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ABSTRACT 

Given the growmg concern over climate change, air pollution, rising energy 

prices, and the uncertain reliability of conventional fuel sources, solar power has become 

more popular in a variety of applications. Solar power is free, safe, abundant, renewable, 

and has few negative impacts on the environment. 

The photovoltaic array IS substantially influenced with unpredictable 

environmental conditions (sun illumination and array temperature), which in turn, results 

in nonlinear Voltage-Current (or Power-Voltage, Power-Current) characteristics. These 

characteristics make it difficult to estimate the maximum power operating point. To 

extract the maximum power available from photovoltaic (PV) arrays on a continuous 

basis, a device called the Maximum Power Point Tracker (MPPT) is needed to 

continuously deliver the highest possible power to the load given unpredictable variations 

in environmental conditions. 

The PV system used in our experiment has a maximum 300W capability. Two 

sets of PV arrays are used in parallel to demonstrate the scalability of the system; each 

branch consists of three series-connected PV modules that are individually rated at 50W. 

Two DC-DC buck-type converters are implemented. A 24V battery bank is used as a 

power storage unit and is also connected to the load. An MC-based 56F8013 and its 

demonstration board from Freescale are employed to implement different MPPT control 

schemes, with multiple-PWM channels. The design can therefore adequately handle two 

main independent switches for each power converter. 

- 111



Fangnan Wu Master of Applied Science McMaster University-ECE 

Several MPPT control algorithms are validated and comparatively analyzed in 

both indoor and outdoor experiments in real time. A new control strategy (called 

Adaptive Hill-Climbing) is proposed as a modified version of the conventional Hill

Climbing method using an optimally adaptive power window. Other methods including 

dp/dv method and IncCond method are also implemented in the PV system. The 

experimental investigation is conducted using these control topologies to seek 

continuously varying Maximum Power Point (MPP) from solar arrays. The experimental 

results show that the new proposed control method strongly outperforms the other 

methods. 

This thesis shows that the proposed MPPT can increase the power generated by 

PV arrays by up to at least 30% more than a PV system without an MPPT. The proposed 

MPPT system is adaptive to environmental disturbances; it is flexible and can be 

expanded to anN-parallel PV system. 
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Internal series resistance per cell (Q) 

Internal shunt resistance per cell (Q) 

Thermal resistance of interface material (usually, silicon grease) (°C/W) 
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R01c Thermal resistance of device (°C/W) 

R 01A Thermal resistance of Junction-to-Ambient (°C/W) 

Rosa Thermal resistance of the heat-sink (°C/W) 

R I 
Resistor 1 

R2 
Resistor 2 

r Ratio 

S Effective area 

SW Switch 

Ta Ambient fluid temperature or absolute cell temperature (K) 

~· Cut-offperiod 

T
1

max Maximum allowable junction temperature 

~'w Switch (MOSFET) period 

T 1 Reference temperature (°C) 

T2 Temperature 2 (°C) 

t
d(on) 

MOSFET tum-on delay time 

td(ofll MOSFET tum-off delay time 

t on 
MOSFET tum-on time 

t ofl MOSFET tum-off time 

trise Rise time of a MOSFET 
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(fall 

~·c min 

V.j(wward 

Fall time of a MOSFET 

Voltage 

Array voltage 

Solar cell terminal voltage 

Output voltage of a Hall-effect current sensor 

Voltage supply for digital circuits 

The minimum voltage supply 

Allowable voltage across a diode 

Drain-to-source voltage of a MOSFET 

MOSFET's driving voltage 

Forward voltage of a diode 

Band gap for silicon 1.11 ( e V) 

Gate-to-source voltage of a MOSFET 

MOSFET's threshold voltage 

Inductor voltage 

Voltage at the maximum power point 

Allowable voltage across a MOSEFET 

Input voltage 

Input voltage 1 
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vin2 

Vac 

vout 

vout tnax 

vout_min 

v;,l 

VRMS 

t'lv;,ut 

Xv 

Xv_p 

Input voltage 2 

Open circuit voltage of solar cell 

Output voltage 

Maximum output voltage 

Minimum output voltage 

Output voltage 1 

Voltage regulator voltage 

Root mean square voltage 

Voltage difference, or voltage ripple 

Input voltage ripple in the input filtering capacitor 

Minimum Input voltage ripple in the input filtering capacitor 

Maximum Input voltage ripple in the input filtering capacitor 

Output voltage ripple in the output filtering capacitor 

Term symbol 

Term symbol 

The i 1 
h sampled data 

The averaged sampled data 

Greek symbols 

Vacuum permittivity 
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Relative permittivity 

smf Electromotive force 

Permeability of Vacuumf-lo 

Cut-off angular frequency (rad/s) 

Magnetic flux rpm 
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Chapter 1 


Introduction 


1.1 Background 

Shifts from glacial to interglacial periods have generally occurred over thousands 

of years. Carbon dioxide levels have doubled in roughly several decades according to [1], 

and that, theoretically, could be just the beginning. Carbon dioxide emissions have 

increased dramatically in recent decades. With the rapid growth of new technologies, 

carbon dioxide and other pollutants have many source (electricity, fossil fuels, chemicals 

etc.), and some of these pollutants are the main source of a buildup in the atmosphere of 

greenhouse gases. With the fear of sudden climate shift, it is an incentive for people to 

invest in alternative energy sources. 

Besides pollution problems with conventional energy sources (like fossil fuels) 

that we use daily, these resources are finite. Solar energy on the other hand, is constantly 

replenished by the sun for free. Solar is a promising energy source for meeting currently 

ever-increasing demand. 

There are two basic methods of conversion between solar radiation and electricity 

for terrestrial applications: thermal and photovoltaic. Thermal (or passive solar) 

conversion uses the energy of photons received from the sun to produce heat, and then 

uses conventional technology to convert the heat to electricity [2]. In contrast 

photovoltaic conversion attempts to transform all the energy of the photons into 

electricity directly (it bypasses thermodynamic cycles and mechanical generators 
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altogether) by taking advantage of the intrinsic photovoltaic (PV) effect, which can be 

best realized in layers of modern semiconductor materials [2]. 

Even though the sun has no detrimental impact on our environment, and the PV 

cells themselves produce no air pollution or hazardous waste, there are potential pollution 

hazards caused by the semiconductor materials used in the PV cells and in the process of 

producing PV cells. Manufacturing PV cells in turn require input of energy, and this 

energy is provided by conventional energy (fuels) [3]. However, as the development of 

new thin film PV technologies comes into use, and the scale of production increases, the 

energy input to manufacture PV systems will decrease considerably, with consequent 

reduction in carbon dioxide emissions, to levels below that of conventional electricity 

generating technologies [3]. Due to the low utilization efficiency of a PV cell (generally 

around 12%), it is important to use maximum power point trackers (MPPTs) in PV 

systems in order to boost or enhance overall system efficiency. 

1.2 Research Motivation and Objectives 

The motivation of this research is to build up knowledge about photovoltaic (PV) 

systems. In particular, this study deals with the process of digitally controlled Maximum 

Power Point Tracker (MPPT) design and comparisons among different MPPT control 

schemes in a stand-alone PV system with relatively high system efficiency and stability. 

The recommendations made are directly related with real world issues, and different 

hardware designs are experimented with and analyzed. A final hardware design solution 

is then proposed, several MPPT control algorithms are employed and compared, and 
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eventually a typical PV system is setup and tested to confirm the whole system design 

validity. 

1.3 Contributions 

The contribution of this research concerns power electronic issues, such as the 

selection of power component, driving circuit, isolation, and PCB layout. An 

experimental MPPT prototype with the control chip 56F8013 and its demonstration board 

from Freescale in a stand-alone PV system has been developed and tested in real time 

under different weather conditions. The experimental results with different control 

strategies and final conclusion are shown and discussed at the end. Some of the ideas 

published in the literatures have not been found to be necessarily correct. The basic 

concept has a wide variety of electric power application. 

1.4 Overview 

Chapter2 

Several mathematical photovoltaic (PV) or solar cell models are analyzed, 

discussed and compared. The various impacts on solar cell and the maximum power point 

(MPP) of solar array are described in detail along with matlab-generated diagrams. 

Finally some issues in the PV array connection and their solutions are commented upon. 

Chapter 3 

The aim of this chapter is to understand the main control algorithm and structure 

of the entire PV system. The reasons why we need maximum power point tracker 

(MPPT) are briefly explained. An overview of several different concepts behind MPPT 
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control algorithm is presented and compared. In addition the proposed basic 

configuration of MPPT is selected, discussed and mathematically developed with 

practical considerations. PV system classifications are finally reviewed. 

Chapter4 

The detailed component selections and calculations in the proposed power stage 

circuit are presented. Similarly components in the control circuits and conditioning 

circuits are also discussed. Experiments to further investigate the functionality of 

designed circuits are performed as they are developed, then all the circuit designs are 

finalized. A printed circuit board (PCB) is presented along with the discussion of layout 

design issues. The MC-based 56F8013 chip and its demonstration board from Freescale 

Company are briefly described. 

Chapter 5 

A main system software flowchart is shown and explained; the code is written and 

compiled in the CodeWarrior™ development environment. Several MPPT control 

methods and the proposed control algorithms are actually developed and implemented in 

the proposed MPPT system. 

Chapter6 

The designed close-loop system by using PV emulator is initially developed and 

investigated. The experimental results are first presented and analyzed based on the 

indoor system performances. Ultimately a stand-alone PV system with the designed 

MPPT controller is constructed and validated in a natural environment. The experimental 
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results are collected, presented and compared based on the overall system performances 

under various climate conditions. A conclusion is finally drawn proposed. 

Chapter7 

Final comparison between theory and actual experimental results are summarized 

and possible investigations and MPPT system improvements in the future are suggested. 
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Chapter 2 


Photovoltaic Modeling and its Characteristics 


2.1 Introduction 

A solar cell or photovoltaic cell consists of semiconductor material, which 

converts sunlight into DC current using the photovoltaic effect. Photovoltaic energy 

conversion in solar cells generally consists of two steps. First, absorption of light 

generates an electron-hole pair. The electron and hole are then separated by the structure 

of the device-electrons to the negative terminal and holes to the positive terminal thereby 

generating electrical power [4]. 

A solar cell consists of a p-n junction fabricated in a thin wafer or layer of 

semiconductor. In the dark (no illumination), the I-V curve output characteristic of a solar 

cell has an exponential characteristic similar to the performance of a diode. When 

exposed to sunlight, photons with energy greater than the band gap energy of the solar 

cell material are absorbed and electron-hole pairs are formed. These mobile carriers are 

swept apart under the influence of the internal electric field of the p-n junction depletion 

layer and thus create a current proportional to the incident radiation [4]. There are two 

basic circuit conditioning scenarios for the actual PV cell and for its equivalent circuit. 

Firstly when the cell is connected to a load, the current flows in the external circuit; 

secondly when the cell is open circuited, then the current becomes shunted internally by 

the intrinsic p-n junction diode. 
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2.2 The Ideal Photovoltaic Cell 

An ideal solar cell can be represented by a light induced current source, which is 

due to the separation and drift of the photon-generated electron-hole pairs under the 

influence of the built-in field, connected in parallel with a rectifying diode, as shown in 

the equivalent circuit ofFig. 2.1. 

v 

Fig. 2.1 Ideal Equivalent Circuit Model of a Solar Cell 

The corresponding 1-V characteristic is described by equation (2.1) [4]: 

( 2.1 ) 


Here, I ph represents photon generated current or light induced current (linear with 

illumination), I m represents the diode current that flows through the p-n junction diode, 

I,1 represents reverse saturation current due to the diffusion mechanism. This is also 

called diode saturation current, since a solar cell in the dark is simply a semiconductor 

current rectifier, or just a diode [4]. The symbolq represents electron charge1.6x10-19 C, 

k is Boltzmann's constantl.38x10-23 J I K, Ta represents ambient temperature (K), Vc 

is the solar cell terminal voltage, and Ic is the solar cell terminal current. 
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In the ideal case, the short circuit current fsc is equal to the photo-generated 

current I ph , and the open circuit voltage V0 c can be solved from equation (2.1) and 

expressed in equation (2.2): 

kTa ]ph ( 2.2 ) V0 c =-ln(l+-) 
q lv~ 

2.3 The Practical Photovoltaic Cell 

A double-exponential mathematical model shown in equation (2.3) represents an 

I-V characteristic of a practical solar cell, and its equivalent circuit diagram is illustrated 

in Fig. 2.2. The equation is derived based on the physics of the p-n junction and is 

generally accepted as reflecting the behavior of the cells that especially are constructed 

from polycrystalline silicon [5]. Equation (2.4) provides a better fit to the crystalline or 

amorphous type cells simply setting 181 to zero from equation (2.3) [5]. Given the 

problems of existing parasitic components, the solar cell generally contains series and 

parallel resistances (also shown in Fig. 2.2 [6]). Including all the above elements, 

equation (2.1) needs to be further developed to mathematical models of equation (2.3) or 

(2.4) according to their physical properties. 

v 

Fig. 2.2 Practical Equivalent Circuit Model of a Solar Cell 
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g(Vc+IRs) ] [ IJiVc+IRs) ] V I R ( 2.3 )I ' = I - I e kTQ - 1 - I e nkTa -1 - c + c s 
c ph s! 

[ 
s2 R 


sh 


( 2.4 ) 


Where Is 2 represents saturation current due to recombination in space-charger layer, n 

represents diode quality factor usually between 1 and 2. Instead of equation (2.3), this 

factor can be introduced in the single-diode equation [ 4]. The symbol R, represents the 

intrinsic series resistance per cell, and Rsh represents the intrinsic shunt resistance per 

cell. 

2.4 The Simplified Mathematical Model for a Photovoltaic Cell 

The simplified equivalent circuit model of a solar cell is a current source m 

parallel with only one diode. As illustrated in Fig. 2.3, the I ph represents a temperature 

dependent photon generated current. 

Rs 
- ---wv;_- --I 

I I 

R . v
L 

Fig. 2.3 Simplified Equivalent Circuit Model of a Solar Cell 
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The series resistance Rs has a significant contribution to both of the slope of an I-V curve 

and the position of the maximum power point. In contrast, the shunt resistance Rsh has 

less effect on the position of the maximum power point [7] (The above effects are all 

proven in the latter of this chapter). The previous equation (2.4) now can be written as 

equation (2.5), where I 0 represents I sz the saturation current due to recombination in 

space-charger layer. 

( 2.5 ) 


2.5 From Cell to Module to Array 

Since one cell voltage is very small, it must be connected to several cells in series 

in order to build up the terminal voltage. A certain number of cells in series are called a 

module. Generally, one module includes 36 to 72 cells in series. For large power systems, 

multiple modules, in tum, can be connected in series to further increase output voltage, 

and in parallel to increase output current. A combination connection of series and parallel 

modules is referred to as an array [8]. 

We can generalize the PV array equivalent circuit as described above, and then an 

overall multidimensional array simplified model is shown in equation (2.6): 

q(Vc+lcRs) ] } ( 2.6 ) I = N I -I nk1~ -1 - ~· + lcRs 
a sh ph 0 e 

{ [ R,;, 
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Where Nsh is the number of PV cells connected in parallel, Ns is the number of PV cells 

connected in series, Va represents array voltage ( Vc =Va INs ), and fa represents array 

2.6 The Impacts of Internal Series and Shunt Resistances of PV Array 

By using the simplified general PV mathematical model (equation 2.6) as shown 

m the previous section, and parameter information provided from US-64 module 

datasheet [9], the following plots are generated by MATLAB 7.1 in order to investigate 

the impacts of the internal series and parallel resistances on PV cells or PV modules. 

at G = 1 with T = 25 deg of US-64model with different values of series resistances 
5 r--- 

_1 I I I 

I - - - -~-~·-.~~~~~- - ~· ~-=-: ~~~ -~·--__,_ : /'(
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: '" 	 : : \ 
I "'-, 	 I \ L \ 

____ __ _ .J ____ _____ "~ 	 - - - \ --~--- ~3.5 

I \ 	 : \ 

~ - - - - - - -l - - - - - - - - - : - - "\- - - - - - \ ~ - - - - - \- - - - - 3 

I ' \1 \~ I 	 I ' '{ \ 

L5 2.5 As the value of series -:----- -'\ --- ~~ - -- \> 
_____ !esi~!an~e_ g~~r:.e_a~~~ __ _________;____ ____ ~_J-\-___ ~\ ___ _ ~ 2 m I 	 I I \ I \ \ 

I I \. I , \ 

--- - -- I -------~-------- I ----------\-\ _ ~---1.5 

1 - - - - - - :- - - - - - - - - - - - - - - - - - ~ - -\\-\~ \- 

- - - - - - - ~ - - - - - - - - - - - - - - - - - - ~ - - ~_\ \_0 .5 
I 	 : \~\\ 

I '-:~ 
0 

5 10 15 20 25 
array current (A) 

Fig. 2.4 I-V Curve of US-64 with Different Values of Series Resistances 

As shown in the Fig. 2.4, given the condition of very large shunt resistance, the 

series resistance Rs has a huge impact on the slope of the 1-V curve at V =V0 c . We can 
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observe that as the series resistance becomes smaller, the slope of the IV curve at open 

circuit voltage becomes steeper. Under the same assumption, Fig. 2.5 shows that the 

series resistance Rs has a significant impact on the position of the maximum power point 

as well. Therefore, we can conclude that as the internal series resistance decreases the 

maximum power point increases and vice versa. 

90 

80 
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60 
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30 

20 

10 

0 
0 

at G = 1 with T = 25 deg of US-64-model -1( 
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Fig. 2.5 P-V Curve of US-64 with Different Values of Series Resistances 

In contrast the shunt resistance has less effect on the slope of the I-V curve at I 

=I sc , as is shown in Fig. 2.6. Compared with the effect of the series resistance, the shunt 

resistance has an insignificant effect on the position of the maximum power, as seen in 

Fig. 2.7. 
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at G =1 with T =25 deg of US-64model with a decreasing shunt resistance 
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Fig. 2.6 I-V Curve of US-64 with Different Values of Shunt Resistances 
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Fig. 2.7 P-V Curve ofUS-64 with Different Values of Shunt Resistances 
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In summary since the series resistance reduces the voltage produced by one cell, 

which ultimately reduces the voltage of one PV module, we can not ignore it. The shunt 

resistance makes a path and leads currents away from the intended load, and the effect is 

detrimental to the performance especially at low intensity levels [10]. In other words, the 

larger the shunt resistance the better the performance of solar cells. Consequently, even 

though the series resistance is the dominant factor in the PV model, both of the series and 

shunt resistance has a significant contribution on the position of the maximum power. 

Imperfections on PV cells have to be taken into account. 

2.7 The Impacts of Cell Temperature and Sun Illumination Changes on MPP ofPV 

Array 

The following diagrams are based on the same simplified PV mathematical model 

but the parameters are taken from GEPV050 module datasheet. Since six "GEPV050" 

modules are adopted in the final proposed PV system experiment, the following matlab

generated diagrams are all based on this GEPV050 module. 

From the datasheet, we know that I mpp = 2.9A , Vmpp =17.3V , ~JC = 22V , and 

I sc = 3.3A at the temperature of 25°C [11]. The simulation of 1-V curve result of the 

GEPV050 module at different temperature and illumination is shown in Fig. 2.8. 1-V and 

P-V comparison curves are also shown in Fig. 2.9. 
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IV curve of GEPV050 module 
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Fig. 2.8 1-V Curve ofGEPV050 Module 
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Fig. 2.9 V-I and P-V Characteristic Curves ofGEPV050 Module 
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A maximum power point (MPP) is a point giving the maximum power from a PV 

array. To visualize this (as illustrated in Fig. 2.9), the MPP is the point on the I-V curve 

of a PV module that defines the largest possible area of a rectangle under the I-V curve. 
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4 .------.--------.--------,--------.----

I 
I 

I I 

3.5 - - ~ ---1 - - - - - - I- - - - t -----1---

~·· ~~ :-~:=:::::~=--- =::.~·-·· ----- - ~ - - _-_--=_=_-_~_-=~>-.~.;:;:~c=--~,=z~=-=--,- :-,-' r~ <_:~~~-"<-3 

~ 2.5 

c 
~ B 2 
Ql 
:; 
~ 

~ 1.5 

I I \ I 1\ 

I I ' I \ '. I \ 
-t -------1--- , -t--\ - - ,--1-\-

1 
I 

I 

- -- @ 0 deg. 

· @ 25 deg. 

· @50 deg. 

@ 75 deg. 

I I 

-- -:- - -- ~. -:- - -\

\ I \ \ I \ 
\ I \ \ 

\ I \ 

i\--- -\---- "-:--- \ 
1I\ i \ 

I', \ I \ 

~ \---~---:~---~-
1

1 \ I '· \ 
I , I \1 

I \ \ I \ \ 
- .l-- \----I- _I_-----\-

I \ 1 I • \ 
I \ 

I \ \ I \ \ 

- -- ~----- - ---- --- ~ -- - ~ - ~- - 

: I : \, ·~.: \ 

I ______L \ I \ 

0.5 

0 
5 10 15 20 25 

module I.Qitage (v) 

Fig. 2.10 V-I Characteristic Curves with Different Array Temperatures 

Furthermore from Fig. 2.10, Fig. 2.11, and Fig. 2.12, they show that when the 

temperature of the PV module increases from 0°C to 75°C, the voltage Vmpp at the MPP 

decreases drastically. This is because the most pronounced effect of the temperature 

increase is a decrease in the open circuit voltage Voc, which is due to the reverse 

saturation currentl0 increasing exponentially with temperature. Overall, with the module 

temperature increase, the output power of the module at a constant illumination level (G 

= 1) shifts to lower array voltage [7]. In other words when a PV module gets hot its 
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maximum output voltage decreases. The hotter the module, the more voltage it loses, m 

turn the more power it loses. 

P-V cur\€ with T =0,25,50,75 deg when G =1 of GEPV050 module 
_______I60 ,--------,--------,---------,---------,------ 

// ~\ 

50 

I ' 


I -- I \
--------~---------~ --, ----~---r-~-----
(" ' I \ 
I \ I \ 

--@Odeg. 
.~ k \ : \ 

@ 25 deg. \ \ I \ 
-\--- - - \- r -- - \ 

@ 75 deg. 

-- @50 deg. 
40 -

\1 \ 

~ \~ ----~--} \g_ 30 
\ I \ 

(!) 
\ 	 I:; 

\"8 
E I _l ' ___ J __ I 

-\--- 
I '

20 

\ 

\ 
10 - -: - - - \•.- - - -\- I 

\ I 
I ~ I 

' I 

' I 

o ~--------L---------~ ' 
0 5 10 15 20 25 

module \.Qitage (v) 

Fig. 2.11 P-V Characteristic Curves with Different Array Temperatures 
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By changing the sun illumination level G form 1 to 0 with a step of 0.25, the 

effect of sun intensity on I-V, P-V and P-I curves is shown in Fig. 2.13 , Fig. 2.14 and Fig. 

2.15 respectively. As the illumination level G decreases, the maximum power point 

voltage ~"PP decreases slightly, whereas the current!mpp available at the maximum power 

point varies greatly since the short circuit current is proportional to the irradiance [7] as 

shown in Fig. 2.13. As a result, the position of the maximum power point decreases 

severely as the illumination is reduced. Overall the voltage at the maximum power 

voltage ~"PP changes are very small with varying irradiance but are largely influenced by 

changing temperature. The current lmpp varies widely with changing irradiance but 

considerably less with varying temperature. 
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P-V cur\€ at T = 25 deg with G = 0.25,0.50.75,and 1 of GEPV050 module 
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In conclusion, the maximum power point (or the corresponding voltage Vmpp ) is 

not constant; it depends primarily on PV module temperature and sun illumination. At 

lower illumination level G, the short circuit current decreases approximately linearly with 

irradiation. The open circuit voltage does not decrease as much until irradiation is very 

low. The effect of PV module temperature on the open circuit voltage of the PV module 

is more profound than that of the sun irradiance. The higher the module temperature, the 

lower the open circuit voltage is, and therefore the less maximum power is available from 

the PV modules. 

2.8 Issues in the PV Cell or Module Connection and Solutions 

During day time, the solar array charges a battery when excess power can be 

generated. Given unpredictable weather conditions, it is difficult to prevent a portion of a 

PV array from being shaded occasionally. This will result in a considerable voltage drop 

on the output voltage, and at the same time causes the shaded cells to dissipate power as 

heat (hot spot). This problem can be solved by adding by-pass diodes across each PV 

cell, as seen from the Fig. 2.16. Each by-pass diode provides an alternative current path, 

because the resistance of a shaded cell is bigger than the internal resistance of a diode. 

Instead of a large voltage drop, the voltage drop can be limited to the relatively small 

forward diode drop of0.3~0.7V [8]. 

Another situation may arise when several series-connected PV modules are 

connected in parallel. If one of the series-connected modules is partially shaded, it acts as 

a load, and results in keeping current from other PV modules. During night time, each 
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solar cell behaves as a diode under forward bias. When they are directly connected to the 

battery, they provide a discharge path for the battery, which causes leaking current and 

damage to the solar cells. These problems are traditionally avoided by the use of blocking 

or string diodes (are also shown in Fig. 2.16) on top of each paralleled-connected PV 

string. Overall the by-pass and blocking diodes reduce the output of the system slightly 

but prevent the PV cells from damage. 
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Chapter 3 


Photovoltaic Systems 


3.1 PV Systems Classification 

Photovoltaic systems can be designed to provide DC or AC power, can be 

interconnected with or independent of the utility grid, and can be integrated with other 

energy sources and energy storage systems. 

According to functionality, operational requirements and component 

configurations, the photovoltaic systems can be classified into two categories; they are 

stand-alone (or off-grid) PV systems that operates independently of the grid; or grid

connected (or utility-interactive) PV systems that are tied into the grid network. Both 

types use PV modules connected in series and parallel to form PV arrays that produce DC 

energy at various voltage levels and eventually feed an AC converter. 

Energy storage batteries are found in stand-alone systems, but sometimes they are 

also found in the utility-interactive systems. Variations of each system are possible with 

some utility-interactive systems having battery banks to provide energy when the utility 

power is not available. The larger residential stand-alone systems will usually have a 

back-up generator, and these systems are known as hybrid stand-alone systems. 

3.1.1 Stand-alone PV Systems 

Stand-alone PV systems are typically installed in remote areas where the utility 

grid is not available or where the connection fees to the grid are higher than the costs of 

an alternative energy system. Stand-alone PV systems are designed to operate completely 
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independently of any other power supplies, and are generally designed and sized to 

supply certain DC or AC electrical loads [12]. 

The simplest type of stand-alone PV system is a direct-coupled PV system, where 

a PV array is directly connected to a DC load, as depicted in Fig. 3 .1. Since there is no 

battery storage, this system can only be used during the day time. 

-PV-A:a-y. ll-,-----1~1... DC Lo•d 

Fig. 3.1 Direct-coupled PV System [12] 

A well-designed stand-alone PV system can satisfy any load requirements, and by 

adding a Maximum Power Point Tracker (MPPT) between the PV array and the loads, it 

helps by constantly extracting the maximum power produced from the PV array. Usually 

batteries are incorporated in this system; they store the energy from the PV array during 

day time, and provide the energy during night or cloudy day time (see Fig. 3.2). 

-

PV Array 

-

~ 

DC-DC 
Converter 
(MPPT) 

~ DC Load 

' 
Batteries __.. Inverter~ 

AC Load 

Fig. 3.2 Mixed DC/AC with MPPT PV System [12] 
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A system that is not only powered by the PV array but also wind turbine or diesel 

generator as an auxiliary power source, is known as a hybrid PV system as seen in Fig. 

3.3. 

DC-DC 
PV Array .. Converter .. DC Load 

(MPPT) 

, 

Rectifier ... Batteries ... Inverter 

r 

Wind Turbine or Diesel .. AC Load 
Generator 

Fig. 3.3 Hybrid PV System [12] 

3.1.2 Grid-connected PV system 

Grid-connected systems are designed to operate synchronously in parallel with the 

local utility networks. The grid stores excess power produced form the PV array, and 

provides power when the electrical loads are greater than the PV array output (as seen in 

Fig. 3.4 and Fig. 3.5) [12]. Grid-connected systems with batteries take advantage of 

available utility grid, but give additional protection (by using backup batteries) from 

outages [13], as shown in Fig. 3.6. 
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Fig. 3.4 Grid-connected PV System [12] 
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Fig. 3.5 Grid-connected PV System with Inverter Only [12] 
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AC Loads 

DC-DC 
DC-AC Distribution

PV Array Converter 
Inverter Lines

(MPPT) 

r 

Batteries Local Utility 

Fig. 3.6 Grid-connected PV System with Backup Batteries [12] 

In grid-connected power systems, the grid acts like a battery with an unlimited 

storage capacity. In a stand-alone system, when the batteries are fully charged the rest of 

the direct current generated from the PV array is unused. 

3.2WhyMPPT 

The solar cell I-V relationship continuously varies under different atmospheric 

conditions and is strongly dependent on PV cell temperature and sun illumination. Thus 

every I-V curve has its own optimal point or Maximum Power Point (MPP). The 

nonlinear solar I-V curves characteristics will determine component selection, circuit 

design, and software control schemes. 

In a PV stand-alone system without a Maximum Power Point Tracker (MPPT), a 

PV array is usually forced to operate at the load (batteries) voltage. This is usually below 

the voltage of PV array at the maximum power point Vmpp • In this situation, some of the 

power generated from a PV array will be lost resulting in low power conversion 
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efficiency. Rather than directly connecting the PV array to the load, a MPPT is 

introduced as an interface between the PV source and the load. This ensures that the PV 

system will operate at its maximum power point or voltage ( Vmpp ) under a variety of 

environmental conditions. If there is excess voltage available from the PV array the 

MPPT will convert this to additional current and store the extra energy in the output 

batteries. 

3.3 Different Maximum Power Point Tracker Algorithms 

A control algorithm is the heart of a maximum power point tracker in a PV 

system. Many different mechanisms for MPPT have been proposed and accomplished 

over the years. There are several MPPT methods described in the literature, which are 

described in the following sections. 

3.3.1 Hill-Climbing Method (HC) 

The most common MPPT algorithm is the conventional Hill-Climbing method. 

The method directly searches for the MPP by measuring the solar array terminal power. 

If there is an increase in power, then the change of power in the PV array should remain 

the same to find the MPP, otherwise the search direction should be reversed. Particularly 

if we assume that the initial operating point is at P0 , and the next point is at ~ , this 

increase in the power will keep the searching direction same. But if the next operating 

point is at P2 , which is still higher than the previous power point ~ , the controller will 

keep going in the wrong direction and bring the operating point further away from the 
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MPP to the point P3 , this will result in a large oscillation as illustrated in Fig. 3. 7. Its 

control flow diagram is also shown in Fig. 3.8. 

MJ>P 

\ Wrong 
Direction 

p / 

Fig. 3.7 Hill-Climbing Algorithm 
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Calculate 

P(n) = V( n) x l(n) 

Keep the current 
direction 

Updated 

P(n - 1) = P(n) 

No 

Change the current 
direction 

Return ) 

Fig. 3.8 Flowchart of Hill-Climbing Method 
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The method fails under rapidly changing atmospheric conditions. The solar power 

fluctuations are highly dependent on the increment (changing step size) of the duty cycle. 

This incremental duty cycle affects the searching time and the suppression of power 

fluctuations (reduction of power fluctuation) [14][15][16]. Fast searching time will suffer 

from larger power fluctuations. There is thus a tradeoff between the searching time to 

find the MPP and the power oscillations which need to be investigated experimentally. 

The Hill-Climbing method is not a standard PID control. The standard PID algorithm 

attempts to correct the error between the measured data and the desired value. In our 

application, we do not know the target due to the unpredictable weather conditions, thus 

the error between the measured data and the target cannot be defined. 

3.3.2 Perturbation and Observation Method (P&O) 

The perturbation and observation method is widely used because of its ease of · 

implementation and its simple feedback structure with a few measured parameters. The 

MPPT operates by periodically incrementing or decrementing the PV array operating 

voltage (referred to as the perturbation) by comparing the current PV array output power 

to the previous one. 

If a given perturbation leads to an increase in the PV array power, the subsequent 

perturbation will continue in the same direction in the next cycle so that the operating 

point moves toward the MPP and vice versa [17][18]. In this manner, the MPPT 

continuously seeks the peak power point and its flowchart is represented in Fig. 3.9. 
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Calculate 
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____ j 

No 

L 
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Fig. 3.9 Flowchart ofP&O Method [17] 

The drawback of both P&O and hill-climbing methods is the operating point 

oscillates around the real MPP in the steady state, which causes power losses. Moreover 

all the literature ([14][18][19][20]) claims that under a rapidly or unstable atmospheric 

change condition, they both fail to capture the real MPP quickly, which leads to more 
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power losses. Hill-climbing and P&O methods are different ways to envision the same 

fundamental method. The HC method utilizes a perturbation in the PWM duty ratio 

(which in turns perturbs the PV array voltage), and the P&O method uses a perturbation 

in the operating voltage of the PV array. The trade-off between fast transient responses 

and steady state performance must be considered carefully. 

3.3.3 Incremental Conductance (IncCond) Method 

To overcome the disadvantage of the previous control approaches the Incremental 

Conductance (IncCond) algorithm was developed. This algorithm uses the derivative of 

the PV array output power with respect to the PV array voltage (the slope of the P-V 

curve). This derivative is equal to zero at the maximum power point [ 19] [20]. If the slope 

of the P-V curve is positive, this means that the operating point is on the left side of the 

real MPP. While if the slope pf the P-V curve is negative, then the operating point is on 

the right side of the real MPP, as illustrated in Fig. 3.10. 

100 

4.Q \ 
20 

0o 	 5 10 15 20 2o 3ll 35 40 o·C 
modulewttage 0.!) 

Fig. 3.10 P-V Curve ofPV Array 
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We know that P =V ·I . Given this expression divide by V, and take a derivative on both 

sides, and then the expression can be written as: 

8P = 8(V ·I) = I+ V _!!!___ -=> l. BP = !_ + _!!!___ ( 3.1 ) 
av av av v av v av 

Equation (3.1) can be further simplified as: 

1 ap ( 3.2 ) -·-=g+l1g
v av 

I 8I 11I .
Where g =- denotes conductance and 11g =- = - denotes mcremental conductance 

v av 11v 

From equation (3.2), we can conclude as the following: 

aP 
- = 0, at the MPPT 
av 

ap > 0, left side of the MPPT -=> 
av 
ap < 0, right side of the MPPT 
av 

g = l11gl, at the MPPT 

g > l11gl, left side of the MPPT 

g < l11gl, right side of the MPPT 

Using the above relationships, the MPPT can keep searching for the real MPP of PV 

array until the array's instantaneous conductance g is equal to its incremental 

conductance 11g. The algorithm flow chart is depicted in Fig. 3.11. We can see that the 

left branch is responsible for cell temperature variation, while the right branch is 

responsible for the sun illumination variation. 

The IncCond method solves the limitations of hill-climbing and P&O methods, 

because once the real MPP is reached, it stops searching and ideally it does not oscillate 
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around the real MPP as discussed in [19]. The IncCond method can trace the real MPP 

under rapid weather condition quickly. The method yields high system accuracy and 

efficiency, but with increased complexity, computational time, and thus expense [20]. 

(- St~~ 
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V(n), I(n) 


Calculate 

M=l(n)-l(n-1) 
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No 

Yes,-----Y_es-(~
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Yes Yesg>l~ M>O 

No No 

------------  ------1 

!',V(n-1)=V(n) 

Fig. 3.11 Flowchart oflncCond Method 
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3.3.4 dp/dv Method 

The dp/dv algorithm is similar to the IncCond method, but simpler, because it is 

directly based on the sign of the derivative of the output power with respect to the output 

voltage of PV array ( dp/dv). So if dp/dv is positive, the operating point is on the left side 

ofthe MPP ofP-V curve. If dp/dv is negative, then the operating point is on the right side 

of the MPP. If dp/dv is zero, then the operating point is at the MPP (refer back to Fig. 

3.10). In other words, the duty cycle is continually adjusted until dp/dv=O. This approach 

offers a simple and stable solution compared to the other MPPT control methods. Overall 

the dp/dv method can give a fast transient response and low oscillations at steady-state. 

3.3.5 Constant Voltage (CV) Method 

The constant voltage algorithm requires pnor study of PV model and its 

characteristics (as presented in chapter 2) unlike the previous tracking methods. The CV 

method uses these characteristics to estimate the MPP with ambient condition and solar 

cell temperature measurements. If the sun intensity varies slightly, then the open circuit 

voltage of the PV array V0 c and the maximum power point voltage Vmpp will change in 

very small increments [17]. Despite the fact that the ratio between Vmpp and V0 c depends 

on the parameters of a PV array, usually Vmpp is set to 76% of V0 c for simplicity 

regardless of the effects of sun irradiance and cell temperature [ 18] [20]. This control 

method tracks the MPP faster than the other methods. There are several problems with 

this method. Firstly Vmpp is not always 76% of V0 c, this is just an approximation. The 

tracked MPP is not the real MPP generated from the PV array. Secondly the input energy 
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is wasted when the load is disconnected from the PV array in order to sample the PV 

array open voltage. Thirdly this method needs more sensors than other methods, which 

means that it is expensive, and some parameters of the PV array are not known 

adequately from manufacturers [18]. Despite these issues, this algorithm is suitable for a 

satellite system due to conditions of constant sun illumination and stable PV cell 

temperature. A Table of comparison among various MPPT control algorithms presented 

in the previous sections is summarily shown in Table 3.1. 

MPPT 
Method 

True 
MPPT 

Advantage Disadvantage 

HCand 
P&O 

Yes The simplest MPPT Oscillates around the real MPP, 
which causes system power loss 

IncCond Yes None or less 
oscillations around the 
real MPP 

Error due to low accuracy of 
sensors, and more 
computational time 

dp/dv Yes None or less 
oscillations around the 
real MPP 

Error due to low accuracy of 
sensors, and more 
computational time 

cv No High efficiency Not a true MPPT, and expensive 

Table 3.1 Comparison ofMPPT Algorithms 

3.4 Suitable Construction of MPPT and Selection of PV Systems 

A Maximum Power Point Tracker (MPPT) normally utilizes standard switch 

mode DC-to-DC converters. These converters can converter a source of DC from one 

voltage level to another by storing the source energy temporarily and then releasing that 

energy to the output. The most common topologies are buck, boost, buck-boost, and Cuk 

converters. In the following sections, the following assumptions have been made: 
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1) The switch (MOSFET Q) is turned on and off (in each converter) at a frequency 

of f~w, which is called the operating frequency or the switching frequency. The 

inverse of this frequency is defined as the switching period ~~w =1I f~w . 

2) When the switch (MOSFET Q) is turned on at T0 N = d ~,w, it is called on-stage. 1 

Where 'few represents the time when the switch is on, the term d1 represents the 

duty cycle when the switch is on. 

3) When the switch (MOSFET Q) is turned off at TaFF = d2 ~)'W, it is called off

stage. Where T0 FF represents the time when the switch is off, the term d 2 

represents the duty cycle when the switch is off. 

4) The relationship between the duty cycle d1 and the duty cycle d 2 is: d1 +d2 =1 

3.4.1 Buck Converter 

A buck converter is known as the step-down converter. It alternates between 

connecting the inductor with the source voltage to store energy in the inductor, and 

transferring the energy to the load. The basic circuit diagram is depicted in Fig. 3.12. 

L 

]in 

DC 
DSource 

v;n 

Fig. 3.12 Basic Circuit of a Buck Converter 
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Depending on the choices of the switching frequency and circuit components, the 

inductor current can be driven in Continuous Current Mode (CCM) [21], which means 

"constant average current". In this mode, the current going through the inductor L never 

falls to zero. The equivalent waveforms for the inductor current I L , the output capacitor 

current Ic, and the output voltage Vout are also illustrated in Fig. 3.13. 

t 
0 ITI ;T2 
~~ 

Tox Torr 

Fig. 3.13 Waveforms of Buck Circuit 

Given the continuous mode, the basic buck circuit operation can be divided into 

two stages: In the on-stage, the MOSFET Q is switched on at T0N =d T..~w. The input 1 

current lin rises and flows through the filtering inductor L, the output filtering 

capacitorCaut , and the load RLoad • Note here that the current waveform is an exponential 

rise and fall, but at higher frequencies and with very low resistances involved, this can be 

approximated by a linear variation. In the off-stage, the MOSEFT Q is turned off at 

TaFF =d 2Tsw . The inductor current 11, is prevented from stopping because of the 

magnetic flux in the inductor L hence is forced through the freewheeling diode D, so that 
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the inductor currentJL continues to flow through L, cout, RLoad, and the diode D. The 

inductor current I L decreases until the MOSFET Q is turned on again in the next cycle. 

As a result, the buck converter is able to step down the input DC voltage ~n from its 

fixed high level to a desired low level by controlling the duty cycle d1 • The output 

voltage vout across the load in the steady state can be expressed as: 

( 3.3 ) 

If assume that all the components in the circuit are ideal, then the average output current 

!nut can be written as: 

( 3.4 ) 

3.4.2 Boost Converter 

A boost converter is a step-up converter. It has the same components as the buck 

converter, but provides a higher output voltage than its input voltage due to its different 

arrangement of components in the circuit as shown in Fig. 3.14. 

DC 
Source 

~n 

L 

MOSFET~r+---

Fig. 3.14 Basic Circuit ofa Boost Converter 
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In the on-stage with a time duration of T0N =d1Tsw, the MOSFET Q is closed 

causing an increase in the inductor current IL and the magnetic energy stored in the 

inductor L is built up. In the off-stage with a time duration of T0 FF =d2l'._~w , the inductor 

current IL can not stop instantly thus going through the freewheeling diode D, the output 

capacitor cout ' and the load RLoad. The energy stored in the inductor during the on-stage is 

transferred into the output capacitor C""' and the load RLoad during the off-stage. The 

inductor current IL decreases until the MOSFET Q is closed again, the diode is reverse-

biased, and the output capacitor cout sustains the load RLoad • If the boost converter is 

operated in CCM, the current in the inductor will not decay to zero. Besides the fact of 

the inductor L being the storage element, the inductor L also helps controlling the 

magnitude of current ripple; the larger the inductance the smaller the current ripple. Since 

the voltage across the inductor L reverses and adds to the source voltage during the off

stage, the average output voltage ~ut as shown in equation (3.5) is thereby higher than 

the input voltage v;n , and it is adjustable according to the duty cycle d1 , which represents 

the duty cycle when the switch is on. 

( 3.5 ) v =~ 
out l-d 

I 

If the boost converter is 100% efficient, then the average output current lout can be 

expressed as: 

J out = Jm ' ( 1 - dl ) ( 3.6 ) 
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DC 
Source 

-- j_ t r

3.4.3 Buck-Boost Converter 

A buck-boost converter provides both buck and boost functionalities. In other 

words, its output voltage can be either higher or lower than its input voltage. Additionally 

the polarity of the output voltage is opposite the input voltage. The basic buck-boost 

circuit is illustrated in Fig. 3.15. 

MOSFETQ D 
! --- - r- --t4- --""-,---" 

- ll" j IL Ic 
I 

- r - cout 

. v 
1 out _______j -- 

Fig. 3.15 Basic Circuit of a Buck-Boost Converter 

In the on-stage with a time duration of T0 N =d1T:\'W , the inductor is directly 

connected across the source voltage v;n , the input current is built up to provide stored 

magnetic energy in the inductor L, the diode D becomes reverse-biased, and the capacitor 

cout supplies the output loadRLoad. In the off-stage with a time duration of TOFF = d2T:~w' 

the inductor reverses its polarity and causes the diode D forward-biased, so that the 

inductor current IL charges on the bottom side of the output capacitor cout [21]. The 

average output voltage T:ut can be written in equation (3.7). If we ignore losses in the 

circuit, then the average output current lout is expressed in equation (3.8). 

( 3.7 ) 
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( 3.8 ) 


3.4.4 Cuk Converter 

The Cuk converter has additional components compared to the other three types 

of converters. The circuit configuration is shown in Fig. 3.16, which looks like a 

combination of the buck and boost converters. 

I,. 1_f'~')~•i i't-·~=--c-1--,--' 
L2 

DC ( ) MOSFET Qlc-+- D 
Source 

v;n 

Fig. 3.16 Basic circuit of a Cuk Converter 

The MOSFET Q is initially turned on, the current in the inductor Lis established. 

When the MOSFET is turned off, the inductor current IL continues to charge the 

capacitor C 1 via the freewheeling diode D, and back to the source. In the on-stage, the 

current flowing through the inductor L 1 rises again, meanwhile the voltage of the 

capacitor C 1 makes the diode D reverse-biased. The current discharges from the 

capacitor C 1 and flows through the capacitor C2, the inductor L2, and the load RLoad • In 

the off-stage, the capacitor C 1 is charged from the source, and the energy stored in the 

inductor L2 is released to the capacitor C2 and the load RLoad. Equivalently the current 
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Ir2 charges the bottom side of the capacitor C2, and supplies the loadRLaad. Hence we 

can find the average output voltage ~ut as: 

( 3.9 ) 


From equation (3 .9), we know that the Cuk converter can increase or reduce the output 

voltage just like the buck-boost converter. Likewise the average output can thus be 

expressed as equation (3.8). 

If the Cuk converter is operated in CCM, due to the inductors (L1 and L2) at both 

input and output sides, the input and the output currents are both continuous. Unlike the 

other types of converters that use an inductor to transfer the energy from the source to the 

load, in the Cuk converter, the energy is transferred through an intermediate capacitor 

(C1). Note that importantly all of the output current has to flow through the capacitor C1, 

thus the capacitor C 1 needs to be able to handle a high ripple current rating and give a 

low equivalent series resistance to reduce the power loss [21]. 

3.4.5 Converter Comparisons and Their Advantages and Disadvantages 

A buck converter can be used to reduce the source voltage. A boost converter can 

be used to enlarge the source voltage. Both buck-boost and Cuk converters can be used to 

either reduce or increase the input voltage, and always have the output voltage reversed 

in polarity with respect to the source voltage. Based on the energy transference, the buck, 

boost, and buck-boost converters all use an inductor to transfer energy between input and 
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output. The Cuk converter however uses capacitive energy transfer. Table 3.2 presents a 

summary of the advantages and disadvantages of the converters described in previously. 

Converter 
Type 

Functionalities Advantages Disadvantages 

Buck 

Step down, 
inductive 
energy transfer 

Simple, continuous 
output current, the 
source is not 
directly connected 
to the load 

Discontinuous input 
current, requires 
floating gate drive 

Boost 
Step up, 
inductive 
energy transfer 

Simple, continuous 
input current, 
ground-referenced 
gate drive 

Discontinuous output 
current, the source is 
directly connected to 
the load 

Buck-
Boost 

Step up or 
down, 
inverting, 
inductive 
energy transfer 

Can increase or 
decrease the output 
voltage, the source 
is not directly 
connected to the 
load 

Discontinuous input 
and output currents 
current, requires 
floating gate drive, 
complex 

Cuk 

Step up or 
down, 
inverting, 
capacitive 
energy transfer 

Continuous input 
and output currents, 
low current ripple, 
ground-referenced 
gate drive 

Requires more 
components than other 
converters, the 
capacitor needs to 
handle a high current 
ripple, complex, and 
expensive 

Table 3.2 Advantages and Disadvantages of each Converter 

The input current of a buck converter is discontinuous. The current discontinuity 

must be compensated by adding an input voltage filtering capacitor. A boost converter 

has an inductor on its input which makes the input current quasi continuous. However it 

requires larger inductance and output capacitance than needed in a buck converter of the 

same design specification [21]. For a buck-boost converter, its input and output currents 
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are pulsating and it has high peak current flowing through the switch. Due to high ripple 

currents, this converter normally has lower efficiency than the previous two converters. 

The polarity of the output voltage is opposite to its input voltage. The Cuk converter has 

more components than the other converters, and the capacitor C 1 has to handle much 

higher current ripple than the capacitors in the other converters. Consequently these 

elements make the design more complicated and expensive. In our application, the buck 

converter is chosen for convenience of implementation, and also mainly because it allows 

a direct connection, which the boost converter does not allow. 

3.5 Calculations for the Basic Buck Circuit Components 

Inductor 

The difference between the input voltage and the output voltage is the voltage 

across the inductor as shown in the circuit diagram of Fig. 3.12. Assume that the 

resistance is negligible, the current ripple M L in the inductor L can be calculated as: 

(v -V )=L OIL ~M =(~n-VouJdT, ( 3.10 ) 
In out ar L L I .sw 

ON 

Given air is approximately equal to ML . Where v,n denotes the input voltage of the 

buck converter, the term Vout represents the output voltage of the buck converter. The 

term d1 represents the duty cycle 1 when the switch is on and its value is computed as the 

output batteries voltage divided by the operating voltage at the maximum power point. 

-44



Fangnan Wu Master of Applied Science McMaster University-ECE 

In steady state, the inductor current ripple at t1 should be approximately equal to 

the inductor current at t2, as illustrated in Fig. 3.13. The derivation is expressed in 

equation (3.11 ). The switch-on time TON is equal to dl .Tsw ' where dl = vout IV;,' and 

the relationship between d1 and d2 is d1 + d 2 =1. 

A T I@ IA T I@ (V;,I - vouJ d T vout (1 d ) T vout d T ( 3.11)ID.LL tl = D.LL t2 ~ L I SW =L - I . sw =L 2. SW 

We choose M L 10%-20% of the current in the inductor I L • The input voltage V;, is equal 

to the voltage Vmpp at the maximum power point when the buck converter is working at 

its optimal point. The inductor L can be deduced from equation (3.11) and shown as 

follows: 

L;::: (V,,pp- VouJ·d~ ·Tsw = Vout ·(1-dJ·I:,w = Vout ·dz ·Tsw ( 3.12 ) 

ML ML ML 

Capacitors 

In a buck converter, the input current is pulsating. To make this input current 

relatively stable and continuous, an input capacitive filter (or smoothing) must be placed 

in parallel with the DC supply (solar source), in order to act as a reservoir. The source 

voltage will be filtered so that the input voltage is quasi constant if the input capacitor is 

large enough. Input capacitor is determined by the factors including the input current 

drawn from the source and the ESR existing in the input capacitor. 
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The input filtering capacitor cin ' during TON switch on time, discharges an 

average current of Uaut - I;n) as shown in Fig. 3.12 [22]. This discharge causes a linear 

input voltage ripplel1~n, and can be expressed in equation (3.13): 

( 3.13 ) 


The input capacitor Cin is then derived as shown in equation (3.14). Where lout can be 

found from the assumption of ~n • lin = vout • lout. 

( 3.14 ) 


Similarly, but with opposite polarity, during switch off time TaFF, the input voltage ripple 

L1 ~n and the input filtering capacitor Cin can also be derived from equation (3 .15) and 

equation (3 .16). 

L1V =fin· TOFF ( 3.15 ) 
out C 

m 

( 3.16) 


Another parameter that needs to be determined is the RMS current going through the 

input capacitor as shown in equation (3 .17): 
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( 3.17 ) 


By substituting d1 = V,utNin , d2 =1- d1 , and lin = d1 ·lout into equation (3.17), the 

equation can be further simplified to equation (3.18) [22]: 

( 3.18 ) 
lin(RMS) = ;It ~vout (V';n - vout) 

m 

A higher ripple current rating is required at high frequencies to contain the switching 

spikes. It is important that the selected input capacitor has a high frequency rating and its 

RMS current rating should be well above the maximum operating RMS current [22]. 

The output capacitance usually is determined from the output ripple voltage 

specification, and this output ripple voltage is primarily influenced by the output inductor 

ripple current. Refer back to Fig. 3.12. Since lc =lL- lout and using the same idea of 

the voltage ripple L1V,ut in the output capacitor cout' then the relationship between cout 

and L1Vout can be derived in equation (3.19). With the assumption that L1Vout is 0.5%-1% 

of vour' the output capacitor cout can be finally evaluated as shown in equation (3.20). 

( 3.19) 

C > Vout(1-di)·Tswz ( 3.20 ) 
out- 8LL1V 

out 

-47



Fangnan Wu Master of Applied Science McMaster University-ECE 

By examining equation (3.20), we can clearly see that the magnitude of the output 

voltage ripple L1P:ut can be influenced by the output capacitor cout ' the switch 

frequency fsw , the inductor L, and the duty cycled, . 

Alternatively, we can use the center frequency fc to compute the value of the 

output capacitor cout as expressed in equation (3.21): 

1 ( 3.21 )fc = r;:-;:;- = (1 ~ 2)KHz 
2tr\)LCout 

This center frequency fc is given by the LC low pass filter in the buck circuit, it should 

be less than the switching frequency in order to filter out the switching harmonics and 

give only a DC output voltage. Due to the rule of thumb, generally it should be at least 10 

times smaller than fsw [23]. 
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Chapter 4 


Hardware Design and Implementation 


4.1 Introduction 

The Maximum Power Point Tracker (MPPT) is constructed from two buck 

converters. The MPPT is powered by six PV modules, and the absorbed solar energy can 

be stored in a 24V battery bank. An MC-based 56F8013 control chip is responsible for 

finding the Maximum Power Point (MPP) of the PV array by tuning the PWMs' duty 

cycle on a continuous basis. The main circuit is divided into two basic parts: the power 

stage as shown in Fig. 4.1 (including two buck converters), and the control stage 

(including sampling or conditioning circuits and 56F8013 demonstration board from 

Freescale). 

Db L Db 

Jouti ]out 
sw 
~~ 

~ 

y 

+Battery 

Schottky _I:_ Bank 
Diode 

Coutl -, vout 
Dl 

R 
Db L Db Load 

Jout2 
VLoad 

Array 
Schottky 

V,n2 
Diode 

cout2
2 D2 

Fig. 4.1 MPPT Power-Stage Circuit 
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In order to generate the total input power, two PV arrays are constructed. Each array is 

connected by three "GEPV -050" modules in series to achieve a higher PV terminal 

voltage. Each buck converter is supplied by one array, the outputs of the two buck 

converters are connected in parallel. However, since each converter is an independent 

current source isolated by a diode feed, the converters are in essence isolated from each 

other and have only one control loop. 

4.2 Components Selection of the Buck Converter in the Power Stage 

The choice of the components in each buck circuit is vital because the converter 

must carry the entire source current. Each converter has to offer a high efficiency over a 

wide range of operating points. Any resistances or other losses, no matter how small they 

are, will contribute to the total power loss of the system. 

4.2.1 Inductor 

Initially we can assume that the converter output voltage is approximately 

constant at 24V and the converter is running at 100% efficiency, such as P;n =Pout. Each 

converter is assumed to operate in Continuous Conduction Mode (CCM). To find the 

value of the inductor and the rest of components for each buck converter, an extreme case 

has to be studied. Given the extreme case when the PV array operates at its maximum 

power under the standard conditions, including full sunlight (G=l) and 25°C for the PV 

array temperature. From the datasheet of the "GEPV -050" module, one module 

gives Im =Impp = 2.9 A, ~n = Vmpp =17.3 V, V0 c = 22 V and lsc = 3.3 A. For three 

"GEPV -050" modules which are connected in series to form one array we will get 
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V;n =Vmpp =17.3x3=51.9V andV0 c =22x3=66V. Hence each PV array is able to 

deliver 150 W to each buck converter, and the total input power for the two buck 

converters is 300W. Based on the assumption that the two buck circuits are identical, then 

the currents going through each inductor and capacitor in each buck converter are also 

identical. According to Fig. 4.1, the average current going though each inductor 

( IL 1 and Iu) and the average current going through the load (lout! and Ioutl) are computed 

using equation (4.1), and the total output current !tot out is computed with equation (4.2) 

I = I = I = ~otal = 301.02W = 150.51 =I =I =I = 627 A ( 4.1 )
Ll L2 L 2 . ~ 2 . 24V out! ou/2 out24battery 

]tat_aut =ILl +1L2 =2·/L =12.54A ( 4.2 ) 

In a well designed converter circuit, the magnitude of the switching ripple should be 

much smaller than the DC components. If we assume that the amplitude of the inductor's 

current ripple ML is typically varies between 10% and 20% of its DC value IL, and refer 

back to equation (3.12) in chapter 3, then the value of the inductor L can be calculated 

using equation (4.3), here that the current ripple ML is chosen to be 20% of IL1 and 

equal to 1.254A. 

L?:: (Vm - Vout). d 1 • Tsw = (51.9- 24)V · 0.462 · 20J1S = _ mH ( 4.3 ) 0 2056
ML 1.254A 

or alternatively using equation (4.4): 
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L C. (Vout )· d 2 • T_.,w = (24)V · 0.538 · 20,us = 0.206mH ( 4.4 ) 
ML 1.254A 

The switching period Tsw is 20Jls if the desired switching frequency is 50 KHz. The duty 

cycle d1 is calculated using Vout I Vmpp and equal to 0.462 when the switch is on. The duty 

cycle d2 can be computed as d2 = 1- d1 = 0.538 when the switch is off. 

In practice, the output voltage of any battery is not constant, it varies with the 

charging and discharging processes. The 24V-battery bank includes 12 individual cells, 

the minimum output Vout_min voltage of two 12V lead-acid batteries in series is the 

product of the individual cell VOltage and the cell number: Jlout min = 1.65 X 12 = 19.8 V. 

The maximum output voltage vout_max of the two batteries is vout _max = 2.4 X 12 = 28.8 v. 

The inductor L can be re-evaluated from equation (4.3) or equation (4.4), note here that 

we use equation ( 4.4) to calculate the inductance, and the maximum value will be chosen 

to be the lower value boundary for the inductor L. 

L C. V,ut min ·d2 max ·T._.,w = (19.8)V ·0.6185·20,us =O.I 6 ImH ( 4.5) 

ML_max 1.52A 

L C. V,ut max • d2 min • T._.,w = (28.8)V. 0.445. 20 fiS = 0.245mH ( 4.6) 
ML min 1.046A 

The term IL_max (150.51119.8=7.6A) represents the maximum current going through each 

inductor, and its corresponding maximum current ripple ML_max is 20% of 7.6A. The 
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term IL_min (150.51/28.8=5.23A) represents the minimum current going through each 

inductor, and its corresponding minimum current ripple ML_min is 20% of 5.23A. The 

term d1_min denotes the minimum duty cycle when the switch is on. It can be calculated 

by using the minimum output voltage vout _min divided by the input voltage ~n ' and it is 

equal to 0.3815. The term d2_max denotes the maximum duty cycle when the switch is off, 

it is equal to 0.6185 ( 1-d1_min ). Similarly d1_max is the maximum duty cycle when the 

switch is on, and it is equal to 0.555. The symbol d2_min represents the minimum duty 

cycle when the switch is off, it is equal to 0.455 ( 1- d1_max ). 

The value computed for the inductor Lis important since it determines the ripple 

current flowing through the output capacitor [24]. Using a small inductance will reduce 

the size of the choke but will increase the current ripple. A large inductance reduces the 

output voltage ripple and increases efficiency, but it has a large physical size that will 

consume a large space in a PCB layout. 

Based on the previous calculations, and the inductor must at least be able to 

handle current of 6.27 A. Two inductors of 1mH from HAMMOND Manufacturing with 

part number 157D were chosen. These inductors are sufficiently large to ensure the two 

buck converters are working in CCM. Given a current rating of 1OA and an internal 

resistance of 38mQ, the maximum and minimum current ripple given the chosen 

inductance of lmH can be recalculated from equations of (4.5) and (4.6) using equations 

of(4.7) and (4.8). 
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= Vout_min ·d2 _max ·Tsw = 19.8V·0.6185·20,us =0.2 SA ( 4.7) 4
min L lmH 

= Vout_max • d 2 _min • ~'w = 28.8V · 0.445 · 20,us = 0.2S6A ( 4.8) 
max L lmH 

4.2.2 Output and Input Capacitors 

Since the input current of a buck converter is pulsating, the selected input 

capacitors need to have a high frequency rating, and provide a high RMS current rating 

[24]. They must be able to operate normally at least for the worst case of the RMS 

current, and the worse case of the input spike voltage. Otherwise, they will be susceptible 

to overheating and in that case permanently damaged. The power dissipation generated 

by capacitor's internal Equivalent Series Resistance (ESR) should also be considered. A 

small ESR will improve the system efficiency and reliability. 

There are several different types of capacitors which can be considered. 

Electrolytic capacitors are most often used since they are not expensive and available 

with a wide range of RMS current ratings. The drawback to using electrolytic capacitors 

is that they are physically larger than other types of capacitors. Ceramic capacitors are 

better at high frequency and usually have a higher RMS current rating for a given 

package size with a lower ESR than other capacitor types, however they cost more [24]. 

No matter what type of capacitors we use, in some situations, it is possible to connect 

several capacitors in parallel in order to reduce the overall ESR and effectively in tum 

reduce the output voltage ripples. 
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If the desired operational frequency f"w is 50 KHz, and the input voltage ripple is 

around or less than 0.5%-1% of the input voltage (we are using 1%), then the input 

capacitor can be found using equation (4.9). 

C ~(lout -Jin)·d1 ·J'.<;w = (6.27-2.9)·0.462·20,us =59.99JLF ( 4.9) 
m flVm 0.01· 51.9 

The maximum ESR of the input capacitor is also computed in equation ( 4.1 0) [25]. Here 

Min is the input current ripple, which is 20% ofI mpp • 

ESRMAX < lo/ov;n = 0.01·51.9 = 0.895Q ( 4.1 0) 
Min 0.58 

The current ripple gomg through the input capacitor C;n can be found out 

as I c = I out -lin = I L -lin . Given the practical consideration of ESR, the total input 

voltage ripple is the summation of the voltage across ESR and the ripple voltage of the 

input capacitor as illustrated in Fig. 4.2. 

As shown in Fig. 4.1, when the switch is off, the input current I;n charges the 

input capacitor C;n . When the switch is on, the input current lin supplies the load, as the 

input capacitor discharges. Given the presence of ESR in the capacitor, voltage 

degradations include Im · ESR due to charging and (IL -lin)· ESR due to discharging. 

The total input voltage ripple f1 v;n of the input capacitor can be derived using equation 

(4.11). 
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Fig. 4.2 Input Capacitor Voltage Ripple with Consideration ofESR 

~V =1 -ESR+(l -1 )·ESR+ (IL -!J·dz ·Tsw ( 4.11) 
m m L In C. 


m 


=1 -ESR+(l -1 )·ESR+ (IL -IJ·d1 ·Tsw 
m L m C 

m 

According to equation ( 4.11 ), we can observe that a small ESR causes less voltage ripple. 

Based on the calculated value of 59.99!-lF, four 1001-lF polyester film capacitors are 

chosen (from A VX Corporation) for the two buck converters. They have 1 OOV voltage 

rating, 10% tolerance, 24A of RMS maximum current, 0.55mQ ESR, and can operate at 

temperatures of 1 05°C. 

The two capacitors are connected in parallel, resulting in the equivalent of 2001-1F 

capacitance with a 1 OOV rating and 0.275mQ ESR, to be the input filtering capacitors. 

The minimum ripple voltage and maximum ripple voltage of the input filtering capacitors 

can be found out using equation (4.12) and (4.13) respectively. 
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(I -I )· d ·TL1 V . = I . ESR I . _ I .ESR L min in I max SW ( 4.12) ( )m~mm m + L~mm m + C 
m 

3 2 9 555 20= 2.9 · 0.275mQ. + (5.23- 2.9) · 0.275mQ. + (S.2 - · ) · 0· · flS 
200pF 

= 0.1308V 

l I -I )· d ·TL1 V = I . ESR I _ I . ESR + \ L max in I min SW ( 4.13) ( )m_max m + L~max m C. 
m 

6 2 9 03815 20
= 2.9 · 0.275mQ. + (7.6- 2.9) · 0.275m0. + 0 · - · ) · · flS 

200J1F 

=0.1814V 

The maximum ripple voltage ofthe input capacitors is 0.1814V. This is merely 0.35% of 

the input voltage. This maximum ripple voltage satisfies the initial assumption made that 

the input ripple voltage is at least between 0.5% and 1% of the input voltage. 

For the output capacitors it is important to satisfy the output voltage ripple 

requirement. To achieve a low output voltage ripple, the capacitor must have a low ESR 

under the normal operation of the circuit. If we assume that the output voltage ripple is 

1% of its DC value (24V), then the output capacitor can be evaluated as: 

( 4.14) 

We can double check for the value for the output capacitor by using the equation 

fc = k = (1 ~ 2) KHz (using 2KHz in the calculation). 
2:;r LCout 
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This center frequency fc should be far away from the switch frequency (50 KHz), 

so that the low-pass filter can essentially pass only the DC component of the voltage 

across the free-wheeling diode, and remove the switching harmonics. The output 

capacitor can be alternatively expressed in equation (4.15), and its maximum ESR is 

calculated in equation ( 4.16). 

1 
2 

( 4.15) 
Cout =( ) I L =25.87JLF

2tr·2kHz 

ESRMAX < 1%Vout = 0.01·24 =0.095Q ( 4.16) 
2.53611/

0111 

The minimum capacitance value needed for the circuit is 25.87 J.lF. Four 20J.lF polyester 

film capacitors, with 100V voltage rating (10% tolerance), 2.6A of RMS maximum 

current, and 3mQ ESR, were selected. By connecting two of them (for each buck) in 

parallel, this results in a total capacitance of 40J.lF with a IOOV rating and the equivalent 

of 1.5mQ ESR. The minimum and maximum ripple voltages of the output capacitors are 

shown in equation (4.17) and (4.18) respectively. 

vout min ·(1-d, min)·Tiw __ 19.8·(1-0.3815)·(2o,usY = . ( 4.17) 
.L1Vout min = 0 01531 

8LCout 8 ·1mH · 40JLF 

vout_max ·0-d,_max)·Tiw = 28.8·(1-0.555)·(2o,usY __ . ( 4.18) 
V 0 01602.L1 out max = 

8LCout 8 ·1mH · 40JLF 
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The equivalent 40~-tF output capacitor gives a maximum 0.01602V ripple voltage. 

This ripple voltage is 0.067% of the output voltage and meets the requirement that the 

output ripple voltage is between 0.5% and 1% of the input voltage. Ultimately the 

filtering capacitors provide a means of smoothing the input and output current drawn 

from the PV array, maintaining the input and output current close to its DC value. 

4.2.3 Diodes 

Freewheeling Diode 

Diode choice results in a trade-off of breakdown voltage, reverse leakage current, 

and forward voltage drop. The low forward voltage drop of a diode results in low power 

dissipations, better efficiency and smaller heat-sinks. In our case, a fast diode is needed to 

act as a switch for the energy stored in the inductor L. If the diode is slow to react, the 

efficiency of the buck converter will be low. The diode must have the ability to handle 

high breakdown voltages in case of high voltage transients and possible large output 

voltages if the load is suddenly disconnected. The minimum diode voltage V0 and 

current I D(ON) ratings are calculated using equation ( 4.19) and ( 4.20) respectively. Here, 

Vex: stands for the open voltage of the PV array, Ia(MAX) represents the maximum current 

going through the inductor L, ML represents the inductor current ripple. 

V0 = V0 c ·1.5 = 66 ·1.5 = 99V ( 4.19) 

I D(ON) = IO(MAX) + 0.5(ML) = 6.27 + 0.5 ·1.254 = 6.897A ( 4.20) 
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The best combination of these features that could be found for the freewheeling 

diodes is High Voltage Schottky Rectifiers (part number is MBRFlOHlOO from Vishay 

Semiconductor). The selected diodes have a relatively lower forward voltage drop, and a 

good current capability that gives a faster reverse recovery than regular p-n junction 

diodes. They have a 100 V maximum repetitive peak reverse voltage, and 0.77 V 

maximum instantaneous forward voltage drop when the room temperature is 25°C and 

the maximum average forward rectified current is 1OA. 

Blocking Diodes 

The rest of diodes were chosen to prevent currents flowing backwards from the 

batteries to the PV array. For simplicity, these blocking diodes are selected to be High 

Voltage Schottky Rectifiers (MBRFlOHlOO) as well. But in general for Schottky diodes 

have a much higher reverse leakage current than non-Schottky ones. When reverse 

current leaks from the output batteries, the voltages across the drain-to-source of the 

MOSFET and the freewheeling diode in the buck converter build up and cause a voltage 

across the input capacitors. This voltage will influence the input voltage measurement, 

the voltage sensors for each buck converter should be arranged before the input blocking 

diodes and the input capacitors in the PCB layout. 

4.2.4 MOSFET 

Since the desired switch frequency 50 KHz is within a medium range and low 

voltage application such as less than 250V [26], using MOSFET as the switch over IGBT 

is a suitable choice in our case. The drain-to-source voltage VDs rating should be at least 

-60



Fangnan Wu Master ofApplied Science McMaster University-ECE 

equal to 2 times the open voltage from the PV array if it is to be able to tolerate voltage 

spikes in a normal operating mode. The continuous drain current I D rating has to be 

larger or equal to 1.5-2.0 times the short circuit current from the PV array. Thus the 

ratings of the MOSFET voltage and current can be evaluated in equation ( 4.21) and 

(4.22), where Isc represents the short circuit current of the PV array and it is equal to 

3.3A. 

VDS = 2 X 66V = l32V ( 4.21) 

I!) 2: (1.5 ~ 2.0)Isc = 6.6A ( 4.22) 

The choice of MOSFET will result in a tradeoff between conduction loss and gate 

drive power dissipation [27]. Given a maximum 200V drain-to-source voltage, a 

maximum 20 A drain current, 300W power dissipation, and ann-channel enhancement 

mode power MOSFET (IRFP24PbF) was selected from International Rectifier as the high 

speed-switching devices for MOSFET1 and MOSFET2. 

The MOSFET has a maximum leakage current of 100 nA, maximum 4 V gate 

threshold voltage, and a relatively low on-state resistance of 0.18Q @ V gs = 10 V. It has 

a relatively low gate charge Qg, the maximum value is 70 nC. If the voltage rating of the 

MOSFET is derated to 80% [26] of its maximum value of 200V, then the calculated 

132V drain-to-source voltage rating is still within the range of 160V margin. 
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4.2.4.1 MOSFET Switching Characteristics 

A typical MOSFET switching waveform with a resistive load is shown in Fig. 4.3. 

The turn-on delay time td(on) is the time that is required to charge the input capacitance 

ciss to the MOSFET's threshold voltage VGS(th). The rise time trise is the time after the 

gate-to-source voltage Vc;s reaches to the Vc;s(th) to finish the transient. The drain current 

I D of the MOSFET starts from zero and rises linearly to the output current I nut • The 

drain-to-source voltage VDs of the MOSFET begins from the input voltage ~n and 

falling to the on-stage voltage. After the rise time t rise, the Vc;s rises to the overdrive 

voltage and the MOSFET is fully enhanced [28]. 
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Fig. 4.3 Switching Waveforms of the Input Voltage VDs and the Output Currentlour 

The tum-off delay time t d(aJn is the time required for the input capacitance C;,, to 

discharge from the overdrive voltage to the saturation region where the drain current ID 
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remains saturated at the value of I out • The fall time t fall is the time that is required for the 

input capacitance to discharge from the saturation region to the Vas(rhJ [21]. The Vns 

increases from the on-stage voltage to V,n , and the drain current In decreases from the 

output current lout to zero. After the fall time trau , the Vas decreases to zero, the 

MOSFET is fully turned off. 

We define that the sum of td(an) and trise as the turn-on time ton and the sum of 

t d(off) and t 1a11 as the tum-off time taff . During the times of t d(on) and t d(off), there are no 

changes to In and Vns , the power dissipations do not occur. Thus the total power loss 

due to switching is taken into account only during the transitions of trise and t fall. For 

simplicity, we assume that trise, t fall , tan , and t off are approximately the same and are 

between 1 OOns and 200ns for the later calculations. 

4.2.4.2 Gate Resistor and Gate-to-Source Resistor 

Accordingly with the switching time dependency on charging time of the gate 

capacitor in a MOSFET, we can calculate the value of series gate resistance Rg as shown 

m equation (4.23) by using the total gate capacitor Cg and the rise time trise where 

Q 70nC
C = __!_ = = 7 nF and the time t rise is assumed to be 150ns. 

g Vgs 10v 

Rg = ~ = 150ns = 7.1Q ( 4.23) 
3·Cg 3·7nF 
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The value of Rg is chosen to be between 1 OQ and 200. Adding this externally passive 

gate resistor Rg results in slowing down the gate charging (or discharging) time, and in 

turn slowing down tum-on (or tum-off) time. In contrast, the resistor Rg is able to reduce 

EMI noise. The tradeoff among gate resistance loss, reduction of EMI noise, and 

switching speed needs to be made. A smaller gate resistor gives a faster transition and 

lower switching losses, but at the same time, means more ringing and induced additional 

EMI noise in the circuit generated by the fast slew rates of a MOSFET drain-to-source 

voltage [26][27][28]. Another resistance Rgs ( Rgs >> Rg) can be added between the gate 

and the source of a MOSFET. Since the gate charge can be very large on a MOSFET, it 

causes the MOSFET to remain on even if the gate drive has been removed. Thus the 

purpose of adding this resistor Rgs is to release any excess charge of Cg safely from the 

gate in the event of this occurrence. The overall MOSFET protection circuit diagram is 

depicted in Fig. 4.4 

MOSFETQ 


Fig. 4.4 MOSFET Protection Circuit 

-64



Fangnan Wu 	 Master ofApplied Science McMaster University-ECE 

4.2.5 Heat-Sink 

In power circuits, any losses in MOSFETs or Schottky diodes can heat up the 

silicon of the device above its maximum junction temperature T1max, which will lead to 

device performance failure [29]. Heat-sinks are used to dissipate heats, and their types are 

primarily dependant upon component power consumption, device package type, ambient 

temperature, and air flow. 

The sources of a MOSFET loss can be grouped into four main categories: 

conduction loss, switching loss, charging MOSFET output capacitance loss, and gate 

drive loss. A detailed calculation is presented in equations ( 4.25) through ( 4.30). 

Firstly a MOSFET is a resistive channel from drain-to-source, so the conduction 

loss ~?Ds due to the resistance RDS(ON) between the source and the drain in the on-stage is 

shown in equation (4.25) [26]. The worse case occurs at the maximum duty cycle in the 

buck converter. This means that the operating voltage is at the maximum power point. 

Here I RMs denotes average current going through RDS(ON), the symbol lout denotes output 

current of a buck converter, and d1 = Vout = ~ = 0.462 is the duty cycle when the 
vmpp 51.9 

switch is on and the operating voltage is at the maximum power point. 

PRDS 	 = RDS(ON) • f~s = 1;ut · RDS(ON) • dl ( 4.25) 

= 6.34 2 
• 0.18. 0.462 =3.34 w 

The conduction power ~?DS is not the only cause of power dissipation in a 

MOSFET. Dynamic power loss due to the switching behaviour of the MOSFET also 
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needs to be concerned. Given the fact that a high drain current I D of the MOSFET 

(which is presumed to be the output current lout) and a high drain-to-source voltage VDs 

of the MOSFET are present in the device simultaneously for a short period of rise trise 

and fall toff times as illustrated previously in Fig. 4.3. The energy stored E1_rise in the 

MOSFET during the rise time trise can be approximated in equation (4.26), which is 

integration under the triangle area [21] [27]. 

t,, [ t J t ( 4.26) 
-V ·- ·I ·-·dt£1 nse DS DS out 


0 f rise {rise 

f V 

Likewise, the energy loss E 1_fall during fall time toff can be estimated in a similar way, 

thus the average power loss Psw due to the switching actions with the desired switching 

frequency f,w of 50 KHz is shown in equation ( 4.27) if the times of ton , t off , trise, t fall 

are assumed to be same and equal to 200ns. 

Psw = (E,_on + Et_off )· fsw ( 4.27) 

v .J v .J )= DS out f . + DS out f . . J,( 6 nse 6 fall SW 

= l· Vm · I out • fsw · &rise + t faa ) 

1 
=- · 51.9V · 6.34A ·50KHz· (200ns + 200ns) = 1.1 W 

6 
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The power loss Pc associated with charging and discharging the MOSFET's output 
ass 

capacitance Coss can be evaluated as: 

( 4.28) 

For the power loss in the gate driving circuit, we can view this power dissipation as a 

result of charging and discharging the total gate capacitor Cg in order to turn the 

MOSFET on and off. The power loss in the gate driver circuitry can be expressed in 

equation ( 4.29), where Varive is the MOSFET driving voltage in the experiment. The total 

power loss of the MOSFET is then represented by equation (4.30) [28]. 

Parive = Cg · V},ive · f~w =7nF · (14V) 2 ·50kHz= 0.069W ( 4.29) 

( 4.30) 

To estimate the thermal resistance of heat-sinkResa, according to the MOSFET's 

datasheet, the thermal resistance from Junction-to-AmbientR 81A is 40°C/W, the thermal 

resistance of device is 0.83°C/W, the thermal resistance of interface material is 

0.24°C/W, and the maximum allowable junction temperature Timax is 150°C. If we 

assume that the maximum allowable junction temperature is derated to 80% of its value 

(150°C), and the ambient temperature is 50°C, then thermal resistance of heat-sink 

R&a can be calculated in equation ( 4.31 ): 
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(80%· ~MAX- Ta) ( 4.31)
Rosa = 	 - ( RBIC + Roes) 

PMOSFET 

= (0.8·150-50) (0.83+0.24) 
4.536 


=14.36°C /W 


Therefore, a heat-sink will be required with a thermal resistance less than or equal to 

For freewheeling diodes, the power dissipation due to conduction Pd ~conJ is 

presented in equation ( 4.32). It depends on the forward conduction current I D (here is lout), 

the forward voltage drop VfimvarJ, and the duty cycle d1 • Here 111Ms represents the average 

current going through the diode. 

pd ~ cond 	 = vforward • I RMS = vforward • I out~(1 - dl) ( 4.32) 

= 0.77. 6.34 . .Jo.367 = 2.96W 

The power dissipation due to diode reverse recovery Pd _rev is determined in equation 

(4.33). By substituting these two calculated values in equation (4.34), we can find out the 

total power loss Pdiode in one diode. Where Qrr denotes the total reverse recovered 

charge. 

PJ ~rev 	= Qrr • Vds • fsw =8.823nC · 51.9V ·50KHz= 0.023W ( 4.33) 

pdiode = pd ~cond + pd _rev = 2.96 + 0.023 = 2.983W 	 ( 4.34) 
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The thermal resistance of heat-sink Resa for the Schottky diode can be evaluated using 

equation (4.35). Therefore, a heat-sink will be required with a thermal resistance less than 

or equal to 20.53°C/W. 

( 4.35) 


= (0.8 ·lSO-SO) -(2.7+0.24)=20.53°C/W 
2.983 

4.2.6 Battery Bank 

A stand-alone PV system needs a device to store energy delivered from the PV 

modules. The input power produced from the source varies at any time accordingly with 

continuously changing climate conditions. We need batteries to provide power when the 

PV modules produce nothing at night or less than the electrical load requires during day 

time. Among numerous possible technologies today, the conventional lead-acid battery is 

the most used in the PV system based on its cost versus efficiency. Two 12V seal-lead

acid batteries (Exide 51 R -60) were chosen, which can tolerate long periods of inactivity, 

and each has 530 CA, 450 CCA, and 70 RCminutes at 25A. Connecting the two in series 

can achieve desired 24V at the output of two parallel-coupled buck converters. 

4.3 Control Units 

4.3.1 Voltage Sensor and its Conditioning Circuit 

A voltage sensor can be constructed by a simple potential divider (resistor

network) to generate an analogue voltage signal that is proportional to the PV panel 
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voltage. The resistor-network is followed by a voltage follower providing a high 

impedance input to an RC low pass filter, and two clamping diodes to protect the control 

chip (56F8013) from voltage spikes. The circuit diagram is illustrated in Fig. 4.5. Since 

the control chip can only process digital information, AID conversions are required. 

Fig. 4.5 Voltage Divider with its Conditioning Circuit 

The sampled voltage from the voltage divider network is encoded as an analog signal and 

must be converted to binary numbers that are understood by the control chip. 

The internal ND reference voltage is V58 (3.3V), is the voltage supplied to the 

control chip. To sample the voltages from the input PV arrays and the batteries, the 

resistor-networks has to scale the voltages down to within a safe margin. We use 3.1 V as 

the reference voltage to calculate resistors in the circuit design. As seen from Fig. 4.5, the 

resistor ratio used for the input voltage divider network can be computed as: 

!!J_ = 1- Vss IV;n = 1-3.1166 = 2029 ( 4.36) 
R2 V88 I V;n 3.1166 
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The values of R1 and R2 can be chosen as long as they have a ratio close to that given in 

equation (4.36). Using R1 = 200 kQ, and R2 = 10 kQ, the input resistor-network results in 

3.143V ifthe input voltage generated from the PV array is at its maximum 66V. 

More importantly, these resistor networks should be inserted before the blocking 

diodes and the input filtering capacitors so that the measured values are the actual 

voltages from the PV array. Otherwise, the voltage measurements will be affected by the 

reverse current leaking from the output blocking diodes. 

Similarly for the batteries voltage, the ratio between the output voltage (24V) and 

the supply voltage of the control chip V88 (3.1 V) can be calculated using the same 

relationship of equation ( 4.36), the resulted ratio is 8.25. Using R1 = 820 kQ, R2 = 100 

kQ, the output resistor-network gives 3.13V when the output batteries are fully charged 

to 28.8V. 

4.3.1.1 RC filter 

RC filters can filter out the circuit noise and make the sampled signals smooth. 

The center frequency fc given by the desired RC filter must be far less than the switching 

frequency f~w (50 KHz). The relationship between the center frequency of the RC filter 

and the circuit switching frequency is given in equation (4.37), the circuit is also shown 

in Fig. 4.5. 

( 4.37) 
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4.3.1.2 Over-voltage Protection 

The voltage follower is constructed from an operational amplifier (MC34074A). 

The voltage supply range ofthe MC34074A is between 3.0V and 44V. Due to stability, 

choosing 5.0V as its voltage supply Vee is fairly good. In contrast, the 56F8013 chip's 

recommended maximum operating voltage is 3.3V, thus we need two diodesV88 

connected as shown in Fig. 4.5 to protect the control chip from over-voltage. 

4.3.1.3 Voltage Sensing Test Result 

The input voltage sensing circuit was tested. The voltage difference between the 

calculated data and experimental data are shown in Table A.l of Appendix A. The 

percentage between the error and the calculated value is plotted in Fig. 4.6. 
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Fig. 4.6 Voltage Error between Calculated and Measured Data 

It shows that the maximum error m percentage is 0.9%, and the average error in 

percentage is 0.096%. Given ±1% accuracy of the resistors in the voltage sampling 

circuit, the accuracy ofthe voltage sensing circuit is acceptable. 
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4.3.2 Current Sensor 

Current transducers LTS 6-NP and LTS 25-NP were chosen to be the input 

current sensor and output current sensor respectively. They are devices that contain both 

hall-effect sensors and a high gain integrated circuit amplifier in a single package. Their 

features include a closed loop current transducer using the Hall-effect, unipolar voltage 

supply, insulated plastic case, and extended measuring range. 

Compared to the conventional current sensors which use shunt resistors and 

operational amplifiers, the L TS current transducers do not require additional shunt 

resistors and thus have no insertion losses. They offer excellent accuracy (±0.2%), very 

good linearity, optimized response time, galvanic isolation between primary and 

secondary circuits, and very high immunity to external interference. 

Since the maximum input current (the short circuit current generated from the PV 

array) is 3.3A, we selected the LTS 6-NP with a maximum 6A current range for the input 

current sensor. Its output voltage formula was taken from its datasheet, and is shown in 

equation (4.38): 

fin ( 4.38) Vcs =2.5 + 0.625 x ______::_:____ 
Current Range 

The equivalent output voltage Vcs range of LIS 6-NP is calculated between 2.5V and 

2.9167V if the input current range is between OA and 4.0A where lin denotes the current 

from solar array, and Vcs represents the output voltage from the current sensor. 
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Since the maximum output current is 17A, we choose the current sensor (L TS 25

NP) with a 25A maximum current range as the total output current sensor. The equivalent 

output voltage calculation is shown in equation (4.38) and expressed in equation (4.39). 

The equivalent output voltage ~~s range of LTS 25-NP was calculated as falling between 

2.5V and 2.925V if the output current range is between OA and 17A. 

( 4.39)VC'S = 2.5 + 0.625 X ]out
' 25 

With such a small voltage range (0.425V) between 2.925V and 2.5V, a 

conditioning circuit is desperately needed to magnifY the sampling range and increase the 

precision so that the usable range of the AID bits is increased. The proposed current 

sensing conditioning circuit is schematically shown in Fig. 4.7. 

5.0V 

Fig. 4.7 Current Sensing Conditioning Circuit 

The circuit is constructed using a differential amplifier (offset circuit) and non-inverting 

(magnifying circuit) amplifier. Based on the above circuit diagram, the offset circuit can 
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be expressed in equation ( 4.40) and the magnifying circuit can be mathematically written 

in equation (4.41). 

( 4.40) 

( 4.41) 


Substituting equation (4.38) and (4.40) into equation (4.41), the relationship between the 

input current lin from solar source and the output voltage Vout fed to the ports can be 

expressed as: 

]in ( 4.42) 
vout =3.2 -2.5 ·---=-

Current Range 

The input current sensing circuit with 6A current range, and using R = 100 kQ and R1 

300 kQ, the equation (4.42) becomes equation (4.43): 

1 ( 4.43) 
vout = 3.2-2.5. m =3.2-0.4167. lin 

6 

When the input current is OA, the output voltage is 3.2V. If the input current is 4.0A, the 

output voltage is 1.53V. The output voltage sensing range is now between 1.53V and 

3.2V, the difference is 1.67V. The original range 0.4167V is enlarged to 1.67V, which is 

magnified 4 times. 
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Similarly for the output current sensing circuit with the same equation but different 

current range (25A) then equation (4.42) becomes equation (4.44): 

( 4.44)vout =3.2-2.5. lout =3.2- 0.1· lout 
25 

When the output current is OA, the output voltage is 3.2V. Ifthe output current is 17.0A, 

the output voltage is 1.5V. The output voltage sensing range is between 1.3V and 3.2V, 

and their difference is 1.7V. Thus the original sensing range 0.425V is enlarged to 1.7V, 

which represents a magnification of 4 times. 

4.3.2.1 Current Sensing Test Result 

The proposed input and output current sensing circuits were tested. For simplicity, 

only accuracy estimation of the input current sensing circuit is derived in equation ( 4.45). 

Here Min represents the current difference between the calculated input current and the 

measured input current, and L1 Vout represents the voltage difference between the 

calculated voltage after the conditioning circuit and the measured voltage after the 

conditioning circuit. 

M = LlVout ( 4.45) 
m 0.4167 

The experimental data is shown in Table A.2 of Appendix A and the corresponding data 

is plotted as seen in Fig. 4.8 and Fig. 4.9 respectively. 
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Fig. 4.9 Measured Error of the Input Current Sensing Circuit 

As shown in Fig. 4.8, there are small deviations between the measured output voltage and 

the calculated output voltage. These deviations are caused by both the ±0.2% accuracy 
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variation of the current transducer, and by the ±1% accuracy of the resistors, or the 

temperature drift in the operational amplifiers. Fig. 4.9 shows that the maximum error is 

0.1293V, the average error in the input current sensing circuit is 0.10718V, and the 

maximum error in percentage is 2.77%. Further precision can be achieved by properly 

adjusting the software which measures the input and output sensing circuits, such as the 

averaging filtering algorithm. 

4.3.3 Gate Drive Method 1: MOSFET Driver 

The PWM current signals generated by the control chip can only deliver a 

maximum current of 8mA. A MOSFET driver (MIC4427) is chosen to boost the current. 

The MIC4427 family provides highly-reliable dual non-inverting low-side MOSFET 

drivers with low power consumption and a high efficiency. This MOSFET driver 

operates at current as low as 1.5mA and is capable of supplying two independent peak 

output currents up to 1.5A, and its rise and fall times are matched. 

To guarantee low supply parasitic inductance over a wide frequency range [30], 

paralleled bypass capacitors are needed for the power supply. Normally one I11F ceramic 

capacitor connected in paralleled with a small 1 OOOpF-4 700p ceramic capacitor will 

adequately reduce voltage spikes [30]. Bypass capacitors are required for all operational 

amplifiers and optocouplers voltage supplies for the same reason. 

In our case, the minimum supply voltage Vcc_min of MIC4427 is 4.5V. A l~tF 

ceramic capacitor was chosen to be the supply bypass capacitor Cbypass. The existing 

voltage ripple L1V in the supply voltage can be computed as: 
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cg. vdrive ( 4.46) 
c bypass • L1 v = c g • vdrive --) L1 v = ----"--

cbypass 

Substituting Cg =7nF, Vdrive =14V, and Cbypass =1!-lF in equation (4.46), the calculated 

voltage ripple L1V is 0.098V. The voltage difference (4.902V) between the voltage 

supply (5.0V) and the calculated voltage ripple (0.098V) is higher than the minimum 

supply voltage Vee _min ( 4.5V) requirement. 

4.3.3.1 Gate Driver Transformer 

The need for a floating gate drive makes the MOSFET driving circuit more 

complicated. There are several approaches. One could use a high-side MOSFET driver, 

although it is expensive. An optical coupler is also a good option, but it requires isolated 

power supplies for each MOSFET as well as switching characteristics above 50KHz. A 

gate drive transformer called pulse transformer is a traditional choice, it is reliable and 

most importantly galvanic isolation can be easily achieved [31 ][32]. 

The MIC4427 MOSFET driver is for the low-side MOSFET, a gate drive 

transformer is thus needed to interface the high-side MOSFET with the ground-connected 

PWM control circuit. Unfortunately the transformer itself has several limitations. The 

transformer generates only AC signals, and its operating duty cycle is limited due to the 

reset time of the transformer's core. The transformer needs some extra components to 

improve the overall circuit performance. There are different design options for the high-

side gate drive application; one example is illustrated in Fig. 4.1 0. 
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MOSFET Main 
Signa! in swIN 

Fig. 4.10 Gate Drive Transformer 

The coupling capacitor CCI offers the reset voltage for the magnetizing inductance in the 

transformer. It is charged during the switch-on time, and provides negative bias voltage 

to the transformer during the switch-off time [33]. However, at large duty cycles, there 

may not be enough voltage to turn the MOSFET on. Additional elements including 

another coupling capacitor Cc2 , a clamping diode, and a low power floating PNP 

transistor are necessary to add to the secondary side of the transformer in order to restore 

the DC value of the gate drive and improve the gate tum-off speed at the same time 

[33][34] as shown in Fig. 4.11. 

During the switch-on time, the MOSFET is turned on by the summation of the 

voltage across the secondary winding of the transformer Vr and the voltage across the 

second coupling capacitor VcC2 . During the switch-off time, the primary coupling 

capacitor CCI is connected in paralleled with the primary winding of the transformer, the 

clamping diode is forward-biased, and the secondary coupling capacitor Cc2 is thereby 

charged on its right side. 
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Signal in 

Gate Drive 

Transformer 


Fig. 4.11 The Proposed Gate Drive Transformer 

Meanwhile the PNP transistor is turned on and this causes the gate-to-source voltage Vg, 

of the MOSFET to clamp to zero, so that the MOSFET is turned off. In addition, the gate 

resistor is here to limit the tum-on speed. The gate-to-source resistor provides a current 

path. Consequently, with the proposed gate drive transformer circuit, a low-side 

MOSFET driver is allowed in this application. 

4.3.3.2 Experimental Results of Gate Drive Transformer 

The proposed gate drive transformer circuit was tested. The purchased pulse 

transformer (610AA) has a relatively large leakage inductance, and this inductance lead 

to time delays and oscillations in the gate drive circuit [35] so that the resulted rise time 

or fall time was around 640ns as illustrated in Fig. A.1 and Fig. A.2 in Appendix A. The 

tum-on and tum-off times were much longer than our assumption that is between 1 OOns 

and 200ns. Even though we let Rg be equal to zero, the time delay did not meet our goal. 

Furthermore in the MPPT application, at wide duty cycles, such as in the buck converter, 

the duty cycle could be between 0% and 100% result in the extreme case. Using a gate 
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drive transformer is difficult to support in this case. As a result, the gate drive circuit 

design is opted for the method 2 described in the following section. 

4.3.4 Gate Drive Method 2: Gate Drive Optocoupler 

The gate drive optocoupler (HCPL-3120 from A VAGO Technologies) integrates 

an LED light source and optical receiver for safety isolation. It has transistors to provide 

the minimum 2.0A peak output current, which is possible to directly drive a MOSFET. 

The gate drive optocoupler with a high-side MOSFET is shown in Fig. 4.12. Here Rlimit 

is a resistor between the PWM port and the input side of the optocoupler and used to limit 

the input current going through the photodiode. HCPL-3120 has a broad supply voltage 

Vee range between 15V and 30V, and 2500 VRMS for 1 minute [36]. An isolation of 630V 

is high compared to the open circuit voltage 66V generated from the PV array. In contrast 

with the circuit which used the gate drive transformer, the new circuit becomes much 

simpler, although it will need extra isolated power supplies. 

Fig. 4.12 Gate Drive Optocoupler with a High-Side MOSFET 
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4.3.4.1 Final Solution for High-Side MOSFET Driving 

The ADC ports (in 56F8013 control chip) are capable oftolerating 5.0V [37]. The 

diodes used in the voltage sampling circuits for the over-voltage protection can be 

eliminated to simplify the circuit design and save space in the PCB layout. The final 

solution for the high-side MOSFET driving circuit is illustrated in Fig. 4.13. 

5.0V 

NC NC 
PVVM 1-------1\!v'v-


R 
 To HCPL-3120 --,
v-------t-1-------, /<(1 

MIC4427 

To HCPL-3120 I /~ 
~- .L J 

f."'O=UT.:...::B:..._____;\/I;\,-----+------. - I 

I )fl I_ 
Rlim11PWM2 ------A/111; 

R I /~ 
- .L J 

_L 

Fig. 4.13 Final Solution for High-Side MOSFET Driving 

Only one MIC4427 driver is used to increase the input currents from the control chip to 

each photodiodes. Given a maximum 25mA forward current I fmax and a maximum 1.8V 

forward voltage Vfmax of the photodiode in the HCPL-3120 optocoupler, we can calculate 

the components Rlimit in equation (4.48) with a power consumption PR of 0.08W as 

shown in equation ( 4.49). 

R . = V, -Vfmax = 5.0-1.8 =128Q ( 4.48) 
hmll ]. 25}max m 
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p -~ (5.0-1.8)2 =0.08W ( 4.49) 
R 

R!im il 128 

Resistors between 1 OOQ and 1800 with 0.25W rated power can be selected. 

4.3.4.2 Isolated DC-DC Converter 

It is meaningless to use a regular voltage supply in a gate drive optocoupler to 

isolate digital signals from analog signals for surge protection. The voltage supply of the 

gate drive optocoupler itself obviously should be isolated as well. Four isolated de-de 

converters (AVl 0-24S08) are chosen to supply the gate drive optocouplers. The 

converter converts 24V input voltage to 8V output voltage with a high efficiency, an 

optoisolator is used inside to maintain complete isolation between primary and 

secondary. Since the recommended supply voltage of the gate drive optocoupler is 

between 15V and 30V, the inputs of two converters can be connected in parallel (and this 

24V voltage can be actually supplied by the 24V batteries) and their outputs are 

connected in series, in order to provide 16V output voltage. 

4.3.4.3 The Proposed High-Side MOSFET Driving Experiment 

A close-loop circuit for the proposed high-side MOSFET driving was at last 

constructed and tested in a buck converter. A GEN600-2.6 was used as the input voltage 

source, two 12V batteries were connected in series as the load. The voltage waveform 

across the gate and source of the MOSFET was measured by an oscilloscope. When the 

duty cycle was set to be 50%, the waveform of Vgs is shown in Fig. A.3 in Appendix A. 
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The magnitude of the gate-to-source voltage Vg, of the MOSFET is around 14V, this 

voltage is smaller than the optocoupler's supply voltage (16V) because of the voltage 

degradation caused by resistances in the driving circuit. The waveform of Vgs has 

drooping edges, which are caused by the resistor Rgs and the parasitic components in the 

circuit. The rise and fall times are both within 200ns as shown in Fig. A.4 and Fig. A.S in 

Appendix A. The waveform of the drain-to-source voltage Vd, of the MOSFET was also 

examined and shown in Fig. A.6 and Fig. A.7 in Appendix A. There are no spikes 

involved in the waveform thus snubber circuits are so far not needed. 

4.3.5 Linear Voltage Regulator 

The voltage supplies of some selected components (like operational amplifiers, 

MIC4227, etc.) are all 5.0V. This 5.0V voltage supply can be achieved by using one 

isolated de-de converter (AVl 0-24S08) and a linear voltage regulator (L78M05CV), the 

circuit diagram is shown in Fig. 4.14. 

5.0V 

DC-DC Converter 
D-- +vin 

L78M05CV 
+Vo l----,-------1vin Vout i---.--_J 

GND 

C=1uF 

24V from Battery -v in 
[>----------, 

Fig. 4.14 Construction of5.0V Voltage Supply 

This 5.0V voltage source supplies all the current sensors, Op-amps, and one MIC4427. 


The output voltage 8.0V from the isolated converter supplies the 56F8013 demonstration 


- 85



Fangnan Wu Master of Applied Science McMaster University-ECE 

board. The current !reg draw from this voltage regulator is approximately the summation 

of the currents into the CPU UCPu ), the Op-amps Uap), and the MIC4427s (/4427 ). The 

power loss due to this voltage regulator can be evaluated as: 

~eg = V,eg ·Ireg =Vreg · Ucru +lop+ 14427) ( 4.50) 
= 8V · (200mA + 2mA +10,uA) 

~ 8V · 202mA =1.616W 

The lower input voltage, the less power dissipation. Similarly a 3.3V voltage supply can 

be obtained using a linear voltage regulator LM1117 instead ofL78M05CV. 

4. 4 Final MPPT Hardware Design Solution 

4.4.1 Final MPPT Schematic Diagram 

Both power-stage circuits and control-stage circuits were constructed, evaluated, 

and tested. Some necessary modifications were done, and the final proposed maximum 

power point tracker (MPPT) schematic diagram is presented in Fig. A.8 of Appendix A. 

The proposed circuit consists of two buck converters each with independent driving and 

conditioning circuits. Two high-side MOSFETs are isolated using gate drive 

optocouplers. The measured voltages (using resistor-networks) and currents (using 

current transducers) are fed into the voltage-conditioning block, which offsets and scales 

the measured voltages down to the desired levels (between OV and 3.3V), ready for the 

analog-to-digital converters of the 56F8013 control chip to sample. Three auxiliary 

voltage supplies, including 3.3V, 5.0V and 24V, are used in the circuit. 
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4.4.2 Printed Circuit Board Layout Issues 

High noise due to the switching buck converters is produced in the circuit. The 

noise propagates through conduction and radiation. A bad layout of components in a PCB 

board can negatively affect system performance, lead component failures or cause the 

system to operate in an abnormal mode. For instance, a bad placement of a MOSFET and 

its gate resistor could lead to a huge voltage spike across the drain and source of the 

MOSFET, the high voltage would make the MOSFET fail. A poor placement of supply 

bypass capacitors could cause a large parasitic inductance and make the supply voltage 

unstable. As a result, proper component selection, good placement of components in a 

PCB can effectively reduce a certain amount of parasitic circuit components, and in tum 

reduce conducted and radiated EMI, and cause less component failures and keep the 

converter' s performance stable [38]. 

4.4.2.1 Parasitic Components in PCB Layout 

When two or more conductors are placed in a close space, they are capacitively 

coupled as seen in Fig. 4.15 . 

d 

C ESL 

~~ 

Fig. 4.15 Capacitor Structure and its Parasitic Components 
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These undesired parasitic capacitors will couple signals from one circuit to another. We 

know that capacitance is inversely proportional to the distance d between the two 

adjacent conductors and proportional to the surface area Ac of the conductors as 

expressed in equation (4.51). Here t:0 is the permittivity of a vacuum and e, is the 

relative permittivity. In order to reduce the conducted noise caused by the parasitic 

capacitors, we need to minimize the surface area Ac of the conductors or keep the 

separation distance d large [38]. 

( 4.51) 


For an inductor, normally each turn of a coil is covered with wire insulation, 

which forms a small capacitor between each pair of turns. This results in adding these 

capacitors in series and forming an equivalent capacitor CP in parallel with the inductor 

L as illustrated in Fig. 4.16. 

Fig. 4.16 Single-tum Air-core Inductor Structure and its Parasitic Components 
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In a buck converter, this parallel capacitor CP provides a path for the inductor (or output) 

current to the output capacitor and the load, which usually results in spikes on the output 

voltage. From Fig. 4.16 and equation ( 4.52), we learn that the parasitic inductance is 

proportional to the loop area A1 and inversely proportional to the effective magnetic path 

length lm [39]. Where f.Jo is the permeability of vacuum. In order to reduce parasitic 

inductance, we need to reduce the loop area A1 or increase the effective magnetic path 

length lm. 

( 4.52) 


4.4.2.2 Minimize Current Loop in PCB Layout 

Despite the undesired parasitic elements in a non-ideal circuit, current loops not 

only increase the inductance of conductors, but also radiate magnetic fields, especially in 

the high-current paths. Hence, the input current loop and output current loop are the 

primary source of radiated noise in a converter circuit. The placement of MOSFETs, 

Schottky diodes, inductors, input capacitors and output capacitors in the final PCB layout 

is critical to the overall circuit's proper operation and interaction. 

To understand the radiated magnetic field generated by the large current loop, 

refer to Fig. 4.17 (a) and (b), consider only one buck converter as an example. When the 

MOSFET changes from ON to OFF, the current loop area as seen from (a) to (b) is 

changed quickly. 
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N 
MOSFET 

(a) MOSFET ON 

N 
MOSFET 

(b) MOSFET OFF 


Fig. 4.17 Different Current Loops when the MOSFET is ON and OFF 


From equation ( 4.53), we know that magnetic flux rpm is proportional to its magnetic 

field density Band its loop area dS [40] [41]. 

( 4.53) 

mzf = JE·dS =-rpm ( 4.54) 
1 at 

Faraday's law (as shown in equation (4.54), where E is electric field) states that the 

induced voltage mzf in a closed loop equals the negative of the time rate of change of 

magnetic flux through the loop, this means that the induced mzf is generated by a 

changing magnetic environment. As a result, when the MOSFET is turned ON to OFF, or 
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OFF to ON, the magnetic flux is changed, and from the above relationship, we know that 

a change of the magnetic flux through a loop of conductive trace induces an unwanted 

voltage along another trace. Therefore, to reduce the radiated magnetic field problem the 

current change loop area must be made as small as possible [40]. 

Refer back to Fig. 4.17, during a normal operation of a buck converter, the input 

current is discontinuous. Adding an input filtering capacitor can supply the excess current 

when Q1 is on, and store the charges from the input current when Q1 is off, and thus the 

input capacitor sees discontinuous current. In reality, a finite capacitance given a certain 

amount of ESR and ESL, the actual voltage across the input capacitor fluctuates over 

partial charging and discharging cycles. By connecting an additional low impedance 

bypass (ceramic) capacitor in parallel with the input capacitor, effectively not only does 

this reduce ESR and improve high frequency characteristic of the equivalent capacitor, 

but it also reduces the high frequency loop area, thereby reducing the overall parasitic 

inductance in the PCB layout. 

Generally long lead traces or large loop areas will cause a large amount of ringing 

due to the inductance of the traces combined with the gate capacitance of a MOSFET. 

This ring causes EMI to radiate through the circuit board at a high switching frequency, 

and they are very difficult to suppress [42] [43]. To summarize, all of the power traces 

should be made as short and wide as possible, and importantly all of the power 

components should be placed as close to each other as possible. Thus the harmful effects, 

including radiated EMI, parasitic inductance, lead resistance, noise spikes, ringing, and 

induced voltages, can be mitigated. 
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4.4.2.3 Ground Plane 

Ground is defined as a reference potential for linear circuit elements such as 

amplifiers, voltage references, and AID converters etc. It is used as the return for power 

systems elements such as switching regulators, power amplifiers, and digital circuit 

blocks. It is also used as a shield to prevent the propagation of electromagnetic noise in 

the circuit. Because of these diverse uses, proper care must be taken in laying out the 

PCB ground system to avoid interference between different areas of the board [ 44]. 

A practical way to reduce crosstalk (parasitic impedance of return path) is to add a 

ground plane. Doing so will not only lower the overall parasitic impedance ground 

connections, but also will also provide more nearly equipotential ground references (since 

the larger continuous areas of ground plane, the shorter return current paths). However a 

poor layout of the ground plane can cause more problems, generally ground planes of 

sensitive circuits and noisy circuits should be separated. Ground loops typically have 

very small impedances; large currents can be very easily coupled into ground loops. They 

cause problems like ground bounce, signal distortion, and so on [44]. Thus ground loops 

should be avoided in the layout. 

4.4.3 Design PCB Layout Using ORCAD 9.2 

Using ORCAD version 9.2, PCB layout is designed using a 2-layer board and 

through-hole plating, the final PCB layout schematic diagram is given in Fig. A.9 in 

Appendix A, and the PCB layout design procedure is shown as following: 

:Y Choose 2-layer PCB, named top and bottom, and design the PCB layout manually 

instead ofautoroute 
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~ 	If possible, the circuit main components should be located on the top layer, and 

the analog and digital areas should be separated 

~ 	Layout the critical parts first (for example, input capacitors, output capacitors, 

MOSFETs, freewheeling diodes, and inductors), and then layout the driving 

circuits, sampling circuits etc. 

~ 	Have all the high current (or power) paths on the top layer, and the return paths 

should be located on the bottom layer. In particular, overlap the power paths with 

the return paths in the power circuits. The overlap can effectively minimize high 

current loop area, resulting in a reduced EMI emissions and susceptibility. Keep 

all high current traces as short and as wide as possible 

~ 	Keep layout symmetrical if possible. In our case, the two buck converters are 

identical, and their outputs are parallel connected. Therefore they can be placed 

vertically mirror-imaged to each other 

~ 	The supply bypass capacitors should be placed as close as possible to the IC 

~ 	Add a big ground plane area under the driving, sampling, and voltage supplying 

circuits, but separated from the power return paths even though they both have the 

same netlist 

~ 	A void discontinuities in the ground plane 

~ 	A void the use of right angles, and sharp corners 

~ 	After the layout done, use "Design Rule Check" to check for errors on the board. 

If there are no errors, then we can generate the Gerber files and send to the factory 

to produce the designed PCB 
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In general no matter how heavy the current going through the power circuit or the 

driving circuit, or even sampling circuits, the overall loop track length, should be always 

kept as short as possible to minimize the inductance of the traces in the circuit board. By 

doing so, it will reduce most of the noise spikes, ringing, and resistive losses of wires or 

traces in the PC board. 

4.5 Control Stage Hardware Purchased from Freescale 

4.5.1 56F8013 Control Chip 

The 56F8013 is a member of the 56800E core-based family of Digital Signal 

Controllers (DSCs). It combines, on a single chip, DSP performance and MCU 

functionality with a flexible set of peripherals to create a cost-effective solution for a 

broad range of power applications, such as motor control application, which require a 

greater number of PWM modules, but it also has been successful as a general purpose 

controller [45]. 

This project uses the Freescale 56F8013 chip to sense the continuously varying 

input voltages and input currents, and then calculate the corresponding power. An 

iterative algorithm can be employed to control the PWM duty cycles of the two DC-to

DC buck converters until the maximum power is found. Since 56F80 13 is constantly 

searching for MPP generated on each PV array, both PV arrays will be operated at 

maximum efficiency under unpredictable varying weather conditions. 

The 56F8013 block diagram is illustrated in Fig. A.IO of Appendix A. This 

control chip is well suited to this application, because it features: 
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>- 12-bit ADCs, 9-bit accuracy 

>- 5 MHz ADC clock 

>- High-speed 6-output Pulse Width Modulator that can be clocked at up to 96MHz 

>- Serial communication interface (SCI) with LIN slave functionality 

>- 16KB of program flash 

The MC-based controller was chosen since it is affordable, it provides excellent 

performance and a high level of peripheral and memory integration with unique features 

[46] [ 4 7] and it has at least two PWM outputs and six AID inputs ports. 

4.5.2 56F8013 Demonstration Board 

The 56F8013 demonstration board, shown in Fig. 4.18, is an evaluation module 

board. It contains a 56F8013 chip, RS-232 interface, 6 user LEDs, 2 user pushbutton 

switches, 9V at 450 rnA DC power supply (gives 3.3 V by connecting a voltage regulator . 

U3), a JTAG connector (Jl) and a daughter card connector (P2), which allows signal 

monitoring and expandability of user features [ 48] . 

Fig. 4.18 56F8013DEMO Board [48] 

The 56F8013 demonstration board can be adapted to develop real-time software 

and hardware products. The software platform allows users to write and simulate 
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algorithms, download the software to on-chip memory, run it, and debug it using a 

debugger via the JTAG/Enhanced OnCE (EOnCE) port. The hardware platform allows 

the user to connect external hardware peripherals. The on-board peripherals can be 

disabled, providing the user with the ability to reassign any and all of the processor's 

peripherals. The EOnCE port's unobtrusive design means that all memory on the board 

and on the processor is available to the user [ 48]. 

The power of the 16-bit 56F8013 processor, combined with the on-board RS-232 

interface and daughter card connector, makes the 56F8013 demonstration board flexible 

enough to allow users to fully exploit the 56F8013's features to optimize the performance 

of products, and hence it is suitable for developing and implementing various MPPT 

control techniques [ 48]. 

4.5.2.1 ADC Accuracy Test 

Applying different voltage signals to the six ADC ports, and comparing the 

calculated values to the actual reading data from a computer, we can find out the 

accuracy of the ADCs. By analyzing the data given in Table A.3 of Appendix A, we can 

see that the absolute maximum error of six ADC ports reading is 10 and the ADC 

accuracy can be estimated in equation (4.55): 

10 ( 4.55)--x100% = 0.244% 
4095 
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Chapter 5 


Software Design and Implementation 


5.1 Introduction 

A low-cost effective microcontroller controls two buck type converters and 

performs all control functions required by several different MPPT control strategies 

implementing batteries charging method as necessary. The single MC-based MPPT 

controller reduces the overall system complexity and cost (multiple PV arrays share a 

single chip). The proposed MPPT system is able to adapt to changeable environmental 

conditions, such as sun intensity and solar cell temperature. 

5.2 Software Development Environment 

The CodeWarrior™ Development Studio for Freescale™ 56800/E Digital Signal 

Controllers enables engineers to build and use 56800 or 56800E systems effectively and 

easily. The CodeWarrior Development Studio contains a menu item called Processor 

Expert (PE); the main job of this PE is to organize CPU and other hardware resources and 

to allow virtual prototyping and design across the entire 56800/E family. Embedded 

beans are components that are used in PE, they encapsulate functionality of basic 

elements of embedded systems. For instance, ADC bean implements encapsulation of 

CPU internal AID converter peripheral functionality, it defines all settings for the ADC 

operation mode. The beans support several languages such as ASM, C, and ANSI. The 

Processor Expert plug-in generates code from the embedded beans. The CodeWarrior is 

responsible for managing the project files, the compilation, and debugging processes 
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[49][50]. The CodeWarrior environment supports everything we need to exploit the 

capabilities of the 56800 and 56800E architectures, so that we can develop embedded 

applications rapidly for a broad range of microcontrollers and microprocessor systems. 

5.3 The Proposed MPPT Software Description and System Setup 

The MPPT system flowchart is shown in Fig. 5.1. It initializes the MC56F8013 

chip and all the data in the system, then waits for a while to make sure that ADC is stable 

enough to sample accurate input voltages and input currents from the PV array. 

( Start 

MC56F8013 System Initialization 

Wait for ADC to be stable 

Yes 

Sending out data to a computer 

Fig. 5.1 The Overall MPPT System Flowchart 
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The system begins the ADC sampling, followed by a system protection check. If all the 

sampled data fall within the required margins, the proposed MPPT control is enabled. 

Otherwise, the MPPT will never start until the initial margins are satisfied. Finally the 

sampled data are sent to a computer and loops forever. 

The project code was created with the processor expert stationary. The target 

board and processor were selected as MC56F8013VFAE. The main code was written in 

C, and mixed with ASM, and all of the code was compiled by the IDE. 

5.3.1 The Basic Bean Setup in Metrowerks Code Warrior 

The basic setup for each bean in Metrowerks CodeWarrior is described in this 

section. There are four beans, which are PWMl, ADCl, Til, and AMI, the detailed setup 

for each bean is presented in the following sections. 

5.3.1.1 PWM1 Bean 

Sets PWM prescaler as one. The counter module is initialized to 1920 using the 

PWM_3x_system_clock as the PWM clock rate. This results in the required 50 KHz 

PWM frequency. The clock runs in edge-aligned mode, and the dead time value is zero 

for this application. Since there are two MOSFETs in the MPPT circuit, two PWM 

channels are enabled as GPIOAO_PWMO and GPIOAO_PWMl respectively. Disable all 

the PWM interrupts, and enable all the initializations. 

5.3.1.2 ADC1 Bean 

The ADC initialization uses clock divisor of 32, which consequently gives a 0.5 

MHz AID frequency. Stop mode 1 is enabled, and the ADC mode is chosen to be "once 
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parallel". Parallel mode is set as "simultaneous". The channels configurations are all 

selected to be single-ended mode, and all the channel samples are enabled except 

sample3. Conversion complete (0) interrupt is enabled, its priority is medium, and its 

interrupt name is "ISR_ADC". Both "Call Init method" and "Enable peripheral clock" 

are selected, and the rest of ADC functionalities remain default. As a result, the converter 

A captures samples from 0 to 2, the converter B captures samples from 4 to 6, these 

samples are taken synchronously and scanning stops when either converter encounters a 

disabled sample or both converters complete all three samples. 

5.3.1.3 Til (Timer) Bean 

TMRO_Compare is set as timer, its interrupt priority is medium, and the interrupt 

prescaler is selected to be auto, and finally its interrupt period is set as 1ms, and the rest 

of setting is default. In the Events.c, the ADCs is enabled by the timer every 1ms. 

5.3.1.4 AMI (AsynchroMaster) Bean 

This bean supports an asynchronous serial master-slave communication. The 

communication format contains 8 information bits and 1 control wake-up bit. Thus the 

number of information bit is default 9-bit. Stop bit is set to 2, and all the interrupts are 

disabled, SCI output mode is set as normal, and the baud rate is 57600 baud, which is 

chosen experimentally. All other settings remain default. 

5.3.2 The Proposed MPPT Control Software Description 

In the proposed MPPT system protection, all the input current overflow 

protections and battery charging status are checked. The controller has to continuously 
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detect the output voltage to prevent batteries from overcharging and discharging deeply. 

If the batteries are over-charged, the MPPT mode is stopped and changed to floating

charge mode. 

For the maximum power point tracking (MPPT) control mechanism, the 

conventional Hill-Climbing approach and other algorithms as well as the proposed 

method are all separately implemented and compared in the indoor and outdoor 

experiments. As previously mentioned in chapter 3, the conventional Hill-Climbing 

technique always assumes that the previous power point is the maximum power point 

(MPP). The method compares the previous MPP with the current power point, and if the 

current power is larger than the previous one, updates the previous one with this larger 

one. Otherwise changes its current climbing direction. This control method results in 

oscillating around the real MPP, which causes a large system power loss. 

In practice, due to unavoidable system noises and insufficiently accurate sensors 

and conditioning circuits or ADCs, the current and voltage measurements will not be 

precise. These inaccurate measurements will negatively affect the decisions made by the 

some control schemes. 

The proposed MPPT control mechanism, adds an additional power window 

Pwindow to reduce the above problems. A power window sets a margin around the real 

MPP. This margin makes the controller track to a point, which is slightly smaller than the 

real MPP. We initially assume that the operating point is the maximum power point, and 

we use it as a reference called Pmax_ref • If the next sampling point P(n) is smaller than 

Pmax ref - Pwindow , the searching direction will be reversed. If the next sampling point P(n) 
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is smaller than Pmax_ref, the searching direction will be kept same. The reference Pmax_ref 

will be updated only when the next sampling point P(n) is larger than Pmax_ref • 

Particularly this is illustrated in Fig. 5.2, if the next sampling point is at P(n), the 

searching direction is changed, so that the operating point is brought back within the 

power window Pwindow • The searching direction is kept unchanged until the operating 

point is larger than the reference Pmax_ref , such as the point at P(n)', then the reference 

~nax_ref is updated to the point P(n)'. The searching direction will remain the same in 

order to approach the MPP. With this power window Pwindow , the operating point is 

remaining closed to the MPP and has a tendency to settle on the right side of the hill. The 

additional benefit of a working point on the right side of the hill is that the slope on the 

right side is steeper than the slope on the left side. Thus the controller is less prone to 

noise on the data because the relatively larger increments in power output resulting from 

an increment in the current. 

Bring it back 
close to the 

MPP 

I 

Fig. 5.2 Adaptive Hill-Climbing Algorithm 
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Consequently this power window can effectively reduce the power oscillations by 

sacrificing a very small portion of the source power. Note here that this conclusion will 

be proven in the later experiment in chapter 6. Without this margin, the MPPT controller 

will trace the MPP incorrectly (even though it ideally can operate correctly), and causes 

extra system power loss. The size of the power margin has to be decided based on the 

precision of the input power calculation, power oscillation, system noises and overall 

system power loss. If the value is chosen to be small, the duty cycle eventually results in 

considerably small oscillations when the input power is small, and it results in relative 

large oscillations when the input power is large. If the value is set to be big, the duty 

cycle gives relatively large oscillations if the input power is small, and it gives relative 

small oscillations if the input power is large. 

In order to choose the value of the power margin and overcome the disadvantage 

of the conventional Hill-Climbing method, a simple modification (based on the 

conventional Hill-Climbing method) is introduced to the proposed MPPT control 

strategy. The modification is to make the power margin adaptive, namely Adaptive Hill

Climbing. This control flow diagram is shown in Fig. 5.3. If the input power is small, the 

power margin is not worth being adaptive; the power margin is chosen to be 0.2W 

constant which was found experimentally. If the input power is larger than a certain 

value, for instance above a level of 30W, then the power margin is chosen according to a 

small fraction of the calculated input power, for example 0.012* Pmax_ref • The reason of 

choosing 30W as the power threshold is that this 30W is approximately 10% of the 

maximum power of 301.02W generated by the PV array. Below this power threshold, the 
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input power is very small, it is not necessary to make the power window adaptive. A 

constant small number of 0.2W will be fairly enough. The a = 0.012 is tuned 

experimentally. 

MPPTON 

Measure V(n), I(n) 

Calculate 
P(n) = V(n)x I(n) 

No ,,P(n) > 30W 
~', ' 

IP.,w,. ~ ~o~~t I 

--r ---- ---- --
1 

~< P.nax_ref - pwindow 

Yes 

--------. 

Updated 

P(n -1) = P(n) 

__t__ 

( Retu~n 

Yes-_---_l 

pwindow =a. P.nax_ref---- ---r --
1~--· 

Fig. 5.3 Flowchart of Adaptive Hill-Climbing Method 

The 0.001 was used as a starting value, and increased to 0.012 in small increments. The 

oscillations are observed to decrease as one increases a, and eventually remain stable. 
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The power window Pwindow is then large enough to deal with the system noise and the 

generated power oscillations are considerably reduced. By doing so, the automatically 

tuned power window can overcome the noise so that the correct direction can be decided 

upon by the controller and the duty cycle can be increased or decreased by a step of 

0.05% based on the decision. 

The input filtering capacitors have a notable influence on the system response 

time and the measurements of the PV array voltages and currents. The larger the 

capacitance we choose, the slower the response time we receive. If the input capacitors 

are too small, then the input voltage and inherent current ripples or noises generated by 

the switching operation of the power converter are high. The balance between the 

response time and the data accuracy can be addressed by adding a digital averaging filter 

in the control chip in order to clean the sensed PV array terminal voltage or current and 

give more precise data. The mathematical model of a digital averaging filter is shown in 

equation (5.1). Where .X represents the averaged value, the term X; represents the ith 

sampled value, and N is the sampling number. 

1 N ( 5.1)x=-Ix;
N i=l 

In our case, the sampling number N was selected to be 16 in order to provide a better 

estimate of its true value. Because the timer was set to enable the ADCs every lms, thus 

the resulted ADC sampling rate was 16ms. 

- 105



Fangnan Wu Master ofApplied Science McMaster University-ECE 

5.4 Serial Communication and Hyper-terminal Setup 

In "AsynchroMaster" bean setting, the stop bit is set to 2 and baud rate is chosen 

to be 57600 baud. Other settings are default. The hyper terminal setting in a computer 

should be same as the setting of the "AsynchroMaster" bean, use COM1 or COM2 as the 

connection, and its port setting is shown in Table 5.1. Since the conflict between the 

default setting of 9 data bits in "AsynchroMaster" bean and 8 data bits in the computer, 

we have to manually force the 9-bit to be 8-bit in the serial communication interface SCI. 

Bits per Second 57600 baud 

Data bits 8 

Parity None 

Stop bits 1 

Flow control None 

Table 5.1 Port Setting 

Hence, the sampled data can be received and saved in a computer for the later 

experimental investigations. 
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Chapter 6 


System Setup and Experiment Results 


6.1 PV Emulation System Introduction 

An experimental prototype MPPT is constructed. Before testing this MPPT in a 

real weather environment, a sequence of emulations is under taken. 

We can use a DC power supply with a variable resistor connected in series, as the 

solar array emulator [51]. Fig. 6.1 illustrates the construction of closed-loop experiment 

without real PV modules. This indoor experiment has the advantage of allowing the 

comparison of system performance for various MPPT control methods under the same or 

very similar operating conditions. Unfortunately it can not verify the control algorithms 

that use the non-linear 1-V relationship, like the real solar array does. The control 

mechanism, such as the incremental conductance control method introduced in section 

3.3.3 of chapter 3, can not be tested using such a PV emulation system. 

+ R,_OIIIi 
Regt!iat~;d 24V 

DC r +, Output 
Po,vc; \..,__) + Battetivs 

Supply l_____-==t 

MPPT 

Fig. 6.1 Closed-loop Experiment Construction without Real PV Modules 
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The two buck converters are positioned between the DC source and the load as 

seen in Fig. 6.2. According to the maximum power theorem, in order to obtain the 

maximum power from a source with a fixed internal resistance Rseries, if the system is 

designed to operate at or near the MPP, then the impedance seen from the input side of 

the buck converters (includes the batteries) needs to match the internal impedance ofthe 

source by automatically adjusting converter's duty cycle [51]. In this case, the power 

dissipated approaches the maximum is when the voltage drop across the R,eries is half of 

the applied input DC source voltage. 

6.2 Indoor Experiment by Using PV Emulation System 

A laboratory setup of the PV emulator power system with the proposed MPPT 

controller is implemented and tested. The outcomes of the tests are discussed; the benefits 

and disadvantages of the proposed MPPT control method and other MPPT control 

approaches are addressed. 

In the actual experiment, a GEN600-2.6 is used as the DC regulated voltage 

supply. A maximum 42Q variable resistor is used as the series resistor Rsenes with a 3.5A 

maximum rated current, and the load is two 12V batteries connected in series. The indoor 

experimental setup is illustrated in Fig. 6.2. 

Two experimental cases are studied. One emulates a sudden increase (or decrease) 

in the sun intensity. The other one is to emulate a rapid increase (or decrease) in PV 

module temperature. These tests allow us to investigate whether the MPPT with different 

control methods can respond quickly to the different emulated weather conditions. 
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Co mputer 

External 24V 

Emulated as 
internal resistance 

56F80 13 DEMO Board 

RS-232 

Serial 

Emulated as 

of the PV array the PV array DC Source Voltage Supply 

Fig. 6.2 Indoor Experiment Setup 

6.2.1. Case One: Indoor Experiment Emulated as Solar Cell Temperature Varies 

In a PV system, as cell or module temperature varies the open circuit voltage. V0 c 

of PV array alters abruptly. This situation can be represented by using a varying DC 

voltage supply and a fixed series resistance Rsenes . The procedure of the experiment is to 

increase the DC voltage source from 60V to 1 04V at several different voltage levels 

(60V, 74V, 84V, 94V, and 104V). 
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The conventional Hill-Climbing control method is used to seek the varymg 

maximum power point as the input DC voltage source increases from 60V to 104V. The 

corresponding input power for each converter, total input power and its duty cycle versus 

time are shown in Fig. 6.3. One input power (Pl) expanded time scale from the power 

range of9.5W-10.3W is displayed in Fig. 6.4. 

! 

40 60 80 100 120 140 160 

Time (Sec) 

Fig. 6.3 Powerl, Power2, Total Input Power and Duty by Hill-Climbing 

The figure reveals that the conventional Hill-Climbing control method gives relatively 

big oscillations within the entire 35W power range for each converter. This is because the 

power margin is set to be relatively large compared to 35W. The oscillations become 

relatively smaller as the input power gradually increases. This considerably large power 

margin results in smaller oscillation as the input power becomes noticeably high. 
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However, as the input power becomes very large, this power margin compared to the 

continuously increasing input power is then relatively small. This will again lead to an 

undesired big power oscillation. 

10.4 

10.2 

- 10 
~- 9.8 
"" ~ 
~ 9.6 
~ 
~ 

9.4 ~ -" --- -

9.2 . 

9 

0 2 4 6 8 10 

Time (Sec) 
--~·-·-------------

Fig. 6.4 Powerl Expanded Time Scale from Power Range of9.5W-10.3W 

The proposed algorithm Adaptive Hill-Climbing is tested usmg the same 

equipment, the experimental results are illustrated in Fig. 6.5 and Fig. 6.6 respectively. 

These figures show that the power fluctuation produced by using the proposed control 

technique are substantially reduced throughout the test run compared to the conventional 

Hill-Climbing results shown in Fig. 6.3 and Fig. 6.4. 

Plots for total input power, output power and power conversion efficiency using 

the conventional Hill-Climbing and the proposed Adaptive Hill-Climbing are also 

illustrated in Fig. 6.7 and Fig. 6.8 respectively. 
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Fig. 6.5 Power and Duty by Adaptive Hill-Climbing 
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Fig. 6.6 Powerl Expanded Time Scale from Power Range of 10.19W-11.3W 
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Fig. 6.7 The Total Input Power versus The Output Power, and its corresponding Power 

Conversion Efficiency by Conventional Hill-Climbing as the Input DC Source Voltage 
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Fig. 6.8 The Total Input Power versus The Output Power, and its corresponding Power 

Conversion Efficiency by Adaptive Hill-Climbing as the Input DC Source Voltage Varies 
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The power efficiency of the Adaptive Hill-Climbing (89.58%) is slightly higher than the 

efficiency ofthe conventional Hill-Climbing method (89.18%). From a power oscillation 

point of view, the MPPT by using Adaptive Hill-Climbing control technique performs 

better than the conventional method. 

In particular, for the Adaptive Hill-Climbing control method, its dynamic 

performance is shown in Fig. 6.9 and Fig. 6.1 0. 

25 

------ ------20 -----------------------·-----"-··------~~-

0 

0 10 20 30 40 50 

Voltage (V) 

Fig. 6.9 Trajectory of Input Power versus Input voltage by Adaptive Hill-Climbing at the 
beginning of tracking 

From these two figures, they both show that The MPPT starts tracking at the open circuit 

voltage (this indicates that the MPPT begins on the low impedance side of P-V curve of 

the PV array if real PV modules were used in the later outdoor experiment). 
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Fig. 6.10 Dynamic Response ofthe Input Voltage by Adaptive Hill-Climbing at the 
beginning of tracking 

The MPPT controller keeps capturing to the corresponding MPP. Once the operating 

point reaches to the MPP then it oscillates around them or keeps searching the new MPP 

as the input power increases or decrease (as displayed in Fig. 6.9 and Fig. 6.1 0). 

Using the dp/dv method and repeating the same experiment, the individual input 

power and duty cycle versus time, total input output powers and its power conversion 

efficiency are depicted in Fig. 6.11 and Fig. 6.12 respectively. 

Ideally the dp/dv method should not result in oscillations around the MPP, it 

should make the operation stable at the steady-state. In contrast the experimental results, 

illustrated in Fig. 6.11, the method still causes oscillations as the source voltage changes 

at different voltage level. The reasons behind the oscillations are the system noise and the 

accuracy of sensors and ADCs. 
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Fig. 6.11 Individual Input Power and Duty by dp/dv Method 
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Fig. 6.12 The Total Input Power versus The Output Power and its corresponding Power 

Conversion Efficiency by dp/dv Method as the Input DC Source Voltage Varies 
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Despite these unavoidable factors, the dp/dv control method does give fewer power 

fluctuations at the steady-state than the conventional Hill-Climbing and the proposed 

methods. By observing Fig. 6.11 and Fig. 6.12, we can see that when the DC voltage 

source is below 70V, the input power is very small. This means that the slope of the P-V 

curve is not steep. So when the derivative signal is not large enough compared to the 

existing noise, the signal to noise ratio drops drastically, hence erroneous samples fool 

the MPPT controller and consequently the controller makes wrong decisions. This makes 

the duty cycle unity, which causes the input to connect to the output directly. 

In summary, the adaptive power window in the proposed method can reduce the 

power oscillations comparing to the conventional Hill-Climbing method. When the input 

power is small, the dp/dv method has difficulty in correctly detecting the sign of the 

dp/dv slope due to system noise. Thereby the dp/dv method gives much lower power 

efficiency than the proposed method as the input power becomes relatively low. The 

proposed method is more effective at low illumination (low input solar power) than the 

dp/dv method, for the dp/dv method comparatively requires a high degree of accuracy to 

calculate the slope (dp/dv). 

6.2.2 Case Two: Indoor Experiment Emulated as Sun Illumination Varies 

While the sun illumination varies, the short circuit current Isc of the PV array 

can change suddenly. We can use a fixed DC voltage supply and varying series resistance 

Rseries to represent the situation. The test procedure is that Rsenes is changed from 41Q to 

33Q, and back to 41Q, then decreased to 30Q, and back to 41Q again. Using the Hill
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Climbing method, the testing result is shown in Fig. 6.13. We can observe that the input 

power increases as the input current increases, and vice versa. The oscillation of the duty 

cycle is between 69% and 98%, which is large. 

120.0 

100.0 

80.0 

60.0 

40.0 

20.0 

10.0 ... -- -----,----
PI (W) 
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Fig. 6.13 Input Power, Voltage, and the Duty Cycle by Hill-Climbing method as the 
series resistor varies 

The same experimental procedure is carried out with the proposed method, 

particularly changed R,ertes from 410 to 32.50, and back to 410 instantly, then 

decreased to 29.20, and then again back to 410. The corresponding test result is shown 

in Fig. 6.14 through Fig. 6.17. From Fig. 6.14, as the Rsertes decreases from 410 to 29.20 

and then increases back to 410, we can see that the duty cycle of the converter increases 

slightly, but the input voltage still remains the same as before. From Fig. 6.15, we know 

that as the Rsertes decreases the input current to the converter increases correspondingly. 

From both diagrams we can conclude that as input current increases, the duty cycle of the 

converter increases as well. Overall the results reveal that the MPPT still can seek 

- 118 



Fangnan Wu Master of Applied Science McMaster University-ECE 

continuously varying MPP as the input current varies instantly as illustrated in Fig. 6.14 

and Fig. 6.16, the efficiency in this case is around 90.15% as depicted in Fig. 6.17. 

0 10 20 30 40 50 60 


Time (Sec) 


Fig. 6.14 Powerl , Voltagel, and Duty Cycle by Adaptive Hill-Climbing as the series 
resistor varies graduaqy 
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Fig. 6.15 The Input Currentl, Input Current2, and its Total Current by Adaptive Hill

Climbing as the series resistor varies gradually 
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Fig. 6.16 Input Power versus Input Voltage by Adaptive Hill-Climbing as the series 
resistor varies gradually 
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Fig. 6.17 The Total Input Power versus The Output Power, and its corresponding Power 

Conversion Efficiency by Adaptive Hill-Climbing as the series resistor varies gradually 
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A similar experiment is performed, using only one buck converter this time, and 

varying Rsertes rapidly by a large amount. The purpose of this test is to emulate an 

extreme case when the sun illumination level alters drastically. The DC input voltage 

source is still at 72V, and the test procedure is that R,eries is varied from 40Q to 28Q, and 

back to 40Q instantly, then decreased to 26.5Q, and then again back to 40Q immediately. 

Fig. 6.18 displays the input power and input voltage verve time. 

The input current started around 0.9A, increased to 1.29A ( M = 0.39A), and 

reduced back to 0.9A ( M = -0.39A), then increased to 1.36A ( M = 0.46A), finally back 

to 0.9A ( M = -0.46A). This test represents a severe climate condition that the PV array is 

partially shaded by clouds or the partial shaded PV array exposed to the sun suddenly, 

which leads the input current from the PV array to increase or decrease dramatically. 

Voltage (V) 

----- -:-----r---··-- r- I - ----,------~-- -- ------~-

0 10 20 30 40 50 60 70 80 

Time (Sec) 

Fig. 6.18 Input Power and Voltage by Adaptive Hill-Climbing as the series resistor varies 
dramatically 
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Using the dp/dv method, the test results are shown in Fig. 6.19 and Fig. 6.20 

as Rseries is changed from 41 Q to 300, and back to 41 Q, then decreased to 28Q, and back 

to 41 Q again. 
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Fig. 6.19 Input Power and Voltage by dp/dv method as the series resistor varies 
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Fig. 6.20 Total Input Power versus The Output Power, and its corresponding Power 

Conversion Efficiency by dp/dv method as the series resistor varies 
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As expected, the dp/dv method can quickly lock on to the MPP as the input current 

changes. 

6.2.3 How Much the Input Power can be increased By Using the designed MPPT 

Controller 

The purpose of this chapter is to show and confirm that using the MPPT extracts 

higher power than the conventional direct coupled method. For instance, when the input 

DC power is constant at 80V, the corresponding total input powers, and its power 

conversion efficiencies without and with the MPPT, are graphically shown in Fig. 6.21 

respectively. 
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Fig. 6.21 Output Power and Power Efficiency without and with MPPT 

By directly connecting the input source to the output batteries, the average power 

efficiency is 59.58% based on the direct-coupled experiment. Whereas by adding the 
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connection of the proposed MPPT as the interface between the input source and the 

output batteries, using the MPPT can boost up the average efficiency up to 91.5%. 

As a result, using the proposed MPPT definitely can give benefits in terms of 

power, especially at a larger power range. For the outdoor experiments, the parameters 

may need to be tuned further in order to make MPPT perform better in a real 

environment. 

6.2.4 Indoor Experiment Conclusion 

In the PV emulated system, two parallel-coupled buck converters are interfaced 

between a DC voltage source and 24V batteries. A microcontroller-based unit has been 

chosen as the control unit, and the principle of energy conservation has been employed 

into the entire system. The basic purpose of the PV emulated system is to simplify 

investigations of various MPPT control methods. In contrast to the conventional Hill

Climbing method, the proposed control algorithm introduces an adaptive power window, 

which uses the input power as the key control variable. And with further consideration 

between tuning parameters and sampling time, experimental results reveal that a 

mitigation of power fluctuation in steady-state can be acquired by the proposed control 

method. On the other hand, the dp/dv method is capable to offer relatively small power 

fluctuation than the proposed method, but its efficiency is very poor when the input 

power is small. 

Ultimately with the proposed method employed in the MPPT, high efficiency can 

be achieved up to 90%. Without the MPPT, efficiency is only around 56%. A better 

performance for the proposed MPPT system under rapid variations conditions can be 
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obtained by higher execution speed. The proposed control strategy outperforms the 

conventional Hill-Climbing approach, and offers better efficiency than the dp/dv method 

when the input power is small. The indoor experimental results have been proven and 

ensured that the proposed MPPT can be utilized at later experiments under realistic 

weather conditions. There is enough evidence to show that the proposed MPPT method is 

better than the conventional Hill-Climbing method in the indoor experiment. Hence only 

MPPT control methods, including the Adaptive Hill-Climbing, dp/dv, and IncCond will 

be tested in the outdoor experiment. 

6.3 Outdoor Experiment 

The outdoor experiment is essential to be performed and studied in order to 

understand the practical validity of the whole PV system. In accordance with the previous 

system configuration, as shown in Fig. 6.2, the complete solar power system with a 

different implementation of MPPT control solutions was developed and built. The final 

experimental constructions are as illustrated in Fig. 6.22 and Fig. 6.23. 

The solar source consists of six identical PV modules, with their specification is 

presented in Table 6.1. Each module has built-in by-pass diodes to reduce any voltage or 

power drop caused by shadows. Given the standard condition of 100% sun illumination 

and 25°C temperature, three individual PV modules are connected in series to give a total 

66V open circuit voltage and to form one PV array. In our case (generally) choosing 

considerably high voltage as the PV terminal voltage can effectively minimize the power 

loss caused by the cable or wirings, since the less current goes through the cable the 

lower power losses caused by the resistance in the wires. 
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Fig. 6.22 Actual Experiment Setup 

Fig. 6.23 Actual PV Array Setup 
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Finally each PV array is coupled by one DC-DC buck converter, and the outputs of the 

two converters are connected in parallel to feed the output 24V batteries. 

GEPV-050 module 

lsc 3.3A 

Vac 22V 

Jmpp 2.9A 

vmpp 17.3V 

Table 6.1 Specification ofPV Module 

6.3.1 PV System 

In the experimental setup, two PV arrays are completely exposed to a real 

environment. The system demonstrates a variety of behaviors under different weather 

conditions. The designed MPPT controller system is tested under three different types of 

weather conditions: sunny days, cloudy days, and cloudy with sunny breaks days. The 

experimental data such as input (or output) voltage and current are continuously 

monitored, average power is calculated. These data are gathered through a RS-232 serial 

for communications with a PC's serial port, and saved on a personal computer in order to 

verify and validate the proposed method and other MPPT control schemes in a natural 

environment. 
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6.3.2 Outdoor Experiment Results 

Case one: Nov. 251h2007, a sunny day. The testing period was from !O:OOam to 

2:00pm. The sunlight illumination was varying slowly, and the ambient temperature 

range was from 3°C to 5.1 °C. The measured open circuit voltage of one PV array was 

66V, and the other one was 66.1V. The open circuit voltage of a PV array or 

corresponding operating voltage at the MPP ( Vmpp ) is mainly dependent on the array 

temperature. Otherwise it is barely changing if the temperature is not varying 

dramatically. The short circuit current of one PV array was 1.5A, and the other one was 

also 1.5A at 1 0:30am. Both of these will eventually increase as the sun radiation 

increases because the short circuit current of the PV array is proportional to the 

irradiance. The actual experimental outcomes were separately recorded with several 

implementations of different MPPT control strategies, and the corresponding data are 

plotted, and discussed. 

The proposed MPPT method is examined. The testing period was from 11 :30am 

to 12:00am, since the two input powers generated by each PV array were approximately 

same, thus only one the input power and the total input power are shown in Fig. 6.24. The 

calculated average total power from the actual data is 173.6W. From Fig. 6.24, we can 

observe that the input power generated from PV array increases gradually as the sun 

illumination increases. The input power to one converter increases from 83W to 89W 

over time. Its expanded time scale used in Fig. 6.25 shows the magnitude of the input 

power fluctuation is around 1.3W, comparing to 86.8W, it is only 0.15% of the total 

power. 
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From 12:30pm to 1:00pm, the dp/dv method is used by the MPPT system, and the 

experimental result is presented in Fig. 6.26 and Fig. 6.27. 
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Fig. 6.26 The Input Powerl to One Converter by the dp/dv Method 
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The magnitude of the input power 1 fluctuation is around 1.1 W, which is smaller than the 

proposed method 1.3W. This is because using the slope of P-V curve as the control 

variable causes relatively lower power oscillation. The reason for this was already 

explained and experimentally shown in the indoor experiment (in the section of 6.2.1 ). 

Finally from time period of 1:30pm to 2:00pm, the IncCond method is employed 

to the system, and the experimental results are depicted in Fig. 6.28 and Fig. 6.29 

respectively. 
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Fig. 6.28 The Input Power 1 to One Converter by IncCond Method 

Theoretically the IncCond method should give relatively smoother power curve 

than the proposed method, because the proposed MPPT strategy is based on the input 
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power only, and the operating point oscillates around the MPP since this method does not 

assume that the MPP is known. Contrast this with the IncCond method, once the 

operating point is controlled to reach the MPP, then it should be stabilized. Fig. 6.29 

shows that the magnitude of the input power fluctuation is around 1.4W, which is larger 

than the proposed method and dp/dv method. One reason for this relatively larger power 

oscillation might be the unstable climate conditions, another one might be insufficient 

accuracy of sensors or ADCs. Since this control method is based on the slope of P-V 

curve calculation, it requires a high degree accuracy of sampling data in order to give 

precise divisional calculations. 
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Fig. 6.29 Expanded Time Scale of Input Powerl 

From Fig. 6.28 we can visibly notice that there are some large power 

degradations as low as 25W, which are probably caused by the rapid weather conditions, 
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such as fast-moving clouds over the PV array area. Once clouds pass the PV array, we 

can clearly see that the IncCond method can quickly relock to the new MPP as shown in 

Fig. 6.28. Overall the input power extracted to one converter begins at 77W, and it 

gradually decreases to 70W due to the decrease of the sun intensity (from time 1:30pm to 

2:00pm). On the same day, the Vgs waveforms of two MOSFETs were measured. The 

duty cycle of the MOSFET fluctuates around 65%, it is due to the fact that V,,PP is 

approximately constant when the PV array temperature is not changing severely. In our 

case, the ambient temperature is within the range of3°C to 5.1 °C. 

Case two: On Nov. 26th2007, the sky was overcast, and the humidity was around 

90% during the testing period. The ambient temperature was between 5 oc and 6 °C. We 

know that humidity is a measurement of amount of water vapor in the air, and the water 

vapor reflects the partial sunlight back to the sky. The PV array also uses the diffuse 

radiation from the clouds. The brighter it is outside, the more power can be generated 

from the PV array, regardless of whether the sun is directly visible or not. Thus as cloud 

cover thickens, the sunlight is reduced, which in turn reduces the power drawn from the 

PV. During that day, the overall distribution of light over the sky was very low. The 

actual experiment was performed from 1 0:30am to 11 :OOam, and then it started raining. 

The data is plotted and shown in Fig. 6.30, which shows that the total power drawn from 

the PV array is very low, roughly between 7W and 12W. And as it began raining the 

power dropped greatly (less than 6W), and hence caused the MPPT to be turned off, 

because there is not enough power to charge the batteries. The duty cycle was also 

measured. Comparing this duty cycle with the previous one when the sky was sunny (on 
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Nov. 25th), the duty cycle is smaller. This is because the open circuit of PV array drops 

by a considerable amount when the sun intensity is extremely low and the temperature is 

approximately same as the day on Nov. 25th. Thus in tum the corresponding Vmpp is 

reduced, which results a relatively smaller duty cycle, in this case it is around 53%. We 

can conclude that partial shadows can cause power degradation, but mainly cloudy and 

foggy or raining days can cause major discrepancies, which the MPPT is useless under 

these environment conditions. 
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Fig. 6.30 Input Powerl and Total Power by the Propose Method 

Case three: On Nov. 28th2007, the ambient temperature was between -4°C and 

1°C. It was a cloudy day but with randomly sunny breaks during the time period of 
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I 0:30am to !2:30pm. Nov. 28th was brighter than the day on Nov. 26th, but after !2:30pm 

it became mainly cloudy, which caused the sun intensity to decrease abruptly. 

From 1 0:40am to 11:1 Oam, without using the MPPT as the interface between the 

solar source and the batteries, the direct-coupled method was tested first. The 

experimental data are graphed in Fig. 6.31 and Fig. 6.32 respectively. Fig. 6.31 shows 

that this conventional connection method forces the input voltage to operate a little bit 

higher than the battery charging voltage, in order to do the charging job. 
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Fig. 6.31 Operating Voltage to One Converter by the Direct-Coupled Method 

Typically this input voltage is not the optimal operating voltage generated from 

the PV array, and more importantly this voltage is totally dependent on the load. In our 

case, when the PV array is charging the 24V battery bank, and as the input current 

increases the operating voltage gradually increases as well. The total power generated 
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from the PV array is increased from 11 W to 29W as the sky becomes slightly brighter, 

and the diagram is depicted in Fig. 6.32. 
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Fig. 6.32 Input Powerl and Total Power by the Direct-Coupled Method 

From 11:1 Oam to 11 :40am, the sky became much brighter, and started having 

several sunny breaks. Rather than simply directly connecting the solar source to the 

batteries, the proposed MPPT was connected in between the source and the load, and the 

dp/dv control technique was employed in the system. The experimental results are 

illustrated in Fig. 6.33 and Fig. 6.34 respectively. 

Fig. 6.33 clearly shows that the operating voltage with the implemented MPPT 

controller is around 55V to 56V. Despite the rising sunlight intensity, comparing with the 

previous classic direct-coupled method, the operating voltage is imposed from the battery 
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charging voltage 28V to an optimal voltage 55V. This added 27V potential produces 

additional wattage (as shown in Fig. 6.34) and increases the output charging current. 
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Fig. 6.33 Operating Voltage to One Converter by the dp/dv Method 
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From 11 :40am to 12: 1 Opm, the clouds became thick so that the sun illumination is 

falling fast over time. The proposed control method is executed to the MPPT system, and 

the experimental results are shown in Fig. 6.35 and Fig. 6.36. 
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Fig. 6.35 Input Power1 and Total Power by the Proposed Method 
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We can see that the input power is dropping drastically from 57W to 11 W. This shows 

that the proposed method is able to respond fast enough without error under the rapid 

weather change conditions as seen in Fig. 6.35. Fig. 6.36 shows that as the sunlight 

diminishes the controller still kept seeking the new MPPT. 

From 12:10pm, the IncCond method is applied to the MPPT system. The resulting 

diagrams imply that this method is not capable of tracking the MPP due to extremely low 

sun illumination, and the duty cycle is forced to work in unity. This leads directly 

connecting the input to the load as seen in Fig. 6.37 and Fig. 6.38 respectively. 
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Fig. 6.37 Duty Cycle by the IncCond Method 

Comparing with the day which used the proposed method (Adaptive Hill-

Climbing method) on Nov. 26th, the proposed algorithm is still able to capture the MPP 

even though the sun intensity is even lower than the day on Nov. 28th. This makes us 
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conclude that the proposed method can effectively track the MPP under the low sun 

intensity without confusion. 
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Fig. 6.38 Input Powers and Total Powers by the IncCond Method 

The IncCond and dp/dv methods are not able to seek the MPP and are not stable or 

reliable given the condition of low sun intensity. Since they are both based on the same 

tracking concept, which uses the principle of dp/dv = 0. They both make the decision on 

the sign of dp/dv, to determine the MPP by constantly sampling the input power and 

voltage drawn from the PV array. 

6.3.3 Outdoor Experiment Conclusion 

The practical tradeoff among tracking response time, suppressiOn of power 

t1uctuation in steady-state, and relevance of system noises must be carefully considered 

in the determination of tuning parameters. Different MPPT control algorithms were 
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thoroughly investigated via the actual outdoor experiments during different types of 

atmospheric conditions, such as uniform or unstable solar illumination, or severely low 

sun intensity. 

The proposed method, Adaptive Hill-Climbing algorithm, can seek the MPP 

effectively under any weather condition, especially low sun illumination. Even though 

the power fluctuation which occurs in the proposed method is eventually slightly larger 

than the other methods, it is still acceptable. For the dp/dv method, the experimental 

evidence has shown the fact that the dp/dv method is capable of causing less power 

oscillation. The IncCond method can successfully follow continuously varying MPP 

under rapid atmospheric conditions. However both of dp/dv and IncCond methods fail to 

track the MPP under low sunlight illumination. Overall, the proposed method is very 

simple, reliable and easy to implement. In contrast, the methods of dp/dv and IncCond 

both need adequate accuracy of sensed signals in order to determine a proper control · 

direction towards the actual MPP. The experimental results show that the proposed 

algorithm exhibits a better overall performance. According to the data on Nov.251
h only, 

the designed MPPT controller can significantly increase the total input power generated 

from the PV array by up to 59.85% comparing to the direct-coupled method. 

The experimental results confirmed the predicted performances measured in the 

indoor PV emulation system. The entire MPPT system is simple. It is comprised of only 

one power stage and one DCU controller which implements two functionalities: one is 

the proposed MPPT control strategy. The other is a basic charging method for the battery 

bank. Overall the designed MPPT system is able to provide robust and reliable 
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conversiOn under vanous weather conditions, and this 2-parallel PV system can be 

expanded toN-parallel PV system by adding control chips and upgrading or modifying 

the control algorithm. 
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Chapter 7 


Conclusion and Future Work 


7.1 Summary and Conclusion 

This thesis has presented a detailed design process and a development system for 

an integrated PV system, including the comparison of various implementations of 

Maximum Power Point Tracking (MPPT) control methods. The development system 

provides a tool for comparison and analysis of different MPPT control algorithms. 

Experimental results were shown in order to demonstrate the advantages and the 

disadvantages of each control methodology. 

Due to the nonlinear nature of PV array, the maximum power and its 

correspondingly optimal operating voltage V,"PP fluctuate in response to array' s 

temperature and the sun intensity. The proposed new MPPT implemented IS able to 

continuously extract the maximum power delivered by the PV array between the solar 

source and the load under different climate conditions, and performs better than the 

conventional methods described in the literature. 

One major challenge dealt with in the outdoor experiment was the inability to 

control the testing conditions. The power drawn from the PV array is dependant on ·how 

direct the sunlight is at that time of day. Factors which affect the solar power include the 

angle at which the PV array is aimed at the sun, the temperature of the solar panel, and 

the visibility level of the sky. As a result, it is very difficult to accurately compare 

different MPPT control algorithms under different weather conditions. The indoor 
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experiment allowed the control of various parameters which made comparison of the 

different control methods possible under identical conditions. 

The proposed MPPT control strategy (Adaptive Hill-Climbing) is a modified 

version of the conventional Hill-Climbing method. Only one control variable and an 

adaptive power window are used in this new method. The adaptive power window 

intentionally attenuates the effect of system noise on the decision-making process of the 

MPPT control algorithm. We have experimentally proven that the adaptive power 

window can decrease the power fluctuation in the system. 

Based on the results discussed in chapter 6, the indoor emulation experiment 

showed that the Adaptive Hill-Climbing method caused less power oscillations than the 

conventional Hill-Climbing method and it gave much higher efficiency than the dp/dv 

method when the input power was low. Accordingly with the outdoor experimental 

results, even though a slightly larger magnitude of 1.3W (0.15% of input power) power 

fluctuation was produced by the Adaptive Hill-Climbing method than 1.1 W (0.13% of 

input power) by the dp/dv method, the Adaptive Hill-Climbing method was able to 

respond faster under rapid atmospheric conditions. The incremental conductance method 

produced the magnitude of 1.4W power oscillation, which ideally should not be larger 

than the magnitude generated by the Adaptive Hill-Climbing method. The IncCond 

method was not able to capture the maximum power point (MPP) when the sun intensity 

was as low as 9W input power generated by the PV arrays. In contrast the Adaptive Hill

Climbing method still performed properly when only 7W of input power was drawn from 

the PV arrays. The proposed MPPT control method increased the power generated by PV 
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arrays by up to at least 30% more than a PV system without an MPPT according to the 

outdoor experimental data on Nov.25th 2007 only. 

Even though both the dp/dv and IncCond methods offer lower power oscillation 

than the proposed method, dp/dv and IncCond are unable to perform properly when the 

sun intensity is low, and they require much higher accuracy sensors and ADCs than the 

proposed MPPT method. Table 7.1 gives a summary of the advantages and disadvantages 

of each control methodology. 

MPPT 
Method 

True 
MPPT 

Number 
of control 
variable 

Pros Cons 

Hill-
Climbing 

Yes 1 The simplest MPPT Oscillations around the 
real MPP, which causes 
more system power loss 

(New) 
Adaptive 

Hill-
Climbing 

Yes 1 Simple, causes less power 
fluctuations than the Hill-
Climbing, offers much 
higher efficiency than dp/dv 
and IncCond methods when 
the sun intensity is low, is 
able to capture MPP under 
rapid weather conditions 

Results slightly larger 
power oscillations than 
dp/dv 

dp/dv Yes 2 Causes less power 
oscillations than the 
Adaptive Hill-Climbing, 
response fast under various 
weather conditions 

Not able to perform 
efficiently when the sun 
intensity is low, require 
high accuracy of ADCs 
and sensors, and 
complex 

IncCond Yes 2 Quickly relock to the MPP 
under abrupt environment, 
produces less oscillations 
only if the precise of the 
ADCs and sensors is high 
enough 

Not able to track the 
MPP when the sun 
intensity is low, requires 
much higher precise than 
Adaptive Hill-climbing, 
and complex 

Table 7.1 Different MPPT Control Method Summary Based on Experiment 
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The flexibility of the proposed control method and the designed MPPT system can 

be exploited by adjusting it in a way that is applicable to different power systems with 

various requirements and tolerances. The designed MPPT was built with buck converters. 

The MPPT can be also constructed with other types of power converter (such as a boost 

converter) to meet other design constraints. 

7.2 Project Refinements 

The component choice in the current design needs additional review in order to 

further reduce some of the losses in the system. The driving voltage of the MOSFET is 

16V, which is relatively high and causes a relatively large power loss in the gate driving 

circuit. If a lower gate driving voltage (such as lOV or even 6V) were chosen in the 

circuit, the power loss in the driving circuit would be lower and the spike voltage 

between the gate and the source of the MOSFET would be in tum lower as well. The 

designed power converter can also adopt synchronous rectification with soft switching 

technology to improve the efficiency of the controller. So far the proposed MPPT 

controller can only do fast-charging and float-charging. A more sophisticated charge

monitoring system may need to be considered. Current sensors and their conditioning 

circuits could be improved to provide more accuracy in order to make current 

measurements more reliable. 

7.3 Future Research 

As a further research of the present work, a number of new approaches or more 

appropriate alternatives, and recommendations for a strong emphasis on enhancing 

practical designs in terms of utilization efficiency and reliability are worthy of attention. 
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There are a number of ways to improve the efficiency and stability of the current 

design. There are several sources of power losses in the system. For example, actual 

charge currents could be decreased with wiring, circuit breakers, and the controller itself. 

Other power losses, such as mismatching losses, partial shadows, variations in current

voltage (I-V) characteristics of PV modules, differences in the orientations and 

inclinations of solar surfaces, and temperature effects could be investigated further. 

PV modules manufactured by different technologies respond differently to the 

changes in solar illumination and cell temperature. Designing a MPPT control system 

which can handle any kind of disturbances is very important. The MPPT should be 

especially insensitive to variations in external disturbances, such as the degradation of 

solar cells over long period of time. 

The proposed MPPT system is the simplest 2-parallel converter system. If the 

power demand is higher, the system will need to expand to a multiple-parallel converter 

system to meet the requirement. Multiple-parallel converters do not share the power 

evenly. This will make each converter's thermal stress different (such as component 

failure). Additional control features need to be considered in such system in order to 

force these multiple-parallel converters to distribute the power or current uniformly [52]. 

The concept and implementation of uniform current distribution need to be studied 

carefully in the current design (or larger modular architecture system) so that less 

component stress, higher reliability, good stability, and easier maintenance will be 

achieved. New experimental implementation and verification need to be performed using 

the uniform current distribution technique combined with the MPPT control method, and 
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further research may consider the use of the MPPT control approach in the other types of 

PV system (like a grid-connected PV system). 
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APPENDIX A 

Hardware Experimental Data and Schematics 

A.l Voltage Sensing Circuit: Accuracy Test Result 

V:n (V) V,ut 
(calculated) 
By using the 

ratio 

V,ut (measured) 

after the resistor-
network 

V:mt (measured) 

after the voltage 
follower and RC 

filter (V) 

The voltage 
difference between 
the calculated and 

measured data 

5 0.239 0.23917 0.23939 0.0043 
10 0.478 0.4821 0.4823 0.0002 
15 0.717 0.7170 0.7172 0.0011 
20 0.956 0.9569 0.9571 0.0008 
25 1.195 1.1957 1.1958 -0.0004 
30 1.434 1.4334 1.4336 -0.0004 
35 1.673 1.6725 1.6726 -0.0005 
40 1.912 1.9114 1.9115 0.0139 
45 2.151 2.1648 2.1649 0.0081 
50 2.39 2.3980 2.3981 -0.0014 

51.9@ 
MPP 

2.481 2.4795 2.4796 
-0.0032 

66@ 
open cct 

3.1548 3.1511 3.1516 
0.0043 

Table A.1 Voltage Sensing Test Result 
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A.2 Input Current Sensing Circuit: Accuracy Test Result 

lin 
(A) 

Calculated 

Vcs 

(V) 

Measured Vcs from 

the output sensor 
(V) by using a 
multi-meter 

Calculated V:ut 
after 

magnifying 
circuits by 

using multi
meter 
(V) 

Measured 

vout by 
using a 

multi-meter 
(V) 

M = ~V:ut 
m 0.4167 

(error) 

0 2.5 2.4975 3.2 3.2433 0.10391 
0.1 2.5104 2.512 3.1583 3.204 0.10967 
0.2 2.52083 2.523 3.1167 3.163 0.1111 
0.3 2.53125 2.533 3.075 3.110 0.08399 
0.4 2.54167 2.544 3.0333 3.074 0.09767 
0.5 2.55283 2.555 2.99165 3.011 0.0464 
0.6 2.5625 2.562 2.94998 2.979 0.06964 
0.7 2.5729 2.573 2.9083 2.939 0.07367 
0.8 2.5833 2.583 2.86664 2.899 0.07766 
0.9 2.59375 2.593 2.82497 2.862 0.0886 
1.0 2.604167 2.604 2.7833 2.823 0.09527 
1.1 2.61458 2.615 2.7416 2.780 0.09215 
1.2 2.625 2.6216 2.6999 2.7538 0.1293 
1.3 2.63542 2.6322 2.6583 2.7111 0.1267 
1.4 2.64583 2.6431 2.6166 2.666 0.11855 
1.5 2.65625 2.6531 2.57495 2.6264 0.12347 
1.6 2.6667 2.6636 2.5333 2.5847 0.12335 
1.7 2.6771 2.6739 2.4916 2.5420 0.12095 
1.8 2.6875 2.6848 2.4499 2.4990 0.11783 
1.9 2.6979 2.6946 2.4083 2.4593 0.12239 
2.0 2.7083 2.7054 2.3666 2.4158 0.11807 
2.1 2.71875 2.7156 2.3249 2.3750 0.12023 
2.2 2.72916 2.7262 2.2833 2.3326 0.1183 
2.3 2.73958 2.7368 2.2416 2.2901 0.11639 
2.4 2.750 2.7475 2.1999 2.2470 0.113 
2.5 2.76042 2.7571 2.15825 2.2080 0.11939 
2.6 2.7708 2.7677 2.1166 2.1657 0.11783 
2.7 2.78125 2.7787 2.0749 2.1219 0.12279 
2.8 2.79167 2.7892 2.0332 2.0792 0.11039 
2.9 2.8021 2.7992 1.9916 2.0388 0.11327 
3.0 2.8125 2.8097 1.9499 1.9975 0.11423 
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3.1 2.8229 2.8202 1.9082 1.9548 0.11183 
3.2 2.8333 2.8302 1.8666 1.9147 0.11543 
3.3 2.84375 2.8411 1.8249 1.8708 0.1102 
3.4 2.8542 2.8510 1.7832 1.8315 0.1159 
3.5 2.8646 2.8622 1.7416 1.7861 0.1 0679 
3.6 2.875 2.8720 1.6999 1.7463 0.11135 
3.7 2.88542 2.8832 1.6582 1.7014 0.10367 
3.8 2.8958 2.8932 1.6165 1.6612 0.10727 
3.9 2.90625 2.9039 1.5749 1.6182 0.1039 
4.0 2.9167 2.9154 1.5332 1.5716 0.09215 

Table A.2 Input Current Sensing Test Result 

A.3 Experimental Results of Gate Drive Transformer Circuit 

Vout 

Fig. A.1 Waveforms ofVin VS . Vout by using 610AA 
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Fig. A.2 Waveforms ofVin VS. Vgs by using 610AA 

A.4 MOSFET Driving Circuit Experimental Result 

Fig. A.3 Waveform of Vgs 
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Fig. A.4 Rising time of V gs 

Fig. A.5 Falling time of V gs 
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Fig. A.6 Waveform of Vds 

Fig. A.7 Zoom-In diagram of ~l' 
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A.5 Final Schematic Diagram of MPPT 
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Fig. A.8 Final Schematic Diagram of MPPT 
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A.6 ADC Accuracy Test Data for 56F8013DEOMBOARD 

ADC Ports Input voltage Signal (V) Calculated ADC reading Difference 
ANAO (I inl) 0.185 230 237 -7 

3.225 4002 3996 +6 
ANAl (V inl) 0.185 230 235 -5 

3.225 4002 3992 +10 
ANA2 (V out) 0.185 230 235 -5 

3.228 4002 3993 +9 
ANBO (I in2) 0.186 231 227 +4 

3.225 4002 3995 +7 
ANB1 (V in2) 0.1868 232 226 +6 

3.227 4004 3996 +8 
ANB2 (I out) 0.186 231 225 +6 

3.225 4002 3997 +5 

Table A.3 ADC Accuracy Test 


The calculated formula is incoming voltage signal multiplying by 1240.91. 
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A.7 MPPT Final PCB Layout 

Fig. A.9 MPPT Final PCB Layout 

- 157



Fangnan Wu Master of Applied Science McMaster University-ECE 

A.8 56F8013 Chip Information 
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Fig. A.lO 56F8013 Block Diagram 
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