoltaic system is silent, and creates no
atmospheric pollution. Photovoltaic systems are modular, and can be quickly installed.
Power can be generated where required without the use of transmission lines. Several
photovoltaic installations operate in locations where other means of electricity supply
would be out of the question, providing benefits to rural communities throughout the
world. The cost of solar electricity already compares favorably with other small power
sources such as diesel generators. The one major drawback is a high capital cost.

However financing mechanisms put in place to spread the payments over a lifetime can




help solve the problem. The economic comparison with conventional energy sources is

certain to receive a further boost as the environmental and social costs of power

generation are considered.” UNESCO (2000)

1.2 PHOTOVOLTAIC BAsSICS [1]

“Solar cells represent the fundamental power conversion unit of a photovoltaic system.
Solar cells are usually assembled into modules for practical operation. Devices with
efficiency exceeding 30% have been demonstrated in the laboratory. The efficiency of
commercial devices however is half this value. The solar cell operation is based on the
ability of semiconductors to convert sunlight directly into electricity by exploiting the
photovoltaic effect. The electric current generated in the semiconductor is extracted by

contacts to the front and rear of the cell.” UNESCO (2000)

1.2.1 The equivalent circuit of a PV cell [2]

The voltage versus current [Vpy X Ipy] characteristic of a solar cell can be obtained
from an equivalent circuit of the device as shown in Fig.1.1. The generation of current I,
by light is represented by a current source in parallel with a nonlinear resistance which
represents the p-n junction. The intrinsic shunt and series resistance of the cell are
represented by Ry, and R, respectively. The value of Ry, is very large and the value of R;

is very small and can be neglected to simplify the analysis.




junction

Fig.1.1 The equivalent circuit of a solar cell [2]

1.2.2 Mathematical model of PV panels [2]

The output PV panel current Ipy is then equal to the difference between the light

generated current I, and the current J; through the non-linear resistance. Hence we have,

qg Vev
Iev = nplpn — nplrs —)-1 1.1
v = Nplph — nplrsfexp( *TA ns) ] (1.1)

where
Ipy : PV panels output current (A);
Vpy : PV panels output voltage (V);
n, : number of cells connected in series;
n, : the number of modules connected in parallel;
q :charge of an electron, which is 1.9x10°(C);
k : Boltzmann’s constant, which is 1.38x10(eV/K);
A : p-n junction ideality factor;
T : cell temperature (K);

L is the cell reverse saturation current.




The factor 4 in Eq. (1.1) determines the cell deviation from the ideal p-n junction

characteristics; it varies between 1 and 5, 1 being the ideal value.
1.2.3 Output characteristic curves of PV panels |2]

Fig.1.2 shows the characteristic curves of a PV panel under varying conditions of
temperature and irradiance. In order to obtain the current versus voltage curves Vpy is
varied and the corresponding value of Ipy is obtained from equation 1.1. In order to
obtain the power versus voltage and the power versus current curves, Vpy is multiplied
with Ipy to obtain photovoltaic panel power Ppy and the same is then plotted versus Vpy
and Ipy. Fig.1.2(a) shows the curves of PV panel output current versus panel voltage.
Fig.1.2(b) shows the curves of PV panel output power versus PV panel voltage.
Fig.1.2(c) shows the curves of PV panel output power versus PV panel current.

It is evident that the output characteristics of the PV panel are non-linear in nature and
vary with atmospheric conditions namely temperature, irradiance etc. From Fig.1.2(a) it
can be seen that short-circuit current is approximately a linear function of irradiance i.e.
variation of irradiance mainly affects the short-circuit current. Cell temperature is usually
higher than the ambient air temperature and depends on factors such as the ambient air
temperature, intensity of sunlight falling on the module, wind velocity etc. Manufacturers
in their datasheets normally specify a temperature cycling range of -40 to 80 °C as
qualification test parameters as per the [EC 1215 test requirements. Datasheets generally
provide curves for cell temperatures in the range of 0-75 °C. Hence, the curves shown in
Fig.1.2 are for typical values of cell temperature. Also from Fig.1.2(a) it can be seen that
open circuit voltage has a negative temperature coefficient i.e. variation of cell

temperature mainly affects the open circuit voltage. It is also noticeable that the power




versus current and power versus voltage curves present a unique maximum power point
(MPP) under given atmospheric conditions. The MPP varies under different atmospheric
conditions, thus Ipy or Vpy should be adjusted in an adequate way to track the MPP under

these varying conditions, which is the fundamental principle of a Maximum Power Point

Tracker (MPPT).
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Fig.1.2 Output characteristic curves of PV panels [2]
(a) PV output current vs. output voltage;
(b) PV output power vs. output voltage;
(c) PV output power vs. PV output current;
_28°C ----56°C
(i) irradiance = 100mW/cm®; (ii) irradiance = 80mW/cm?;
(iii) irradiance = 60mW/cm?; (iv) irradiance = 40mW/cm?;

(v) irradiance = 20mW/cm?;

The PV panel power-current or power-voltage characteristics may present two or more

local maxima due to partial-shading or other conditions, however the analysis of these

characteristics is beyond the scope of this thesis.




1.3 MAxiMUM POWER POINT TRACKERS (MPPT)

“An MPPT is a control algorithm that can be included in the PV panel connections in
order to track the maximum power point, which is going to be different from the STC
(Standard Test Conditions) rating under almost all situations. Under very cold conditions
a PV panel can output more power because the output goes up as temperature goes down
— but in the absence of an MPPT, this power could be lost, whereas under very hot

conditions, the power drops - you lose power as the temperature goes up.” [3]

When a PV module is connected directly to a battery bank, it’s output voltage is imposed
by the battery and cannot be varied to track the MPP. In order to be able to track the
MPP, one has to use a power converter between the PV module and battery so that the
PV panel voltage can be selected independently of the battery voltage.

Traditional charge controllers only protect the battery from overcharging, which can
reduce the life-cycle of the battery. A power electronics based charge controller with
MPPT varies the ratio between voltage and current delivered to the battery, in order to
deliver maximum power. If there is excess power available from the PV panel, then it
converts that to additional current in the battery. As the MPP of the PV array varies with
temperature and other conditions. It tracks this “variance” and adjusts the ratio

accordingly. Hence it is called the maximum power point tracker. [4]




1.4 MPPT ALGORITHMS [2]

Several MPPT algorithms have been mentioned in the literature. MPPT Algorithms can
be basically classified into two categories

On-line methods [5-16]: These methods measure operating voltage and/or current and
compare the present value of power with the previously obtained values and appropriate
changes in the reference value are made so as to cause a further increase in power
ultimately tracking the operating point that operates at maximum power. Online methods
track the maximum power point based on actual values of PV array voltage and current
and hence can provide the optimum operating point for the system. Online methods are
usually more expensive due to extra circuitry employed and are usually only used in large
PV systems. However with the availability of low-cost based microcontrollers and field
programmable gate arrays (FPGAs) these methods can also be applicable to module-
based power electronic interfaces.

Off-line methods [17-22]: These methods rely on the measurement of parameters like
irradiance, panel temperature, short circuit current, open circuit voltage of the PV array
etc. and the use of prior training data to set the reference signal corresponding to
operation at the maximum power point. Several methods based on neural networks [20],
genetic algorithms [21] and fuzzy logic objective modeling [22] are available to
implement these methods. These methods present reduced implementation costs, but sub-

optimum performance.




Online Methods include:
1. Perturbation And Observation (P&O) Algorithm [S-12]

This class of MPPT algorithms operates as the name éuggests by perturbing or varying
continuously the operating point of the photovoltaic system and observing the variation in
PV output power. The next perturbation or variation of the reference signal is carried out
so as to cause an increase in PV output power ultimately leading to operation about the
maximum power point. The perturbation variable can be the reference value for the PV
panel terminal voltage, PV panel output current, or duty cycle of the MPPT converter.
The P&O algorithm displays desirable response under slowly varying atmospheric
conditions like irradiance, temperature and variation of the PV panel’s own
characteristics. This algorithm is also easy to implement with digital circuits. However,
continuously perturbing the reference signal to track the MPP means that the operating
point does not settle at the actual operating point but oscillates around it, leading to power
loss in the steady-state conditions. Besides the P&O algorithm may also lead to
temporary deviation of the operating point from the MPP under rapidly fluctuating
atmospheric conditions.

Fuzzy logic is being increasingly used in present times as a convenient tool to model and
control systems, which are nonlinear in nature, the solar PV array being no exception.
Besides, the use of Fuzzy logic for control purposes does not require a detailed or
accurate mathematical model of the system. It has been used in the past along with
commonly used MPPT algorithms such as P&O [10-12]. Its main goal is usually to
determine the incremental duty ratio or PWM modulating signal based on one or more

parameters of the PV array. The Error E(k) and Change in Error AE(k), where E(k)=




APpy/Alpy, have been used in [11] to vary the reference voltage for the PWM control. In
[12], the change in PV power (APpy) and the ratio of change in PV power and duty cycle
(APpy/Ad) outputs the incremental duty ratio in order to track the MPP. It is worth
mentioning that the parameters used in the previous calculations are usually average
values.

2. Incremental Conduction (IncCond) Algorithm [13-14]
This algorithm works on the principle that the derivative of power versus current or
voltage becomes zero at the MPP as it is the maxima of the power curve. Hence when
dp/dv = 0, the operating point is at the MPP. When dp/dv > 0 the system operates to the
left of the MPP and the reference current or voltage should be increased and when dp/dv
< 0 the operating point of the system is to the right of the MPP and the reference current
or voltage should be decreased.
We have, dp/dv = d(iv)/dv =1+ Vdi/dv

(1/V)dp/dv = (I/V) + di/dv

Hence the PV panel voltage or current can be adjusted to reach the MPP by measuring
the incremental and instantaneous panel conductance ( di/dv and I/V) and using the above
equations. IncCond algorithms in principle can mitigate oscillations about the MPP and
allow the operating point to settle at the MPP when the dp/dv = 0 condition is reached.
These algorithms can track the MPP under rapidly varying atmospheric conditions. The
disadvantage of the IncCond Method is control circuit complexity results in a higher
system cost. If the speed of computation of the incremental conductance is slow, the
IncCond method cannot guarantee operation at the MPP under rapidly varying

environmental conditions and a problem similar to the P&O algorithm causing deviation
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of the operating point from the MPP under rapidly changing atmospheric conditions also
occurs.

3. Ripple Correlation Control (RCC) Algorithm [15-16]
Algorithms of this type dynamically extrapolate the characteristic of PV arrays, often
through the employment of the input ripple of the DC-DC converter, and generate a
continuous signal that drives the duty cycle of the converter. In this algorithm the
switching ripple information is used to track the MPP instead of the external perturbation.
The ripple is considered as a dynamic perturbation. The ripple will cause the operating
point to move back and forth on the PV panel characteristic. The MPP is tracked by
following the correlation between PV panel output power and either the voltage or
current ripple waveform. The products Ppy'.Vpy' or Ppy'Ipy' give the necessary phase
information on the average, where “' ” denotes the time derivative. Ppy'.Vpy' or Ppy'.Ipy'
will be negative if Ipy < Iypp, positive if Ipy > Iypp and zero when the maximum power
point is being tracked. The actual implementation does not require a measurement of
power. By the chain rule
Ppy'.Vpy' = (Ipv. Vev' + Vpy.Ipy') Vpy' 1.2)
For control flexibility a parameter a is added
Ppy'.Vpy' = (alpy.Vpy' + Vpy.Ipy') Vpy' (1.3)
The time integral of equation (1.3) represents a correlation function cy(t). This function

can be directly fed to the duty ratio input of the converter.

If ac-coupled measurements of Ipy and Vpy are made, written as i,, and V,,. Then the

phase information is contained in p,,V,,. The ac portion of the power is the product

(Vo +¥p, YU, + 1) less the dc portion Vpplpy. This product can be written as
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PevVpy = (VPVZ’V + 1y Vi Wiy (1.4)
This is just like (1.3), except that ac coupled signals have been substituted for time
derivatives. The time integral of equation (1.4) can serve as a control signal. This simple

method tracks the maximum power point continuously, just as ¢, does.

The advantages of this system are that no external perturbation is required. Also power
efficiency is a function of converter design rather than the algorithm, since only a few
low-power analog ICs are needed in the implementation. The disadvantage of this system
is that algorithm performance depends on signal-to-noise ratio i.e. the system will not
work well if aggressive filtering is used to eliminate the ripple. Thus high switching
frequency would mean low ripple and possible problems with the algorithm. Besides, the
solar cells exhibit a voltage dependent capacitance. At high speeds a dynamic V-I

characteristic is observed. In these situations the algorithm fails.

1.5 PEAK CURRENT CONTROL BASED MPPT [2,23]

A novel implementation of the P&O algorithm was suggested based on comparing
instantaneous values instead of average values of Ipy and Vpy and peak current control
that present one-cycle speed of response for small variations in the reference current. The
proposed algorithm used a Boost DC/DC converter with an inductor designed to meet the
current ripple requirements. The MPPT algorithm supplies a reference signal for peak
current control of the Boost Converter. No capacitor is employed across the PV panel of
the system, as the capacitor reduces the speed of the response of the MPPT system to
varying atmospheric conditions. This may cause an increase in the voltage ripple but the

locus of the operating point lies on the P-I characteristic of the PV panel. Most of the
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MPPT techniques in the literature use PWM methods to regulate Vpy or Ipy, where a PI
controller processes the error between the reference and the actual average value of the
PV current/voltage and provides a modulation signal for the PWM. The typical response
of a DC/DC converter with a linear controller is of an under-damped second order system
with a damping ratio ({) between 0.4~0.6 for 25%~10% overshoot. The settling time for a
2% band is given by Ty, = 41 = 4{0,. In practical systems the bandwidth of the system
is selected as 10% of the switching frequency of the power converter, resulting in a
settling time ‘of roughly 12 switching cycles. Hence, for the actual current or voltage of
the PV panel to follow accurately a reference signal, the refresh or update rate of this
reference signal, that is calculated by the MPPT should be smaller than the inverse of the
settling time of the control loop. This may be the main factor in the relatively slow speed
of response of traditional MPPT algorithms. The use of instantaneous samples instead of
average values and peak current control seemed to have considerably improved the
response speed of the MPPT system. By comparing instantaneous samples of Ppy and Ipy
in two consecutive switching cycles, the peak current algorithm provides a reference
signal that would result in an increase of PV power. For example, let us assume that the
PV system operates on the left side of the MPP and the average PV current increasing
due to an increasing peak reference current. When the switch of the Boost Converter is
switched ON the current in the inductor of the Boost Converter, which is also the PV
panel output current, increases and when the switch is turned OFF the PV panel output
current decreases. Let A and B be two sampling instants corresponding to two
consecutive switching cycles T(k-1) and T(k). Suppose the instantaneously sampled

value of current at point A, (i) is less than that at point B (ig). Also the instantaneous
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power at point A (p,) is less that that at point B (ps). Hence a positive variation of
reference current caused a positive variation of instantaneous PV output power. Thus, the
reference for the peak current should be increased. We can also infer that the operating
point of the PV system is to the left of the MPP. Similarly if a positive variation of
reference current causes a negative variation of instantaneous PV output power the

reference for the peak current should be decreased.
1.6 ScoPE AND CONTRIBUTIONS OF THiS THESIS

It has been shown in [2,23] for a P&O method that the speed of response of the MPPT
can be increased by using a one-cycle control type scheme. It employs peak current
control with a reference current that changes in evefy switching cycle. The choice of
increasing or decreasing the reference current is based on the comparison of two
instantaneous, not average samples of Ppy and Ipy. These are obtained in two consecutive
switching cycles, one sample per switching cycle, for two different values of reference
current. However it used a fixed variation of reference current, which was chosen as a
compromise between transient and steady state performance.

The main contributions of this thesis are the following:

1. The proposed use of a Fuzzy logic based controller along with instantaneous
values of PV voltage and current and peak current control for determining not
only the direction of the next perturbation (variation of reference current) but also
its magnitude, by which one can enhance both transient and steady-state operation
simultaneously.[24]

2. The use of a complex fuzzy controller leads to the requirement of a higher

computation burden while implementing the system in real-time. To overcome
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this difficulty this thesis proposes hybrid schemes based on the division of the PV
panel Vpy X Ipy characteristic into three regions: two non-MPP containing regions
or non-switching zones and one MPP containing region or switching zone. While
operating in the non-MPP zones, the switch is operated with a duty cycle of 0 or 1
to accelerate the operating point towards the MPP region, where an MPPT
technique with the peak current control scheme can operate with a low
incremental reference current resulting in better steady-state performance without
compromising on the transient performance. The use of a reduced Fuzzy
controller in the MPP region is also proposed, which has lesser membership
functions and rules thus easing the computation burden. [25]

. In [2] it was seen that if the peak current control logic was implemented in the
DSP, in the cése of the standard scheme with a fixed Alggr, the switching
frequency was restricted to 10 kHz in order to have a good enough resolution of
duty cycle. In addition the computation time required by the DSP to process the
Fuzzy controller block in the schemes involving Fuzzy logic, places a further
restriction on the switching frequency of the boost converter, if the peak current
control logic was implemented in the DSP. This thesis proposes the analog
implementation of the peak current controller in order to improve the converter
switching frequency and duty cycle resolution. An external sample & hold circuit
is also suggested to synchronize the obtention of sampled values with the
switching cycle of the DC/DC Converter. With the analog implementation of peak

current control and the external sample and hold circuit we can achieve a higher
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boost converter switching frequency along with a lower sampling frequency to

meet the requirements of the slower processing time of the DSP microcontroller.
1.7 THESIS OUTLINE

The outline of the thesis is as follows:

In Chapter 2, the Fuzzy logic based scheme with variable incremental reference current is
proposed and a brief description of the Fuzzy logic controller is provided. The design of
the controller with the choice of input and output variables, choice of membership
functions, rule base etc. is also provided.

In Chapter 3, two non-switching zones based schemes are proposed and the algorithm for
the same is discussed. The design of the reduced Fuzzy controller is also provided.

In Chapter 4, simulation resuits carried out in the MATLAB/Simulink environment are
presented. A comparison is drawn between the four peak current control based MPPT
schemes to assess the theoretical potential of these methods.

In Chapter 5, experimental results of the prototype are presented and the design of the
proposed control schemes is presented. A DSP based microcontroller (ASPACE) has been
used to implement the control system. The limitations of the dSPACE system has been
identified and suitable measures to overcome these have been described which include
the analog implementation of peak current control as well as the use of an external clock
and interrupt generator circuit. A second comparison of the performance of the four
MPPT methods is carried out now considering the practical implementation limitations

imposed by a current DSP system.
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CHAPTER 2

Fuzzy LOGIC CONTROLLER

2.1 INTRODUCTION

As was mentioned before in Chapter 1, the conventional peak current control based
algorithm used a fixed magnitude variation of reference current, which was chosen as a
compromise between transient and steady state performance. In this thesis we use a
Fuzzy logic based controller along with instantaneous values of PV voltage and current
and peak current control for determining not only the direction of the next perturbation
(variation of reference current) but also its magnitude, by which one can enhance both
transient and steady-state operation simultaneously.

A subjective Fuzzy model of the system is designed based on prior expert knowledge
of the system. The Puzzy logic controller (Fig.2.1) is divided into four sections:
Fuzzification, rule-base, inference and defuzzification. The inputs to the Fuzzy logic

controller are change in PV array power (APpy) and change in PV array current (Alpy)

and the output is the step change in converter reference current (Algrgr).
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Fig.2.1 Block Diagram of the Fuzzy controller
2.2 FUZZIFICATION

The Fuzzy model for this thesis is based on the model presented in [10]. However a few
modifications were carried out to improve the performance of our system. As is the norm
with Fuzzy systems, model development has no systematic approach. Thus modifications
were carried out by way of testing the Fuzzy model with the whole PV system through
computer simulations and checking if the desired performance was attained.

The universe of discourse for input variable 1 (APpy) is divided into seven Fuzzy sets:
PB (Positive Big), PM (Positive Medium), PS (Positive Small), ZZ (Zero), NS (Negative
Small), NM (Negative Medium) and NB (Negative Big). As opposed to [10] where the
Fuzzy set PS assumes a membership value greater than zero beginning at the origin, in
the present model the Fuzzy set PS is offset from the origin in order to speed up the start-
up process and at the same time prevent variation of the reference current at the MPP.
Additional Fuzzy sets PM and NM have also been added to improve the control surface

and allow a smooth transition from the transient to the steady-state.
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The universe of discourse for input variable 2 (Alpy) is divided into 3 Fuzzy sets: N
(Negative), Z (Zero) and P (Positive).

The universe of discourse for the output variable (Algrgr) is divided into 7 Fuzzy sets:
PB (Positive Big), PM (Positive Medium), PS (Positive Small), ZZ (Zero), NB (Negative
Big), NM (Negative Medium) and NS (Negative Small). The Fuzzy sets PM, PB and
NM, NB of the output variable associated with the transient response are constructed
separate from the rest of the membership functions which are associated with the steady-
state response. This enhances both the transient and the steady state performance
providing a larger step variation of current during the transient phase and an almost zero
step variation of current in the steady-state.

The membership functions for the input and output variables are displayed in the
Fig.2.2-2.4. The membership functions for the input and output variables were designed
to model the unsymmetrical nature of the PV panel Ppy X Ipy curve. The Membership
functions are denser at the center to provide greater sensitivity in the region near the
MPP. Input membership functions are normalized and suitable tuning gains are used to
match the inputs to the respective universes of discourse. The selection of these tuning

gains is discussed later in this Chapter and in Chapter 4.
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2.3 RULE BASE [10]

The rule base for the Fuzzy logic controller is designed based on the rule base provided
in [10] as it matches the requirements of our application. The Fuzzy algorithm tracks the
maximum power based on the master-rule: "If the last change in the reference current
(Irer) has caused the power to increase keep changing the reference current in the same
direction; else if it has caused the power to drop, move it in the opposite direction” which
is the basic principle of the P&O Method. A rule base consisting of 19 rules is designed.
The master rule is converted into the first 12 rules displayed in Table 2.1. Additional
rules are required to compensate for the change of the PV array characteristic curves with
atmospheric conditions, leading to an overall drift of the optimum point. Rules 13-16 are

designed for this purpose. It is shown in [10] that an artificial inertia is required in order
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to keep the system from stopping whenever a zero-crossing of the power is detected,
resulting in a tendency for ongoing motion for a few cycles. Rules 17-18 are also
designed to prevent the stabilizing effect in a region other than that of true peak power.
Finally a single rule 19 is provided to stabilize the operation of the system at the MPP.

| Weights are generally added to rules to improve the reasoning accuracy and to reduce
undesirable consequent [26]. Different rule weights have been used in [10] to cover
varying conditions. The highest weights are given to the first set of 12 rules as they
represent the normal system operation. Rules 13-18 are used to account for special
conditions and hence are given a lower weight. Rule 19 is activated only when the system
operates at the MPP and hence needs only a light weight.

The control surface for the Fuzzy model (with normalized membership functions) is
shown in Fig.2.5, which represents the nonlinearity that is implemented by the Fuzzy
controller [27]. It displays the response of the system to different combinations of APpy
and Alpy. The edges of the cube depict the behavior of the system in the transient state
while the center of the cube represents the system response in the steady state. Variation
of the tuning gains will modify the slope of the surface however the general behavior will

remain the same.
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Rule No. If APpyis.... And Alpy is.... Then Alggy is.... Rule weights
1 PB P PB 1.0
2 PM P PM 1.0
3 PS P PS 1.0
4 PB N NB 1.0
5 PM N NM 1.0
6 PS N NS 1.0
7 NB P NB 1.0
8 ' NM P NM 1.0
9 NS P NS 1.0
10 NB N PB 1.0
11 NM N PM 1.0
12 NS N PS 1.0
13 PB 4 PM 0.5
14 PM Z PS 0.5
15 NB zZ NM 0.5
16 NM Z NS 0.5
17 Z7 P PS 0.5
18 7 N NS 0.5
19 zZ Z ZZz 0.25

Table 2.1 Rule base for the Fuzzy model
2.4 INFERENCE METHOD

The inference method determines the output of the Fuzzy controller. Mamdani's
inference method has been used in our system along with the max-min composition
method. This is because this method is computationally more efficient and has better
interpolative properties than other inference methods such as those based on the

Compositional Rule of Inference (CRI) and Generalized Modus Ponens (GMP) and
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Sugeno inference methods. Hence, Mamdani's inference method is usually popular for

most control engineering applications.
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Fig. 2.5 Control surface for the Fuzzy model.
2.5 DEFUZZIFICATION METHOD

The output of the Fuzzy controller is a Fuzzy set. However a crisp output value is
required. Hence the output of the Fuzzy controller should be defuzzified. The centroid
method is one of the commonly used defuzzification methods and is the one we will
employ for the proposed system. This method has good averaging properties and
simulation results showed that it provided the best results as compared to other

defuzzification methods such as bisector, Middle of Maxima (MOM) etc.
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2.6 TUNING VIA SCALING UNIVERSES OF DISCOURSE [27]

Scaling gains can be used at the input and output of the system to influence the
performance of the resulting Fuzzy control system and hence are a convenient parameter
for tuning.

2.6.1 Input Scaling Gains

Let us observe the effects of using input scaling gains. The same effect as that of the use
of scaling gains can be obtained by changing the labeling of the horizontal axis of the
membership functions. When the scaling gain is 1 it corresponds to the originally

designed membership functions of the corresponding input. The use of a scaling gain say
G results in scaling the horizontal functions of the membership functions byl .

The effects of the scaling gains can be observed as follows
o If G=1 there is no effect on the membership functions.

e If G <1 each number on the horizontal axis of the membership function is

multiplied by é i.e. the membership functions are uniformly “spread out” by a
1

factor of —.
G

o [f G > 1 membership functions are uniformly “contracted” by a factor of —é .

The scaling gains affect the meaning of the linguistics that forms the basis for the design

of the Fuzzy controller.

e If G=1, there is no effect on the meaning of the linguistic values.
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o If G <1, the membership functions are uniformly “spread out” and the meaning
of the linguistics is altered, i.e. for example Fuzzy set Positive Big ‘PB’ of input
(APpy) is characterized by a membership function that represents larger numbers.

e IfG>1, the membership functions are uniformly “contracted” and the meaning
of the linguistics is altered, again, Fuzzy set Positive Big ‘PB’ of input (APpy) is
characterized by a membership function that represents smaller numbers.

Similar comments can be made about the linguistics associated with the other Fuzzy sets.
Thus the input scaling factors have an inverse relationship in terms of their effect on

scaling.
2.6.2 Output Scaling gains

Scaling gains can also be used to tune output membership functions. The effect of
scaling gain ‘h’ on the output membership functions can be defined as follows.
e If h=1, there is no effect on the membership functions.
e If h <1, the output membership functions are contracted and their linguistics
quantify smaller numbers.
e If h>1, the output membership functions are spread out and their linguistics
quantify larger numbers.
Thus there exists a proportional effect between the scaling gain ‘h’ and the output
membership functions.
The tuning of scaling gains for a Fuzzy system is also termed as “scaling a Fuzzy

system”.
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2.6.3 Initial Guess for Tuning Gains of Proposed Fuzzy Model

We desire the step-size of reference current to be approximately 0.14 A during start up.
Hence a change in current of 0.14 A should correspond to the Fuzzy set P of the input
Alpy. Hence the tuning gain for Alpy could be 1 to begin with. From the simulated PV
power versus current characteristic corresponding to a short circuit current Isc = 3.45 the
change in power APpy corresponding to Alpy of 0.14 A is about 3W. This should
correspond to Fuzzy set PB of input APpy. Hence the initial tuning gain for input APpy
could be 0.5.

The output tuning gain is taken to be unity as the membership functions for the output
variable are designed based on the desired values of step-changes of reference current.
However, further simulations are run with the model of the PV system to determine the

ideal tuning gains which are illustrated in Chapter 4.
2.7 TESTING

Results of computer simulations and experimental work undertaken to analyze the
transient and steady state behavior results for the scheme described in this chapter will be
presented in Chapters 4 and 5 and compared with the other peak current control based

MPPT schemes.

2.8 CONCLUSIONS

The use of a Fuzzy Logic based controller has been suggested to output an incremental
reference current that varies with both magnitude and direction depending on the
operating point of the system on the PV panel Vpy X Ipy characteristic.

The design of the membership functions for the input and the output variables of the

Fuzzy controller are presented. Even though no systematic procedure exists with regards
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to the development of the Fuzzy controller, an attempt has been made to incorporate prior
knowledge of the PV system in the design of the Fuzzy controller. The rule base is
specified and the criteria for the selection of specific rules are discussed. The choice of
the inference and defuzzification method is mentioned.

Finally a brief discussion of Fuzzy scaling gains is provided and an initial guess for the

tuning gains to be used with the Fuzzy controller is provided.
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CHAPTER 3

HYBRID MPPT SYSTEM

3.1 INTRODUCTION

As was mentioned before in Chapter 1, the use of fixed variation of reference current in a
peak current control based MPPT algorithm to track the MPP results in a sub-optimum
solution based on a compromise between the transient and steady-state performance. In
recent times new hybrid MPPT systems have been introduced which use different
strategies for the transient and the steady state operation periods in order to speed up the
transient response of the system. These methods [28,29] use a particular strategy to move
the operating point towards the vicinity of the MPP faster than with any of the
conventional MPPT algorithms and then control is shifted back to the conventional
MPPT algorithm which may be of the types such as P&O, IncCond etc. In [28] a novel
MPPT method was used along with the Incremental conduction MPPT method. In this
method the PV panel Vpy X Ipy characteristic is divided into two regions by a linear or
polynomial function: one which contained the MPP and the other which did not. If the
operating point was found to be in the latter, it was rapidly accelerated towards the MPP
through larger step changes in reference voltage. Once in the vicinity of the MPP the
algorithm was shifted to the Incremental Conduction MPPT method. [29] involves the
calculation of a certain factor ‘B’ which is dependent on PV panel current and voltage and

atmospheric conditions like irradiance level and temperature. Once this factor is within a
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certain range corresponding to operation in the vicinity of the MPP, control is shifted

back to the conventional MPPT algorithm.
3.2 FIXED Alggr AND NON-SWITCHING ZONES

The strategy mentioned in [28] has been modified and implemented in this thesis to
accelerate the transient response of the system. The implementation in this thesis is based
on the division of the Vpy x Ipy characteristics of a PV panel into three regions or zones
as shown in Fig.3.1. Two of these regions do not contain any MPP and are non-switching

zones while the third contains the MPP and is a switching zone.
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Fig.3.1 PV Panel Vpy x Ipy characteristics with MPP and Non-MPP Regions
The algorithm mentioned in [28] had to be modified to suit the peak current control
based algorithm. In our case when the operating point is to the right of the linear function
‘CHAR 1’ represented by the solid line in Fig.3.1, the switch of the power converter is
always turned ‘ON’ with duty cycle (D) equal to 1 to increase Ipy at maximum rate for

minimum possible operation at this non-MPP region. Thus the current in the inductor of
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the boost converter continuously increases, which means the PV panel output current also
continuously increases and hence the PV power increases. The energy is initially stored
in the boost inductor and then supplied to the output. Once the operating point crosses
into the MPP containing region, the algorithm is switched to the conventional fixed-step
size based MPPT algorithm. A second curve ‘CHAR 2’ can be used to define a second
non-MPP region for large values of Ipy, represented by a dashed line in Fig.3.1.
Operation in this region can occur for sudden reductions in irradiance levels. When the
operating point is to the left of the linear function ‘CHAR 2’ the switch of the power
converter is always turned ‘OFF’ with D equal to 0, resulting in the maximum rate of fall
for Ipy . Thus the current in the inductor of the boost converter continuously decreases
and the operating point accelerates towards the MPP containing region. Once the
operating point crosses into the MPP containing region, the algorithm is switched to the
conventional fixed-step size based MPPT algorithm. However it must be noted that a
small value can be used for the incremental reference current for improved steady-state
performance. Since this value is very small no compromise is required as regards the
selection of the incremental reference current and a suitable value can be chosen
corresponding to operation in the steady-state.

It is mentioned in Chapter 1 that with the increase in irradiance, the short circuit current
Isc increases proportionally and the open circuit voltage, V¢ increases logarithmically.
Voc decreases linearly with increase in PV panel ambient temperature. The maximum
power point (MPP) of the PV panel also moves around with varying temperature and

irradiance but the region where the MPP occurs is still limited. The values of open circuit
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voltage Voc, short circuit current Isc , current at MPP Iypp and Voltage at MPP Vjpp can

be calculated or measured at standard conditions of temperature and irradiance.
3.2.1 Description of proposed algorithm

Fig.3.2 shows the flowchart for the proposed MPPT scheme based on non-switching
zones. Fig.3.3 and Fig.3.4 show the Vpy x Ipy characteristic for a particular condition of
operating temperature and irradiance. The two linear characteristics ‘CHAR 1’ and
‘CHAR 2’ as described before divides the Vpy x Ipy characteristic of the PV panel into
three regions. The right-side of the characteristic ‘CHAR 1” does not contain the MPPT.
Similarly the left-side of characteristic ‘CHAR 2’ does not contain the MPPT. The
algorithm operates as follows: Fig.3.3 describes the operation of the system when the
operating point is to the right of ‘CHAR 1°. The sampled values of Ipy and Vpy are
obtained as is required by the conventional peak current control based MPPT algorithm.
Let us consider operation at time instant ‘n’ in Fig.3.3 when the operating point is to the
right of ‘CHAR 1°. From the sampled value of Ipy, i.e. Ipy(n), the corresponding value of
Voltage, Vro(n) on the linear characteristic is obtained, which is compared with the
sampled value of Vpy, i.e. Vpy(n). As seen in Fig.3.3, if Vpy(n) is greater than Vro(n)
then the operating point of the PV system is in the region that does not contain the MPP.
Hence the switch of the boost converter remains ‘ON’ so that current ramps up and
consequently the output power of the PV panel also increases. At time instant ‘m’
Vr1o(m) is greater than or equal to Vpy(m), which means the operating point of the PV
system is close to or operating in the region that contains the MPP. Hence the control is

shifted back to the original conventional algorithm based on the fixed-step size increment
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of reference current. Thus the transfer to the conventional algorithm takes place in the
vicinity of the MPP.

Fig.3.4 describes the operation of the system when the operating point is to the left of
‘CHAR 2’. At time instant ‘n’ the operating point is to the left of ‘CHAR 2°. From the
sampled value of Ipy, i.e. Ipy(n) the corresponding value of Voltage, V1s(n) on the linear
characteristic ‘CHAR 2’ is obtained, which is compared with the sampled value of Vpy,
i.e. Vpy(n). As seen in Fig.3.4, if Vpy(n) is less than Vrg(n) then the operating point of the
PV system is in the region that does not contain the MPP. Hence the switch of the boost
converter remains ‘OFF’ so that current decreases and consequently the output power of
the PV panel increases. At time instant ‘m’ V1g(m) is less than or equal to Vpy(m), which
means the operating point of the PV system is close to or operating in the region that
contains the MPP. Hence the control is shifted back to the original conventional
algorithm based on the fixed-step size increment of reference current. Thus the transfer to
the conventional algorithm takes place in the vicinity of the MPP. The equation of the
linear characteristic is selected so that it intersects the Vpy X Ipy curve of the PV panel
close to the MPP but does not interfere with the working of the conventional peak current

control-based algorithm during steady state operation.
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3.3 REDUCED Fuzzy AND NON SWITCHING ZONES

The Hybrid MPPT system described before can be used along with the Fuzzy-based
MPPT system described in Chapter 2. As described before once the operating point
crosses into the MPP containing region the control can be shifted to the Fuzzy logic
based peak current control MPPT algorithm. However the use of the original fuzzy
controller described in Chapter 2 presents an increased computational burden due to the
increased number of fuzzy sets of both the input and output variables and increased
number of rules to model both the transient and steady-state behavior of the system. In
this case the Fuzzy controller can be scaled down so as to take into account operation
only in the vicinity of the MPP ie. in the MPP containing region. The modified
membership functions are presented in Figs.3.5-3.7. It is seen that the input variable APpy

has three fuzzy sets NS, ZZ and PS as compared to the Fuzzy logic controller described
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in Chapter 2 where it had seven Fuzzy sets. Similarly the output variable Alrgr has three

Fuzzy sets as compared to seven in the Fuzzy logic controller described in Chapter 2.
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Fig. 3.7 Membership functions for the output Alggr.

The modified Rule base has been displayed in Table 3.1. It can be seen as compared to
Table 2.1 that the number of rules has been reduced to 5 from 19. This could provide an

advantage in terms of computational time.

Rule No. | If APpy is.... And Alpy is.... | Then Alggr is.... | Rule weights
1 PS P PS 0.5
2 PS N NS 0.5
3 NS P NS 0.5
4 NS N PS 0.5
5 77 Z Y4 1.0

Table 3.1 Rule base for the reduced Fuzzy model

3.4 TESTING

Results of computer simulations and experimental work undertaken to analyze the
transient and steady state behavior results for the schemes described in this Chapter will
be presented in Chapters 4 and 5 and compared with the previously described peak

current control based MPPT schemes.
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3.5 CONCLUSION

This Chapter introduced the concept of non-switching zones in the Vpy x Ipy plane for
implementing hybrid MPPT algorithms. By operating the power electronics converter
with D equal to 0 or D equal to 1, depending on which non-MPP region the system
operates, one pushes the operating point the fastest way possible towards the MPP region,
where the conventional peak current control based P&O MPPT is used. The hybrid
scheme allows the use of smaller perturbations, reducing the power oscillation around the
MPP and increasing the power yield in the steady-state without compromising the
transient response. The use of variable size perturbations based on a reduced Fuzzy logic

controller should further reduce the power oscillations around the MPP.
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CHAPTER 4

SIMULATION RESULTS

4.1 INTRODUCTION

The Fuzzy logic based Peak Current Control MPPT algorithm described in
Chapter 2 and the non-switching zones based schemes with fixed Alggr and the reduced
Fuzzy controller described in Chapter 3 were simulated in the MATLAB/Simulink
environment and compared with the standard scheme using fixed Alggr. Simulations were

also used to tune the gains of the Fuzzy controller.

4.2 SIMULATION SCHEMATICS OF THE STANDARD SCHEME WITH
FIXED AIREF [2]

The main circuit schematic for the simulation of the standard scheme with fixed
Alggr is shown in Fig.4.1. The various blocks used are similar to those in [2]. A brief

description of the blocks is given below.
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Fig. 4.1 Main simulation schematic for standard scheme with fixed Alrer [2]
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4.2.1 PV Panels [2]

The simulation model of the PV panel, as shown in Fig.4.2 consists of a current
source in parallel with a voltage source. The effect of varying irradiance on the short
circuit current Isc of the PV panel can be emulated by varying the value of current in the
current source CS1. The blocks to the right of CS represent the shunt branch of the PV
panel model. The output of the PV panel is represented by the connector ‘out’. The PV

output voltage is obtained from the look-up table in [2].

| e |
Step j 3 (]
cst L 4 _‘*r_"-b N L

. signal

cs ] Look-Up Vo |

Fig.4.2 The Simulation Model of PV Panel
4.2.2 Boost Converter Simulation Model

A Boost DC/DC converter is used as the MPPT power converter in the PV
system. The simulation model of the Boost DC/DC converter is shown in Fig.4.3. The
Boost converter is modeled as a diode in series with a controlled voltage source, CVS1. If
the driving signal is ‘low” which corresponds to OFF state of the MOSFET a voltage of
24 V corresponding to the output battery voltage appears at the inductor terminal, and if
the driving signal is ‘high’ ‘corresponding to the ON state of the MOSFET a voltage of

0V would appear at the inductor terminal.
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4.2.3 MPPT Block

The MPPT Algorithm is implemented in the MPPT block shown in Fig.4.4.

Samples of PV power Ppy and PV current Ipy are taken every switching cycle and the

direction of perturbation of Irgr is updated depending on the operating point of the system

on the PV Vpy x Ipy characteristic as determined by APpy and Alpy.
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Fig. 4.4 Simulation Model of the MPPT block
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Additional blocks such as the Short Circuit (SC) block and OPTION block described in
[2] had been used to improve the operation of the system under rapidly changing
atmospheric conditions. The SC block upon detection of a low value for Vpy, sends a
signal to the MPPT algorithm to reduce Irgr continuously and a signal to the PCC block
to keep it operating with minimum duty cycle. Otherwise, the PCC block would always
opérate with maximum duty cycle, since Ipy cannot reach Irgr with Vpy = 0 V, leading to
a long transient with Ppy = 0 W. The OPTION block resets the value of Irgr to the
instantaneous value of Ipy, when the difference between them exceeds a certain value.
This block would usually come into effect during start-up and transient conditions such

as large irradiance variations.
4.2.4 Peak Current Control Block

The schematic for the peak current control block is shown in Fig.4.5. At the start
of the switching cycle, when Dmin becomes ‘1°, the output of the OR gate is ‘1’ and the
switch turns ‘ON’. This in turn also enables the ‘AND’ gate. The output of the
comparator block is usually determined by the relationship between the Ipy and Irgr. At
the start of the switching cycle Ipy is usually less than Izgr and hence the output of the
comparator block is ‘1°. Thus even though Dmin returns to ‘0’ after a short duty cycle the
switch remains on till Ipy is greater than or equal to Irgr after which the AND gate is
disabled and the switch turns off as the Gating signal returns to ‘0’. In case Ipy cannot
reach Ipy, The switch will turn off when Dmax returns to ‘0°. Thus the duty cycle of the
switch is restricted between Dmin and Dmax. The unit delay is added to avoid any

algebraic loop in the simulation.
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Fig. 4.5 Simulation Schematic of the Peak Current Control Block

4.3 SIMULATION SCHEMATICS OF THE FUZzZY LOGIC BASED

SCHEME WITH VARIABLE Alggr

Figure 4.6 shows the schematic of the Fuzzy logic based scheme with variable
Alggr system for simulation with MATLAB/Simulink. The PV output current Ipy and Vpy
are measured and multiplied to obtain instantaneous PV power Ppy. The Sample and
Hold block outputs variation of PV output current and PV output power at two
consecutive sampling instants, which were taken for two different values of Izgr. These
serve as inputs to the Fuzzy Logic block. The Fuzzy Logic block processes the inputs and
outputs the incremental reference current Alggr. The Accumulator block outputs the
current reference Ixgr. Irgr is given as an input to the Peak Current Control Block which
outputs the driving signal to the Boost Converter so that Ipy follows Igrgr. Similar
simulation schematics have been used for the PV Panel, Peak Current Control and Boost
Converter for the standard scheme with fixed Alggr and the Fuzzy logic based scheme

with variable Alggr.
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4.3.1. Fuzzy Logic Controller

The Fuzzy Logic Controller is implemented using the Fuzzy Logic ToolBox
available in MATLAB/Simulink. The designed Fuzzy Controller along with the input and
output membership functions is input using the Fuzzy Inference system (FIS) editor
available with MATLAB/Simulink. The suitable composition and aggregation method
and the defuzzification method can be selected using the FIS editor. The Fuzzy Logic
block outputs the incremental reference current (Alzgr) of suitable magnitude and
direction depending on the location of the operating point of the system on the Ppy x Ipy

curve of the PV panel model.

4.3.2 Fuzzy Inference System (FI1S) Editor

The FIS editor is an effective Graphical User Interface (GUI) tool provided with
the fuzzy logic toolbox in MATLAB/Simulink to facilitate the design of the Fuzzy logic

controller. The FIS Editor pops up upon typing ‘fuzzy’ at the MATLAB prompt. The
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Fuzzy logic controller can then be designed using the FIS editor and saved in the disk as
a .fis file. Before the simulation has to be run the .fis file is exported to workspace and

the name of the file is entered in the Fuzzy logic controller block in simulink.

PVDIGEST4

{mamdani)

SR

Fig.4.7 Fuzzy Inference System (FIS)
As shown in Fig. 4.7 the number of input variables can be selected along with various
parameters of the Fuzzy Controller such as the implication method, aggregation method
and the defuzzification method. As shown in Fig.4.8, Fig.4.9 and Fig.4.10, the
membership functions for the input variables can be designed using the FIS editor. The
shape of the membership function can be altered by selecting the desired shape from the
drop-down menu corresponding to type. By adjusting the parameters corresponding to the
‘Params’ field one can adjust the location of the membership functions on the universe of

discourse.
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Fig.4.10 Membership function editor for Alrgr
The rules of the fuzzy controller can be designed as shown in Fig.4.11. Rules can be
added, deleted and modified using the appropriate buttons. Suitable Rule weights can be
assigned as well. The effect of the rules can be viewed as shown in Fig.4.12 using the
view rules option. The rules that come into play for different values of inputs and the

corresponding outputs can be viewed using the rule-viewer function.
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4.3.3 Sample and Hold block

In the simulation schematic for the Sample and Hold block as shown in Fig.4.13,

P(k), P(k-1), I(k) and I(k-1) are triggered Sample and Hold blocks. The rising edge of the

driving signal determines the sampling instant in each switching signal. The difference

block calculates the difference between values of PV power and PV output current at the

two sampling instants giving incremental PV power (APpy) and incremental PV output

current (Alpy) which are supplied as inputs to the Fuzzy block after multiplication by

suitable Fuzzy tuning gains.
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Fig.4.13 Simulation schematic of the Sample & Hold block

4.3.4 Accumulator Block

The Accumulator block as shown in Fig.4.14 is a triggered block, triggered by the

rising edge of the driving signal. The first input to the accumulator block is the

incremental reference current (Alggr) and the second input is its output itself (Irgr).

Hence at every triggered instant the reference current is updated.
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Fig.4.14 Simulation schematic of the accumulator block

4.4 SCHEMATIC DIAGRAM FOR NON-SWITCHING ZONES AND

F1xXep Alggr

The schematic diagram for the scheme with non-switching zones and fixed Alrer
is shown in the Fig.4.15. Most of the blocks are the same as those used in the
conventional system with fixed Alggr however a fixed Alrgr = 0.025 A was used in this
case. In the schematic for this scheme two extra blocks CHAR1_OC and CHAR2_SC
are used in addition to those used in the conventional system to model the two curves as
described in Chapter 3 and demarcate the switching and non-switching zones. The SC
block was not used in the MPPT block as was the case with the conventional system with
the fixed Alggr as in this case the second characteristic corresponding to operation in the
short-circuit region was used which would perform a similar function to that of the SC

block.
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Fig.4.15 Main circuit diagram for simulation of Non-switching zones and reduced Alrgr

4.4.1 CHAR 1 _OC Block

The CHAR1_OC block is shown in the Fig. 4.16. The equation of the line that separates
the MPP containing region and the non-MPP containing non-switching zone
corresponding to lower values of Ipy is implemented. The algebraic constraint block is
used to prevent an algebraic loop. As described in Chapter 3 the value of voltage Vo is
obtained from the characteristic corresponding to the value Ipy. V5o is compared with
Vpy and if the former is lesser than the latter then the logic block outputs a high signal.
Based on the comparison between V1o and Vpy the switch will pass through the ON
signal to keep the switch for D = 1 or the output of the conventional peak current

algorithm.
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4.4.2 CHAR 2 SC Block

The CHAR2_SC block is shown in the Fig.4.17. The equation of the line that separates
the MPP containing region and the non-MPP containing non-switching zone
corresponding to higher values of Ipy is implemented. The algebraic constraint block is
used to prevent an algebraic loop. As described in Chapter 3 the value of voltage Vrs is
obtained from the characteristic corresponding to the value Ipy. Vg is compared with Vpy
and if the former is lesser than the latter then the logic block outputs a high signal. Based
on the comparison between Vs and Vpy the switch will pass through the OFF signal to
keep the switch for D = 0 or the output of the switch corresponding to the CHAR1_OC

block.
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4.5 SCHEMATIC DIAGRAM FOR NON-SWITCHING ZONES AND

REDUCED Fuzzy CONTROLLER

The simulation schematic for the scheme with non-switching zones and the reduced
Fuzzy logic controller is shown in Fig. 4.18. The simulation schematic is the same as that
used in Section 4.3 for the Fuzzy logic based system. However as in Section 4.4 two
extra blocks CHAR1_OC and CHAR2_SC are used in addition to those used in Section
4.3 to model the two curves, as described in Chapter 3, and demarcate the switching and
non-switching zones. In addition the name of the .fis file entered in the fuzzy logic
controller block should be the one that corresponds to the reduced Fuzzy logic controller

described in Section 3.3 of Chapter 3
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Fig .4.18 Main circuit diagram for simulation of non-switching zones and reduced Fuzzy

4.6 SIMULATION PARAMETERS

The simulation parameters are the same as those used in [2] for comparison purposes.
PV panel (at rated irradiance levels)
Short-circuit current (Isc) = 3.452 A
Current at the MPP (Iypp) =3.29 A
Voltage at the MPP (Vypp) =18.62 V
Open-circuit voltage (Voc)=21.8 V
Boost converter
Inductor (L) =1 mH

Switching frequency (fsw) = 100 kHz
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Battery bank

Output voltage (V) =24 V
4.7 SIMULATIONS RESULTS AND ANALYSIS

Figures 4.19, 4.21, 4.23 and 4.25 shows the start-up process under rated ambient
conditioﬁs and the response to a step variation of irradiance to 50% of the initial value for
the standard scheme with fixed Alrgr, the Fuzzy logic based scheme with variable Alrgr,
the scheme with fixed Alrer and non-switching zones and the scheme with reduced Fuzzy
and non-switching zones respectively. Figures 4.20, 4.22, 4.24 and 4.26 show the detailed
steady-state waveforms for the above-mentioned peak current control based algorithms.
It must be stated that optimum tuning gains have been used for the fuzzy controllers
which is 2.8 for the APpy input and 5 for the Alpy. For the switching zone based schemes,
the equations used for defining the regions in the Vpy x Ipy plane are:

CHAR 1: V1o=0.255Ipy + 18.63

CHAR2: Vis=-0.29 Ipy + 17

It can be seen from Fig.4.23 and Fig.4.25 that the non-switching zones based schemes
present the fastest rise time of 0.17ms with both the fixed and the variable Alrer because
the converter operates with D = 1. As seen from Fig.4.21 the all Fuzzy logic based
scheme presents a faster rise time of 0.27 ms as compared to 0.32 ms for the standard
scheme with fixed Alzgr because the use of the Fuzzy logic controller allows the use of a
larger variation of reference current during the transient state.

The standard scheme with fixed Alggr responds well to the sudden step-down of
irradiance due to the use of the SC and the OPTION blocks described in [2]. The fuzzy

logic based variable Alxgr scheme also presents a reasonable response. In this case only
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the OPTION block was used. The non-switching zones based methods also present good
recovery due to the presence of the second characteristic CHAR2, as described in Chapter
3, which comes into play when the operating point of the system moves into the short-
circuit region. The OPTION block was used in both the non-switching zones based
methods. The non-switching zones based method with the reduced Fuzzy system
however presented the best recovery of all.

In the steady state as seen in Fig.4.20 the standard scheme with fixed Alrer presents
maximum power drops as well as a large peak-to-peak ripple in Ipy (0.17A). This is
primarily due to the use of a relatively large value of fixed Alggr. As seen in Figs.4.22
and 4.26 the Fuzzy based schemes present lowest power drops and peak-to-peak ripple in
Ipv (0.045A) in the steady-state because Alggr = 0 A in the steady-state. The current
ripple for these cases is only due to the intrinsic switching of the converter and does not
include the variations of Irgr that appear in the case of the fixed variation of reference
current. As seen in Fig.4.24 the non-switching zones based scheme with fixed Alggr
presents a lower power drop and peak-to-peak ripple for Ipy (0.08A) than the standard
scheme implemented with fixed Alxgr because it employs a smaller Alggr.

For further increasing the power drawn from the PV array one should reduce the
current ripple. This can be done by using a higher value of inductance for the Boost
inductor, increasing the switching frequency or using interleaved boost converters.
Besides, the DC/DC converter should be of the soft switching type for increased

efficiency.
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Fig.4.26 Detailed steady-state for scheme with scheme with Reduced Fuzzy and non-
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The importance of selection of appropriate Fuzzy tuning Gains is demonstrated in Figures
4.27-4.28. Simulations were first run with the estimated gains mentioned in Chapter 3.
However, it can be seen from Figures 4.27-4.28 that the system does not start-up. After
tuning the Fuzzy gains, suitable values i.e. 2.8 for APpy and 5 for Alpy were obtained

corresponding to optimum results demonstrated in Figures 4.21, 4.22, 4.25 and 4.26.

D.S T : T :
|l [ WL ||l|lll b lith ||||l|l|| | lllll il ll [ il ||||l|l|| | II[L
i i
0.6 0.6 1
i ¥ -3
0.6 D.'E 1
T ] =3
| B Ut AR T lIlllr. b1 ||||].II.II | Il“
| !
0.6 0.8 1
time(sec) w 107
Fig. 4.27 Start-up of the Fuzzy logic based MPPT system under rated ambient conditions
with Tuning gains of 0.5 and 1
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4.7.1 Comparison Table

gains of 0.5 and 1

Standard Fuzzy Logic Non- Non-
Scheme with based Scheme | switching zones | switching zones
Fixed Alrgr with Variable | and Fixed Alggr | and Reduced
(0.1 A) Alggr (0.025 A) Fuzzy
Rise time 0.32 ms 0.27 ms 0.17 ms 0.17 ms
Power Drops High Lowest Lower than lowest
standard
scheme
Peak-peak High Lowest Lower than lowest
current ripple standard
scheme

Table 4.1 Comparison of the four peak current control based MPPT schemes based on

simulation results
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4.8 CONCLUSIONS

In this Chapter simulations were run in the MATLAB/Simulink environment to compare
the performance of the four peak current control based MPPT algorithms. The simulation
schematics for the different schemes are presented and the simulation parameters are
specified. The non-switching zones based schemes with both fixed Alrgr and reduced
fuzzy controller presented faster rise times under the given atmospheric conditions and
design considerations. The non-switching zones based scheme with fixed Alrer presented
lower steady-state power drops as compared to the standard scheme with fixed Alrgr due
to the choice of a lower value for the fixed Alrgr, while also presenting a better transient
response. The non-switching zones based scheme with fixed Alrgr also presented a better
transient response than the conventional Fuzzy logic based scheme with variable Alrgr.
Both the conventional and the non-switching zones based Fuzzy logic schemes presented
the ideal steady state response. Thus simulation results suggest that the ideal case would
be the use of the non-switching zones based scheme along with the reduced fuzzy logic

controller, for optimum transient and steady-state response.
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CHAPTER 5

EXPERIMENTAL RESULTS

5.1 INTRODUCTION

The objectives in this chapter are two-fold: Firstly an attempt is made to identify the
limitations with regards to the practical implementation of the peak current control based
MPPT schemes. Secondly an attempt is made to compare the experimental performance
of the four previously discussed peak current controlled based MPPT techniques and
relate the performance to the simulation case. In the experiments, the MPPT algorithms

are implemented with a DSP system from dSPACE.

5.1.1 Introduction to the dSPACE system |[2]

The dSPACE system is a hardware architecture used for rapid prototyping of
electrical control systems, which is comprised of DS1103 PPC controller board. It is
equipped with a Motorola PowerPC 604e processor, whose computing power allows for
the simulation of large-scale floating-point control algorithms in real-time. A full range
of /O devices including a TMS320F240 slave DSP is available on-board. Using the
Real-Time Interface to Simulink, automatic code generation from block diagrams is

possible. I/O functions are specified graphically as part of the simulation model.
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5.1.2 Hardware Architecture |2]

The DS1103 PPC Controller Board is equipped with a Motorola PowerPC 604¢
processor for fast floating-point calculation at 333MHz. This high-performance
superscalar microprocessor has three integer execution units, one floating-point
arithmetic unit, and a separate load/store unit for fast memory access. The on-chip cache
size is 32kByte for instruction and data. The processor’s ability to execute instructions
out-of-order leads to a performance improvement of about factor 2 for typical simulation
models compared to strictly serial instruction flow.

A 2MByte local memory is used for program and data of the simulation model. The
local memory is fully cached and cannot be accessed by the host PC in standard operation
mode. For data buffering and exchange between PowerPC and the host, up to 128 MByte
of non-cached global memory is available. The host interface of the board is used to
perform board setups, program downloads, and runtime data transfer. It supports

Plug&Play functionality for easy installation.

1/0 Section

The board can be adapted to a wide range of closed-loop applications due to its large
number of I/O devices. High-resolution A/D converters (16-bits and 12 bits) with a
sampling time of 4us and 800 ns, respectively, are available, as well as D/A output
channels with a resolution of 14-bit and a 5 us settling time. 32 digital I/O channels and a

serial line interface complete the list of standard 1/O units.
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5.1.3Real-Time Interface to Simulink |2]

Using MATLAB and Simulink for modeling, analysis, design and offline simulation
has become a de-facto standard for control system development. The Real-Time Interface
enhances the Simulink block library with additional blocks, which provide the link
between Simulink and the real-time hardware, as shown in Fig.5.1. To graphically
specify an I/O channel the corresponding block icon has to be picked up from the I/O
block library and attached to the Simulink controller model. I/O parameters, such as
voltage ranges or resolutions, can be set in appropriate dialog boxes. The Simulink model
then is transferred into real-time code, using the Real-Time Workshop, state flow control,
and the Real-Time Interface. Code generation includes the I/O channel specification and
the multitasking setup, which are translated into appropriate function calls of the Real-
Time Library. The library is a C function library providing a high-level programming
interface to the hardware. The Real-Time Library also includes access functions for the

slave DSP. These blocks cover the I/O functionality of the prototyping hardware.

MATLAB Simulink
Real-Time

State fl
Workshop ate How

Real-Time Interface

Real-Time Real-Time
Hardware Library

Fig.5.1 The Real-Time Interface in the MATLAB/Simulink environment [2]
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5.1.4 Simulink Block Library for DS1103 [2]

The block library for the DS1103 PowerPC Controller Board is subdivided into two
major parts according to the two microprocessor units on the board. The library shown in
Fig.5.2 comprises all I/O units that are directly served by the PowerPC master processor.
Block icons for the standard I/O channels such as A/D, D/A converters, and digital 1/O

are included as well as the more complex incremental encoder blocks.

MUX ADC

ENCODER
SET POSITION
SERIAL Ensble search  Index found

UszerInterrupt 1

Fig.5.2 Master Processor block library for Simulink [2]

The slave DSP library, shown in Fig.5.3, offers frequently used functions of the
TMS320F240, such as single-phase and three-phase PWM signal generation, frequency
measurement, A/D conversion, and digital 1/O. Because the real-time simulation is
executed in the master PPC board, it is wished to employ the functions provided by the

slave DSP as much as possible to save the computation time on the Master PPC board.
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DS1103SLAVE
Duty ayole 4 PYWM-Interrupt

Fig. 5.3 Slave DSP block library for Simulink [2]

5.1.5 Practical Limitations of the dSPACE System

It is proposed to implement the previously discussed peak current control based MPPT
systems in the DSP microcontroller from dSPACE and interface it with the prototype of a
boost converter. In [2] it was seen that if the peak current control logic was implemented
in the DSP, in the case of the standard scheme with a fixed Alggr, the switching
frequency was restricted to 10 kHz in order to have a good enough resolution of duty
cycle. In addition, the computation time required by the DSP to process the Fuzzy
controller block in the schemes involving Fuzzy logic, places a further restriction on the
switching frequency of the boost converter, if the peak current control logic was
implemented in the DSP. Hence, it was necessary to implement the peak current control
strategy in hardware to keep the switching frequency independent of the sampling
frequency. The PWM IC 3842 was used for the purpose. Although, it was desired to
operate with a sampling frequency equal to the switching frequency of the MPPT
converter, in this case the sampling frequency had to be reduced to suit the computational

constraints of the dSPACE system. However, the switching frequency was independent
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of the computational constraints of the dSPACE system. Thus the switching frequency is
an integral multiple of the sampling frequency, which means the peak reference current is

not updated every switching cycle but after an integral number of cycles.

5.2 EXPERIMENTAL SETUP

Fig.5.4 shows the basic experimental setup for the PCC based MPPT schemes. The setup

is comprised of three parts, PV panels, boost converter and the MPPT controller.
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Fig.5.4 Experimental Set-up

5.2.1 PV Panel Simulator [2]

The Agilent E4350B Solar Array Simulator (SAS) is employed as the PV panel
simulator. It is a dc power source that simulates the output characteristics of a solar array.
The Agilent SAS is primarily a current source with very low output capacitance. It is

capable of simulating the Vpy X Ipy curve of a solar array under different conditions such
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as temperature and age. The Vpy x Ipy curve is programmable over the IEEE-488.2 bus
and is automatically generated within the Agilent SAS. The Agilent SAS has three
operating modes:

Fixed Mode: This is the default mode that occurs when the unit is first powered up.
The Vpy X Ipy output has the rectangular characteristics of a standard power supply, but
with excellent high speed constant current characteristics and low output capacitance.

Simulator Mode: An internal algorithm is used to simulate a Vpy X Ipy curve. One can
easily approximate the curve through four input parameters: open circuit voltage (Voc),
short-circuit current (Is¢), current at the approximate maximum power point on the curve
(Impp), and voltage at the approximate maximum power point on the curve (Vypp).

Table Mode: The Agilent SAS provides a table mode for a more accurate Vpy % Ipy
simulation of solar arrays. In this mode, a table of Vpy X Ipy points, often provided by the
solar array manufacturer, specifies the curve.

In the experiment the Simulator Mode is used and the program to put the Vpy X Ipy

curve in SAS is shown in Appendix Al.
5.2.2 The MPPT Converter

The PV Panel simulator is connected as an input to the MPPT boost converter which
feeds a 24V battery load. An IRFZ44 MOSFET is used as the switch of the boost
converter and a MURS820 is used as the diode of the boost converter. The MOSFET and
the diode are selected so that the voltage rating is greater than 1.5 times the output
voltage, which is 1.5 x 24 = 36 V, and the current rating exceeds 1.2 times the short-
circuit current of the PV panels, i.e. 1.2 X 3.45 = 4.14 A. The input inductor was selected

as 0.5 mH in order to limit the output ripple within acceptable limits. A 0.2 Q, 5 W
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current sense resistor is included to measure the current through the switch. The output
capacitor is selected just large enough for a small output voltage ripple. A 20K discharge

resistor is connected across the output capacitor.
5.2.3 MPPT Controller

The MPPT controller consists of four sections: the analog clock and interrupt generator
circuit, the Sample and Hold DSP DS1103 microcontroller, the analog peak current
control circuit and the MPPT DSP DS1104 microcontroller.

The PV voltage is sensed directly using the voltage-divider network and the PV current is
sensed using a LA5SP Hall-effect sensor. The PV voltage and current is sampled using
the Sample and Hold DSP. The sampled values of PV voltage and current are fed to the
MPPT DSP. These values are processed in the MPPT DSP and the updated value of
reference current is supplied to the 3842 PWM IC by the D/A Converter. The 3842 PWM
IC is used to implement peak current control in an analog fashion. The clock and
interrupt generator circuit supplies the clock signal to the 3842 PWM IC and the interrupt

signal to define the sampling instants of PV voltage and current values.
5.2.4 Analog clock and interrupt generator circuit

A detailed circuit layout for the analog clock and interrupt generator circuit for the
standard scheme with fixed Alrgr is shown in Fig.5.5. Here an IC 555 timer is used to
generate a 25 kHz 50% duty ratio clocking signal by suitable selection of resistor and
capacitor components. The output of the 555 timer IC goes to the 3842 PWM IC to set
the switching frequency of the boost converter. It must be noted however that the clock
signal is inverted at the 3842 IC stage. Thus the falling edge of the clock pulse

corresponds to the turn-ON of the boost converter MOSFET. The output of the 555 timer
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also goes to the sampling circuit which comprises of 4017B decade counter and a dual
monostable multivibrator 4528B IC. The 25 kHz clocking signal (shown in Fig.5.8(a)) is
converted to a 2.5 kHz clock signal by the 4017B decade counter as shown in Fig.5.8(b)
to meet the MPPT DSP requirements of a lower sampling frequency. The rising edge of
the clock signal from the 4017B IC triggers a pulse in the first monostable multivibrator
as shown in Fig.5.8(c). The falling edge of this pulse determines the sampling instant and
triggers a second extremely short pulse in the second multivibrator as shown in
Fig.5.8(d), which forms the interrupt signal. This interrupt signal from the second
multivibrator is given to the interrupt input of the Sample and Hold DSP DS1103
interface which is used to sample and hold values of PV current and voltage. It can be
seen from Fig.5.8 that the interrupt signal occurs a short delay after the rising edge of the
clock signal. The rising edge corresponds to the turn-OFF of the MOSFET at maximum
duty ratio operation. This means that the sampling of PV panel voltage and current values
is guaranteed to always take place during the OFF period of the MOSFET switching
cycle and hence, during a commutation noise-free instant.

The clock and interrupt generator circuit for the Fuzzy logic based scheme with variable
Alggr is shown in Fig.5.6. In this case a still lower sampling frequency had to be used,
due to the larger computation time required to model the complex Fuzzy model. Hence a

second decade counter is added to reduce the sampling frequency to 250 Hz
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The clock and interrupt generator circuit for the non-switching based MPPT schemes is
shown in Fig.5.7. In this an extra AND gate is added with two inputs: a 25 kHz clock
signal from the 555 timer and a signal from the MPPT DSP DS1104 microcontroller to
~ disable the clock signal during operation in the Non-switching zone and keep the switch
‘ON’ for duty ratio = 1. It must be noted here that only a single non-MPP zone
corresponding to lower values of Ipy is considered for the experimental case. The

sampling frequency here is again 2.5 kHz, hence only a single decade counter is used.
5.2.5 Sample and Hold DSP

A DS1103 dSPACE microcontroller interface board is used to sample values of PV
voltage and current. An external interrupt signal is provided by the clock and interrupt
generator circuit to the external interrupt input of the DSP board corresponding to the
desired sampling instant. The Simulink schematic corresponding to this operation is

shown in Fig.5.9.

Host Semvice #1 @
DSH03MASTER Board ,
. <SeniceName» Trigger

UserIntemupt 1

DS1103MASTER_HWMINT_1 Data Caplure

ADC ™ DAC

L DS1103ADC_C17 DS1103DAC_C1
Trigger)
ADC » DAC
Function DS1103ADE_C18 DS1103DAC_C2
(@ (b)

Fig.5.9 (a) Simulink schematic for the Sample and Hold DSP (b) Details of function
block
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5.2.6 Analog Peak Current Control Circuit

The peak current control logic is implemented in an analog fashion with the use of the
PWM 3842 IC as shown in Fig.5.10 to overcome the limitations of the dSPACE
Microcontroller. Fig.5.10 shows the 3842 PWM IC connected to the MPPT boost
converter. The peak reference current (Irer) is set by supplying a voltage Vggr to pin 2 of
the 3842 IC through the feedback network comprising of two 10K resistors. The relation
between Irgr and voltage Vrer was verified by experimental testing and the results are
displayed in Fig.5.11. It can be seen from Fig.5.11 that very low values of Izgr cannot be
imposed. In the operating region the linear equation that defines the relationship between
Irer and Vggr is given by:
Vgrer = - 0.61Iger + 3.732 (5.1)
The actual current is measured as a voltage across a 0.2 Q resistor connected between
the drain of the MOSFET and ground which is supplied to pin 3 of the 3842 IC through
RC filter network. A 25 kHz clock signal is supplied to pin 4 from IC 555 timer to set the
frequency of operation of the boost converter, which is also supplied to the sampling
circuit to synchronize the sampling instant with the switching of the MOSFET. The
gating signal for the MOSFET is supplied directly from pin 6 of the 3842 IC to the gate

of the MOSFET through a 10 ohm resistor.
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Fig.5.11 Vggr versus Irgr characteristics of the PWM 3842 IC

5.2.7 PV Current and Voltage measurement circuitry

A LA 55P Hall effect current sensor is used to sense the input PV current. The gain of the
LAS55P current sensor is 1000:1 i.e. a current of 1 A flowing through the wire results in a
current of 1 mA flowing through the output resistor. An output resistor of 680 ohms is

selected. Also, 4 turns of wire is inserted through the LASSP current sensor to boost the

output of the current sensor, considering the limitation on the output resistor.
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The output of the current sensor is fed to the Sample and Hold DSP. Suppose we have a
current of 3.45A flowing through the wire. The output of the current sensor will be

3.45x4x 680
1000

= 9.384V. Hence the gain of the current sensor is 2.72. Experiments wete
also carried out using Hall-effect probes and the gain was found to be 2.69 which almost
match with the theoretical results.

The input to the A/D converter in the DSPACE system is limited to +10...-10. Hence a
suitable voltage-divider network is needed to limit the sensed PV Voltage. Since the
maximum open circuit voltage we worked with was 21.7 V. Hence, we used a voltage-
divider network of 5.1 K in series with 6.3K. The input PV voltage is supplied to the

series combination of 5.1K and 6.3K and the output of the 5.1K resistor is supplied to the

A/D converter. Thus a voltage of 21.7 V would correspond to 2L7x51K 9.7 V.

5.1K+6.3K

Thus the voltage gain would be 0.447.

5.2.8 MPPT DS1104 DSP Microcontroller

The MPPT algorithm for the four peak current control based MPPT techniques are
implemented in the DS1104 dSPACE system. The control schematics in Simulink for
each individual algorithm will be discussed in section 5.3. After samples of PV current
and voltage are processed by the MPPT DSP microcontroller, the peak reference current
converted to a suitable voltage value is supplied to the 3842 IC for the PCC
implementation.

The gains of the sampled PV voltage and current values in the Simulink schematics are

selected as follows:
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As we know the A/D converter converts a signal of +10....-10 to +1....-1 in the Simulink
schematic and the gain of the current sensor is 2.69 as was calculated before. Hence, to
work with actual values of PV current in the Simulink schematic a suitable gain is
required, which is calculated as 10/2.69 = 3.72.

Also, the gain of the voltage resistor network is 0.447 as was calculated before. Hence, to
work with actual values of PV voltage in the Simulink schematic the gain required is

calculated as 10/0.447 = 22.37.

5.3 RTI SIMULINK SCHEMATICS

5.3.1 Control Schematic of the Standard scheme with Fixed Alpgr [2]
The control schematic for the standard scheme with fixed Alggr is shown in Fig.5.12. It
can be seen that the dSPACE system picks up sampled values of Ipy and Vpy and then

provides a suitable dc voltage to the 3842 IC to impose the desired reference current.
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Fig.5.12 Control schematic for standard scheme with fixed Alrer
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Details of the MPPT block are shown in Fig. 5.13. This is similar to the block used in the
simulation schematic with the exception of the ANTI-STICK block and the DEAD-
ZONE unit that were not used. The ANTI-STICK block [2] is used to prevent the
operating point from sticking in one place if the differences in consecutive samples of Ipy
or Ppy i.e. Alpy or APpy are too small to be distinguished by the A/D converters, so that
the perturbation direction which is the product of Alpy or APpy is zero and so Irer will not
be perturbed again. The ANTI-STICK maintains the same perturbation direction of the
previous cycle if Alpy or APpy is zero. When the values of Alpy or APpy are small, they
cannot be computed correctly due to noise. Hence when Alpy or APpy fall into certain
ranges the DEADZONE unit [2] outputs zero.

Two delay blocks are used in this case as opposed to three in [2] because in the present
case the Clocking and interrupt generator circuit ensures that the Sample and Hold DSP
samples noise free values of Ipy and Ppy. The first DELAY unit allows enough time to
process the sampled values of Ipy and Ppy and obtain the original perturbation direction.
Then the ANTI-STICK block is triggered to output the final perturbation direction in
terms of the original perturbation direction. The second DELAY unit shifts the present
samples of Ppy and Ipy to the Ppy(k-1) and the Ipy(k-1) blocks in preparation for the next
cycle. The ACCUMULATOR block is also triggered to update Ixgr.

The TRANSFER block, details of which are shown in Fig.5.14 is used to convert the
desired value of Irgr to a suitable DC voltage which is input to pin 2 of the 3842 PWM

IC so that it imposes the desired reference current.
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5.3.2 Control Schematic of Fuzzy Logic based scheme with Variable Alpgr

The control schematic for the Fuzzy logic based scheme with variable Alggr is shown in
the Fig.5.15. In this case a special block called ‘START’ is required as in this case the
ramp is not generated by the OPTION block because at start-up the variation of PV
current and voltage and hence of PV power is almost zero, thus the fuzzy controller block
outputs a zero incremental reference current. The details of the start-up block are shown

in Fig.5.16.
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Fig.5.16 Details of the START block

Here the PV current and the reference current at the output of the accumulator block are

input to the START block and compared with preset constants. If these values are below
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their respective preset constants, the output of the START block is 0.5 which is added
with the output of the accumulator block, so that the net reference current, Izgr at start-up
is 0.5 A.

Once the system starts up the PV current and reference current at the output of the
accumulator block will be higher than the preset constants and the output of the START
block will be 0. Thus the net reference current Izgr will only be due to the output of the
accumulator block.

The MPPT block shown in Fig.5.17 is similar to that used in the case of the simulations,
but the DEADZONE blocks were used in this case too for reasons described before. As
before the name of the .fis file corresponding to the fuzzy controller is entered in the
Fuzzy controller block.

The TRANSFER block is the same as the case of the standard scheme with fixed Alggr.
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Fig.5.17 Details of the MPPT block for Fuzzy logic based scheme
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5.3.3 Control Schematic for Non-Switching Zones and Fixed Alpgr

The control schematic in Simulink for non-switching zones and fixed Alrgr is displayed

in Fig.5.18.
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Fig.5.18 Control schematic for non-switching zones based schemes

Here the block CHAR1 shown in Fig.5.19 is used as in the case of the simulation to
model the curve that separates the switching zones from the non-switching zone
corresponding to lower values of Ipy. The equation for CHAR1 used in this case is:
CHARI: V1o = 0.255Ipy + 18.615

Thus when Vpy is greater than the voltage on the characteristic obtained from the
measured value of Ipy the CHARI1 block outputs a ‘LOW’ signal which is given to the
clock and interrupt generator circuit through the D/A converter to inhibit the clock signal
to the 3842 IC through the use of the 4081 AND gate, which outputs a ‘LOW’ signal
continuously. The continuous ‘LOW” signal input to clock input (pin 4) of the 3842 IC
ensures the switch operates with 100% duty cycle. If Vpy is less than the voltage on the

characteristic, this corresponds to operation in the MPP region. Hence the CHAR1 block
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outputs a ‘HIGH” signal, which when supplied to the AND gate ensures the clock signal

is sent to clock pin (pin 4) of the 3842 IC for operation in the PCC mode.

¥
&
1
d(ri;—:’g x (2 —{in1 <L >0utt
P VPV
Eo—pint<L> Outt =7 \_.
Y N o =
- 2 Out
= > +
Dot Produect 1 +
0.255
Constant
18.615
Constant1

Fig.5.19 Details of the CHAR1 block
The MPPT block and the TRANSFER block are the same as those used in the standard
scheme with fixed Alrgr. However in the case of the MPPT block the step size used was

0.05 A instead of 0.1A for the standard scheme with fixed Alggr.

5.3.4 Control Schematic for Non-Switching Zones and Reduced Fuzzy

Controller

The control schematic for non-switching zones and the reduced fuzzy controller are
shown in Fig.5.18. The MPPT and the TRANSFER block is the same as that used in the
case of the Fuzzy logic based scheme with variable Algzr. However in the case of the
MPPT block the name of the .fis file to be entered in the Fuzzy controller box would
correspond to the reduced Fuzzy logic controller. The CHARI1 block is the same as that
used with Non-switching zones and fixed Alrgr, However, to obtain the desired response
the equation for CHARI1 used in this case is:

CHARI1: V1o = 0.28Ipy + 18.615
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5.4 EXPERIMENTAL RESULTS AND ANALYSIS

5.4.1 Standard scheme with Fixed Alrgr

Figure.5.20 shows the start-up process results for the standard scheme with fixed Alrg.
In the beginning the SAS is disconnected from the MPPT converter, however the MPPT
system is already working. It is seen that Izgr increases because initially APpy and Alpy
are both zero, hence the output of the ANTI-STICK block is 1 so the same perturbation
direction is retained. When the difference between Irgr and Ipy (Which is zero initially as
the SAS simulator is disconnected from the boost converter), exceeds the limit set by the
OPTION block, the OPTION block outputs Ipy to the ACCUMULATOR block. Hence
the Irgr is forced to Ipy (0 A), before the SAS is connected to the MPPT converter and
then Ixgr increases again forming a saw-tooth waveform.

Once the SAS simulator is connected to the MPPT converter the PV current rises, as
also the PV power till the MPP is reached and the operating point oscillates about the
MPP. The rise time in this case is seen to be 15 ms. In the simulations the refresh rate for
the reference current was same as the switching frequency which was chosen to be
100kHz, while in the experimental case the refresh rate for the reference current is
approximately 2.5 kHz due to the constraints of the DSP microcontroller, which requires
a larger time-step to process the MPPT algorithm in real time. The rise time in the case of
the simulations was 0.32 ms. Thus the expected rise time in the experimental case should

be 0.32msx 100kHz
2.5

= 13 ms, which is close to what we have experimentally. However
z

one has to also account for the fact that the maximum duty ratio used for the PCC in the
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case of the simulations was 70% as opposed to 50% used in the experimental case, which
could mean that the rise time obtained experimentally is slower than expected.

The detailed steady state can be seen in Fig.5.21. In the steady state one can see that the
operating point oscillates about the MPP. It is also seen that Ipy follows the variations in
Irer. Moreover from the detailed view of Fig.5.22 one can see that the reference current
remains constant for 10 switching cycles, which is expected as the refresh rate for Irgr

was set at one-tenth of the switching frequency.
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5.4.2 Fuzzy Logic based scheme with Variable Alggr

Figure 5.23 shows the start-up of the Fuzzy logic based scheme with variable Alggr.
Before the system starts up Irgr is set at 0.5 A, which is the output of the START block
as initially Ipy = OA and the output of the ACCUMULATOR block is also equal to zero.
The rise time in this case can be seen to be 120 ms. Again, in the simulations the refresh
rate for the reference current was same as the switching frequency which was chosen to
be 100 kHz, while in the experimental case the refresh rate for the reference current is
approximately 250 Hz. The rise time in the case of the simulations was 0.27 ms. Thus the

100kHz
Hz

expected rise time in the experimental case should be 0.27msx = 108 ms, which

is close to what we have experimentally. Again, one has to also account for the fact that
the maximum duty ratio used for the PCC in the case of the simulations was 70% as
opposed to 50% used in the experimental case.

The detailed steady state can be seen in Fig.5.24 and Fig.5.25. Fig.5.24 shows the steady
state over an extended time-scale to demonstrate that the reference current remains
constant over a few sampling periods and the power drops are minimal. Fig.5.25 provides
a detailed snapshot of the steady state. It can be seen that, as in the case of the simulations
the current ripple is only due to the intrinsic switching of the converter and does not

include the variations of Ixgr that appear for the standard scheme with fixed Alrgr.
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Fig.5.23 Start-up of the Fuzzy logic based scheme with variable Alrgr
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Fig.5.25 Detailed view of the steady-state for Fuzzy logic based scheme with variable
AlRgr

5.4.3 Non-Switching Zones and Fixed Alggy

The start-up of the scheme with non-switching zones and fixed Alrgr is seen in Fig.5.26.
It is seen that before the start-up Irgr still appears as a ramp due to reasons similar to the
case with the standard scheme using Alrgr. However, the frequency of the ramp is lower
than the case with the standard scheme using fixed Alggr because of the lower value of
Alggr (0.05 A) used in this case as compared to 0.1 A used in the case of the standard
scheme with the fixed Alrgr. Initially when SAS is connected to the converter the current
ramps up because initially the switch is in the ON position with duty ratio equal to 1.
Once the operating point of the system crosses in to the MPP containing region the
standard PCC based MPPT algorithm operates and the reference current can be seen

approaching the value corresponding to operation at the MPP in fixed steps. Initial drops
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in power can be seen during start-up as due to the relatively large sampling interval used,
it is quite possible that the PV current rises and crosses into the short-circuit region
resulting in the abnormal behavior observed at start-up. It is believed that a shorter
sampling interval should result in the anticipated operation at start-up as was seen in the
case of the simulation results. It is also possibly due to this reason that the rise time is
6ms, which is longer than that seen in the case of the simulations. It is not possible to
compare the simulation and the experimental waveforms at start-up for this particular
case because the obtained waveforms look different.

The detailed steady-state waveform can be seen in Fig.5.27 and Fig.5.28. In the steady-
state the operation is similar to the standard scheme with fixed Alggr. However, the
power drops and ripple in Ipy are lower because of the lower value of Algrgr used in this

case as compared to the standard scheme.
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Fig.5.26: Start-up of scheme with non-switching zones and fixed Alrgr
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5.4.4 Non-Switching Zones and Reduced Fuzzy Controller

Figure 5.29 shows the start-up for the scheme employing Non-switching zones and the
reduced Fuzzy controller. The difference between the simulation and experimental
waveforms at the start-up associated with the scheme involving non-switching zones and
fixed Alrgr could be seen in this case as well and for the same reasons. However, once
the operating point transfers to the MPP containing region, the reference current increases
in increments corresponding to the Fuzzy set PS of the Alggr variable of the reduced
Fuzzy controller and the increments gradually get to zero, once the operating point
reaches the MPP. In this case the rise time is seen to be 10 ms. The rise time could be
reduced by increasing slope of the characteristic that divides the MPP and the non-MPP
containing regions. This could also be reduced by redefining the reduced Fuzzy controller
so that it could output a higher maximum Alrgr as compared to the 0.025A used in the
present case.

The detailed steady state can be seen in Fig.5.30. As expected the reference current
remains almost constant. Peak-to-peak ripple in Ipy and the power drops are minimum

similar to the case of the Fuzzy logic scheme with variable Alrgr
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5.4.5 Comparison Table

Standard Fuzzy Logic | Non-switching [ Non-switching
scheme with based Scheme zones and zones and
Fixed Alggr with Variable Fixed Alrgr | Reduced Fuzzy
0.1 A) Alrgr (0.05 A)
Rise time 15 ms 120 ms 6 ms 10 ms
Power Drops High Low Low Low
Peak-peak High Lowest Lower than lowest
current ripple standard
scheme

Table 5.1 Comparison of the four peak current control based MPPT schemes based on
experimental results

5.5 CONCLUSIONS

In this chapter experimental verification of the previously discussed PCC based MPPT
algorithms, is carried out. An analog implementation of the peak current control strategy
is suggested to achieve a switching frequency higher and independent of the sampling
frequency, that is limited by the processing speed of the DSP and the complexity of the
MPPT logic.

The control schematics in MATLAB/Simulink for the Real Time Implementation with a
dSPACE microcontroller of the four peak current control based MPPT techniques are
provided and discussed. From the experimental results it can be seen that the non-
switching zones based schemes possessed the best rise times. The fuzzy logic based
scheme using variable Alrgr had the slowest rise time because of the very low update rate
for Alggr on account of the large processing time required for the complex fuzzy

controller. In the experimental case the standard scheme with a fixed Alggr has a faster
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rise time than the fuzzy logic based scheme with variable Alrgr on account of a higher
update rate for Irgr in the standard scheme.

In the steady-state the fuzzy logic based schemes with variable Alrgr and the non-
switching zones based schemes presented low power drops and low peak-to-peak current
ripple. The standard scheme with a fixed Alggr presented higher power drops and higher

peak-to-peak current ripple.
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CHAPTER 6

CONCLUSIONS

6.1 SUMMARY

P&O MPPT algorithms that use one-cycle control schemes such as peak current
control and instantaneous sampling of PV panel voltage and current values have been
shown to possess fast transient responses and low power drops in the steady-state. They
have also been shown to possess accurate tracking of the MPP under rapidly varying
atmospheric conditions. However, the use of a fixed incremental reference current step-
size yields a compromise between transient and steady state performance. Chapter 2
proposes the use of a fuzzy logic controller in the conventional peak current control based
algorithm to output a variable incremental reference current step-size depending on the
location of the operating point of the system on PV panel Vpy x Ipy characteristic, so that
a larger incremental step-size was used during the transient operation, which was almost
reduced to zero in the steady-state. However, the use of a complex fuzzy controller leads
to the requirement of a higher computation burden while implementing the system in
real-time. To overcome this difficulty and for a faster transient response Chapter 3
proposes the use of hybrid schemes based on the division of PV panel Vpy X Ipy
characteristic into three regions: two non-MPP containing regions or non-switching zones
and one MPP containing region or switching zone. While operating in the non-MPP

zones, the switch is operated with a duty cycle of 0 or 1 to accelerate the operating point
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towards the MPP region, where the standard peak current control scheme operates with a
lower incremental reference current resulting in better steady-state performance without
compromising on the transient performance. It is also possible to use a reduced Fuzzy
controller in the MPP zones with lesser membership functions and rules thus easing the
computation burden, while providing the ideal response. In Chapter 4 simulation
schematics for the four peak current control based MPPT schemes in MATLAB/Simulink
are provided and the simulation results are presented. Simulations results show that the
hybrid schemes using non-switching zones presented the fastest transient responses. The
schemes using Fuzzy logic presented the lowest power drops. Chapter 5 presents the
experimental evaluation of the four peak current control based MPPT schemes. An
analog implementation of the peak current control logic is proposed to achieve a
sampling frequency lower and independent of switching frequency. Hence, operation at
higher switching frequencies is possible in spite of the computational constraints of the
DSP microcontroller. Experimental results showed that schemes proposed in Chapters 2
& 3 of this thesis presented lower power drops in the steady state as well as lower peak-
to-peak current ripple as compared to standard scheme with fixed incremental reference
current step-size. The hybrid schemes using non-switching zones presented the fastest
transient responses. From Chapters 4 & 5 one can see that there are differences between
the simulation and experimental results mainly due to the constraints imposed by the
experimental implementation of the prototype. For instance in the case of the simulations,
the Fuzzy logic based scheme using a variable incremental reference current possessed a
faster transient response than the standard scheme using a fixed incremental reference

current, but had a slower transient response in the case of the experimental
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implementation. This was because of the lower sampling frequency that had to be used in
the case of the Fuzzy logic based system due to the large processing time required by the

complex Fuzzy controller for Real-time implementation.
6.2 CONTRIBUTIONS

The major contributions of this thesis are:

[1] Proposed a Fuzzy logic controller based peak current control MPPT algorithm which
uses a variable incremental reference current to achieve a simultaneously better transient
and steady-state performance as compared to the standard scheme with a fixed
incremental reference current.

[2] Proposed two hybrid MPPT schemes based on the division of PV panel Vpy X Ipy
characteristic into two non-MPP containing or non-switching zones and one MPP
containing or switching zones for best transient performance.

[3] Proposed an analog implementation of the peak current control logic using a 3842
PWM IC in order to overcome the constraints of the DSP microcontroller and achieve
operation at a higher switching frequency, while still synchronizing the sampling of
current and voltage values to the switching of the power converter to achieve sampling at
commutation noise free instants.

[4] A laboratory prototype was built and the performance of the four peak current control

based MPPT techniques was evaluated.
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6.3 SUGGESTIONS FOR FUTURE WORK

[1] Implementation of the four peak current control based MPPT systems in an FPGA or
a faster microcontroller to be able to operate the power converter at a higher frequency
and achieve the goal of sampling frequency being equal to switching frequency as well as
ensure digital implementation of the peak current control logic.

[2] Implement the peak current control based MPPT techniques with an actual PV panel
to overcome limitations that may exist with the SAS simulator.

[3] Design of a suitable soft-switching MPPT converter to increase the overall efficiency
of the system.

[4] Implement the peak current control based MPPT techniques with an interleaved boost
converter configuration to reduce the ripple in the PV current while operating at lower
switching frequencies or alternatively reduce the size of the passive components if

switching frequency is to be kept constant.
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APPENDIX

Al. The programs to set SAS Simulating the Solar Panels behavior [2]

All programs to access the Agilent Solar Array Simulator (SAS) are written in Visual
Basic.
1. The program to turn on the SAS in Simulator mode with Isc = 3.45A, Vge = 21.7V

o

Iypp = 3.15A, and Vypp = 17.5V is shown as follows:

Option Explicit

Sub Main()
Dim defrm As Long
Dim vi As Long

Call viOpenDefaultRM(defrm)
Call viOpen(defrm, "GPIBO::5::INSTR", 0, 0, vi)

Call viVPrintf(vi, "CURR:SAS:ISC 3.45;IMP 3.15;:VOLT:SAS:VMP 17.5:VOC
21.7" + Chr$(10), 0)

Call viVPrintf(vi, "CURR:MODE SAS" + Chr$(10), 0)
Call viVPrintf(vi, "Output on" + Chr$(10), 0)

Call viClose(vi)
Call viClose(defrm)

End Sub

2. The program to turn off the SAS is shown as follows:
Option Explicit
Sub Main()

Dim defrm As Long
Dim vi As Long

Call viOpenDefaultRM(defrm)

107




Call viOpen(defrm, "GPIBO0::5::INSTR", 0, 0, vi)
Call viVPrintf(vi, "*RST" + Chr$(10), 0)

Call viClose(vi)

Call viClose(defrm)

End Sub
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