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Abstract 

Photovoltaic (PV) is an important application of solar energy that widely used in microgrid 

systems. This thesis proposes a fast and accurate Maximum Power Point Tracking (MPPT) 

algorithm used for PV application where a dp/dv tracker and a second-order switching surface 

control technique are applied to perform fast switching in a boost-type converter. A fast action of 

tracking Maximum Power Point (MPP) and stable operation at the point are achieved as soon as 

the environmental conditions are changed. The operating principles of the proposed control 

technique and mathematical derivations of the control law and steady state characteristics are 

presented. Simulation result shows that the proposed controller has a dramatic improvement in 

terms of dynamic response comparing with conventional PI based MPPT controller. A 280 W 

prototype for the proposed controller is built and tested with PV panels. Experiment results show 

a good agreement with the derived theory. 
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Chapter 1 Introduction 

1.1 Microgrid Overview 

Centralized power generation has been nominated in power system for centuries. 

Emerging distributed generation (DG) has recently challenged this situation as a consequence 

of increment of public environment awareness, supply reliability issues, power quality (PQ) 

requirements and its economic merits [1]. As an important family of DGs, renewable energy 

such as solar, wind and small hydro have been enlarged in the percentage of power generation 

market due to its environment friendly features [2]. However high penetration of renewable 

resources has addressed challenges to operations and stability of power systems due to their 

non-linear and intermittent characteristics. Also the fact that vast amount of renewable energy 

being used leads to a change of conventional power system structure. Thus, proper microgrid 

architectures and corresponding control techniques are important to regulate distributed energy 

resources (DERs) to ensure stability and safety of power systems. 

With a cluster of various distributed generators, energy storage, power consumers, 

power electronics interfaces and controllers, a microgrid can work as a self-managed cell of 

power systems and be capable of controlling its internal components to minimize negative 

effects on external network. One attractive feature of microgrid is the capability of working in 

both grid-connected and islanded operating modes. Fig. 1-1 shows a conceptual topology of 

future smart grids connecting to a small residential microgrid [3]. 
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Fig. 1-1 Illustration of Topology for Future Smart Grid. [3] 

In case of power system contingency such as outage, voltage sag or frequency variation 

which causes failure of upstream distribution network, a microgrid can be disconnected from 

the main grid and work in an islanded mode and be supported by the local DERs and energy 

storage systems (ESSs) [2]. This feature ensures supply reliability and power quality of its 

internal power consumers. Furthermore, a microgrid is able to provide surplus power to 

external power consumers by involving in the distribution reconfiguration process when faults 

occur in upstream distribution network [4]. However, appropriate coordination of internal 

components is essential for a microgrid to gain such functionality, in this sense, proper control 

techniques are necessary to achieve above objectives.  

Debate over AC versus DC which is better never ends, even though AC plays the 

A Microgrid
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majority parts of power system since 19th century, DC power system has re-raised people’s 

interests thanks to the fast development of power electronic technology [5]. As an important 

part integrated with distribution power system, an AC microgrid mainly inherits technologies 

of conventional AC power system [5] and therefore problems within AC power system such 

as power quality issues and synchronization issues still exist in an AC microgrid. And these 

drawbacks lead to the complexity to control a microgrid, also conversion efficiency of 

converters in an AC microgrid is another concern. Even there are still many problems unsolved, 

AC microgrid has exposed numerous merits.  

1.1.1 Structure of DC Microgrid 

DC microgrid is an emerging technology due to the increment of modern DC loads 

such as electric vehicle (EV), light-emitting diode (LED) lighting and that the majority of 

electronic devices are DC, as well as DC storage elements and DERs. In this sense, DC 

microgrid has shown its vast potential appliance. Similar to AC microgrid, a DC microgrid 

connects to a host grid via the point of common coupling (PCC) which enables microgrid to 

connect and disconnect transition. DC micro-sources such as PV, energy storage and DC loads 

can easily connect to a DC bus via a single stage DC-DC converter. AC loads such as rotating 

machine and AC generators such as wind turbine only requires rectifiers with controllers to 

integrate with the DC bus. With less conversion process than AC counterpart, DC microgrid is 

considered to be more reliable and topology is simpler [6]. A loss comparison between DC 

microgrid and AC microgrid in residential houses is made and the author found out that DC 

microgrid is more efficient in terms of power conversion losses, furthermore, reduction loss of 

DC microgrid can be significant compared to AC counterpart when an energy storage system 
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(ESS) is applied [7]. DC microgrid tends to be more efficient than AC microgrid if DC source 

and DC loads are in a major percentage [8]. 

 However there are drawbacks of DC microgrid such as standardization is a concern 

and these needs to be addressed [6]. DC breaker is difficult to achieve in an economic way 

which slowing down the usage of DC microgrid as DC current cannot be zero at any moment 

[8]. Nevertheless, currently there are a few applications which employ DC distribution system 

such as spaceship, tractions, telecommunication, and data centers and LED lighting system [6]. 

An example of DC microgrid structure is shown in Fig. 1-2. 

 

Fig. 1-2 Structure of A DC Microgrid 
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1.1.2 Power Converters Used in Microgrid 

Power converters play an important role in microgrid as they bridge different energy 

resources and transfer energy seamlessly among various microgrid components regardless of 

AC or DC. Semiconductors such as diodes, switches and passive devices such as resistors, 

inductors and capacitors are the basic components to construct a converter. Not only convert 

energy, converters with proper controllers also keep the power quality of microgrid towards 

expected objective. Table 1-1 summarizes the common converters used in microgrids in terms 

of applications, control methods and topologies. 
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Table 1-1 Commonly Used Converters Technique in Microgrid 

Converter 

Category 

Applications in 

Microgrid 

Control Methods 

Commonly Used 

Commonly Used 

Topology 

DC-DC 

Energy storage systems 

(e.g. battery or 

capacitor), DC loads 

(e.g. EV chargers and 

LED lightings), DC 

generators (e.g. PV)  

Voltage mode control, 

current mode control, 

boundary control, 

power control, MPPT 

control, duty ratio 

control. 

Buck, boost, buck-

boost, SEPIC, Ćuk, 

Zeta, full bridge DC 

converter. 

AC-DC 

Main converter in DC 

microgrid, power 

supply in AC microgrid 

for DC loads, DC motor 

drive,  Power Factor 

Correction (PFC) 

Voltage mode control, 

current mode control, 

boundary control, 

power control. 

Single (three) phase 

diode bridge rectifier,  

single (three) phase 

controlled rectifier. 

DC-AC 

Motor drive, 

Uninterruptible Power 

Supply  (UPS), active 

power filter 

Voltage mode control, 

Current mode control, 

Reactive power control, 

Hysteresis control. 

Half-bridge inverter, 

full-bridge inverter, 

NPC inverter, MMC, 

DBI. 

AC-AC 
Air conditioning 

compressor. [9] 

ON/OFF Control, 

Phase-Angle Control, 

PWM AC Chopper 

Control. [10] 

Cyclo converter, matrix 

converters [9] 

AC-DC-

AC 

Wind turbine, micro 

turbine. 

Wind speed control, 

voltage model control, 

power and reactive 

power control. [11] 

Back-to-back converter, 

rectifier-inverter 

converter. [11] 
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Fig. 1-3 A Typical PV Converter in an AC Microgrid. 

Fig. 1-3 shows a typical topology for a PV generator with a MPPT controller injecting 

power into the AC bus through an inverter. The boost converter controls the PV panel to 

operate at the Maximum Power Point and the inverter shapes the current to an AC form which 

is synchronized with the grid voltage. For the MPPT controller, sometimes more advanced 

topologies would be used for various power ratings and different applications. For example an 

interleaving boost converter is typically used for relatively high power applications [12], [13]. 

Those two converters work 180 degree phase shifted and in parallel. It can share the current 

and minimize the current ripple of the PV panel. On the other hand, a low-power micro-inverter 

typically uses a flyback converter instead of a boost converter [14], since flyback converter 

can give a galvanic isolation and a high boosting ratio by adjusting the high frequency 

transformer turns ratio. The inverter topology selections are limited by the common mode 
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(CM) voltage issues [15]. The CM issues generates a high frequency leakage current to reduce 

the life time of PV panels. Thus, some single phase PV inverter topologies have been invented 

to deal with the problem, such as the H5 topology [16], the Heric topology [17] and the latest 

proposed topology, of the Active Virtual Ground topology (AVG) [18]. Although the 

topologies are based on a full-bridge inverter, the differences are to add a block device 

disconnecting the leakage current path, a branch bypassing the free-wheeling current and a 

path returning the high frequency current, respectively. 3 phase 4-wire topology is the typical 

topology to solve the CM voltage issue by connecting the capacitor bank middle point to the 

Neutral of the grid [19]. It makes the potential difference between the PV panel and the grid 

network is always constant. 2-level (simple half-bridge) and 3-level (Neutral Point Clamped) 

topologies can be used. However, the drawback is that a high dc-link voltage is required to 

supply which causes high switching losses in the both power stages, of the MPPT converter 

and the inverter. The Virtual Ground (VG) topology has been proposed recently [20]. The 

inverter works like a 3 phase 3-wire system but the mid-point of the capacitor bank is controlled 

as the same voltage potential as the grid neutral point. The high frequency leakage current is 

not created and the DC link voltage can be reduced effectively. The PV inverter topology is 

critical for AC microgrids, since the high frequency leakage current not only shortens the PV 

panel life time but also creates interference to other grid connected devices and shortens their 

life time of components. However, DC microgrids employing boost converter does not need 

worry the leakage current problem as the output of boost converter is DC link.  
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Fig. 1-4 PV System with Energy Storage in A DC Microgrid. 

Fig. 1-4 illustrates a system which is a DG supported microgrid with energy storage 

systems as part of DC microgrid. The system is typically used in solar energy powered lighting 

networks [21] and solar energy powered EV changing stations [22]. The MPPT controller is 

used to maximize the power output of PV such as the function in Fig. 1-3. Boost converter is 

utilized in this topology and also an energy storage system is connected to DC bus to absorb 

or output power when output power of PV fluctuates during day and night. The arrangement 

can always balance the input and output power. Besides, the system can work as in the 

islanding mode [3]. 

Nevertheless, no matter in DC or AC microgrids, boost converter is always in the front 

power stage of PV converter with a MPPT controller. 
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1.1.3 Review of Converter Control Techniques 

1.1.3.1 Boundary Control 

The boundary control family includes first order switching surface such as sliding mode 

control and hysteresis control and second order switching surface, however, dynamic 

performance robustness of first order switching surface is limited [23].  Furthermore, boundary 

control with first order switching surface such as hysteresis exhibits poor steady state in the 

discontinuous conduction mode, operation point is altered as load is changed, however 

boundary control with the second order switching surface avoids this problem [24]. Sliding 

mode control is widely used in power converters, however, the control parameters are hard to 

be unified due to the stability in transient are determined by load [25]. Boundary control with 

second order switching surface is aimed to have inductor current trajectory moving along the 

natural switching surface of the converter in the successive switching actions so that the target 

operating point is reached in minimum time which can be two switching actions under load 

disturbance [26]. The necessary conditions of determining the moment to perform switching 

actions are derived from the converter operating in the target equilibrium state [27]. A detail 

derivation of boundary control law of a boost converter for PV application is described in 

chapter 2.2.  
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1.1.3.2 Voltage Mode Control 

Voltage mode control is a single loop feedback control, which can regulate duty ratio 

of converter to adjust output voltage to objective value. Author in [28] raises a voltage clamp 

control method in the application of DC microgrid which composes of an energy storage 

system and multiple DGs. The energy storage system charges and discharges alternatively to 

maintain DC link voltage in grid-connected mode and as a microgrid works in the islanded 

mode, energy storage system discharges when insufficient power generated from DGs and be 

charged when the amount of energy in the energy storage element is below a reference point. 

A PI controller is commonly employed in controllers of power converters in microgrid due to 

the easiness to realize. In a voltage mode control, a proper gain of PI controller is necessary to 

be chosen in order to regulate voltage towards target value. The trial and error method is widely 

seen in tuning PI gain, however, it is time consuming and the chosen gain may not be the 

optimized one [29].   
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1.2 MPPT Control Technique Used in DC Microgrid 

MPPT techniques are commonly used in renewable energy generations such as 

photovoltaic and wind turbine generators. Due to the non-linear V-I characteristics and also 

the fact that variation of solar irradiation intensity, cloud coverage and temperature can lower 

down the utilization efficiency of output power of PV, the MPP is necessary to be tracked by 

a MPPT controller to ensure PV system is operating at this point [30]. With a MPPT controller, 

maximum power can be extracted from PV panels, hence conversion efficiency of PV is 

boosted and cost of PV produced energy is therefore reduced [31]. Furthermore, the dynamic 

MPPT performance is limited according to varying irradiance sequence specified in EN50530 

[32]. A typical current/voltage and power/voltage characteristics of PV array is illustrated in 

Fig. 1-5 
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(a) 

 

(b) 

Fig. 1-5 Current/Voltage and Power/Voltage Characteristic of PV array. 
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Various MPPT algorithms are researched in literature within which Perturb and 

Observe (P&O) algorithm is one of the most popular one used in the industry due to its 

simplicity and economic merits of implementation [33]. However, this method cannot track 

the maximum power point precisely as operation point will oscillate around MPP and it 

exhibits feature of wrong MPP tracking direction when irradiance level suddenly change [34]. 

Furthermore, the step size perturbation determines the trade-off of accuracy and speed of MPP 

tracking [35]. An adaptive P&O method is introduced to address this concern and step size is 

minimized when operation point is close to MPP and MPP tracking direction is ensured by 

applying a band to limit PV terminal voltage [36]. Another well-known MPPT control 

technique is incremental conductance (INC), which is believed to be more accurate to track 

MPP and eliminate oscillation at MPP than the P&O counterpart according to a research study 

[37]. However, P&O and INC are proved to be no difference both in theory and experimental 

test in [38]. A modified variable-step INC algorithm is proposed in [39] which shows less 

system oscillations at MPP comparing with conventional method, the tracking speed of MPP 

is also improved. Another variable-step INC method is proposed in [40] to avoid the division 

calculation by canceling the voltage perturbation. However, both of abovementioned variable-

step INC methods still have room to improve the MPP tracking speed. Constant voltage is a 

simple method to realize MPP tracking, voltage at MPP is approximated by a certain 

percentage of open circuit voltage of PV panels, however this method has the limit of 

temperature change [41]. Fuzzy Logic Control is an emerging MPPT control technique which 

has good accuracy in tracking MPP even in a varying environment, nevertheless this control 

technique may track the MPP in an incorrect direction under the variation of irradiance [42]. 

In a PV converter, MPPT controller is commonly used in coordination with a Proportional or 
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Propositional Integral (PI) controller which modulate duty ratio to control the switch. 

However, the dynamic response of PI controller in transient period is not satisfied [43]. 

Especially for fast moving objects such as solar panels on vehicle or a spacecraft, the MPP 

does not stay at one point and irradiation received depends on shading and facing angle to the 

sun. Since the object moves very fast and unpredictable, received irradiation changes 

accordingly which causes a difficulty for the conventional MPPT controller, such as P&O, to 

track the MPP. It reduces the MPPT power efficiency due to the poor tracking accuracy. 

This thesis proposes a fast and accurate MPPT control scheme based on a boost type 

DC-DC converter to maximize energy generation from PV panels. For the control part, dp/dv 

slope of PV power curve is used to track MPP and boundary controller is utilized for fast 

modulating PV output voltage. This innovative combination of control loops provides a rapid 

response during irradiation transient and a stable operation during steady state. Furthermore, 

the new boundary control law for boost converter with input voltage control and overall system 

steady state characteristics have been found. The principle of operation, controller design, 

simulation and experimental verifications will be discussed in the following chapters. 
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1.3 Motivation of the Thesis 

Conventional PI based MPPT controller cannot track MPP under rapidly changing 

irradiance conditions due to its slow response. Fig. 1-6 illustrates one of PV applications with 

MPPT that a fasting moving vehicle with mounted PV panels driving on urban area where 

shadows of buildings cause rapidly changing of irradiance on PV panels. It is obviously that a 

slow MPPT cannot maximize solar energy transferring due to the slow dynamic response.  

 

Fig. 1-6 Fast Moving Vehicle with PV Panel On-top Under Rapidly Changing 

Irradiance. 

Efficiency of MPPT controller is another concern, faster MPPT means shorter time of 

MPP tracking which enable PV converter to be fast-responding in transient period. This can 

reduce power loss comparing to a slow MPPT controller.  
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Furtherly, the fast MPPT technique can be extended to microgrid applications to 

provide high MPPT efficiency according to EN 50530. 

In conclusion, a fast MPPT with certain accuracy is needed to be researched.  

1.4 Organization of the Thesis 

Six chapters are included in the thesis, each of which is described as follows:  

 Chapter 1 gives a literature review on Microgrids which introduces DC 

microgrid topology and control technique state of art. Particularly MPPT 

control techniques used in DC microgrid are reviewed and compared. 

Contribution of the thesis are highlighted in the last part of this chapter. 

 Chapter 2 explains theory being used in the proposed MPPT controller for PV 

applications. Operation principle of dp/dv tracker as outer loop controller is 

explained on how to track MPP. Control law of boundary control is derived 

with turn-on and turn-off criteria determined.  

 Chapter 3 presents steady state characteristic of the proposed MPPT controller. 

A single diode based mathematical model is built to calculate steady state 

results which are later compared with simulation results. Major indices of 

steady state of the proposed MPPT controller are calculated in detail in this 

chapter.  

 Chapter 4 demonstrates simulation result of the proposed MPPT in terms of 

steady state and dynamic response. Transient response of the proposed MPPT 
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is compared with three different MPPT controllers which include a combination 

of P&O and dp/dv tracker as outer loop and PI, boundary controller as inner 

loop control. Steady state characteristics of simulation results are compared 

with theoretical counterparts, results are summarized and listed in the table.   

 Chapter 5 evaluate system performance of the proposed MPPT controller in 

both steady state and transient state experimentally. The architecture of 

experiment test bed, experiment waveforms and detail procedures of 

conducting test are presented in this chapter. Power and inductor current 

trajectories during operation point changing in a transient period are illustrated 

and explained. 

 Chapter 6 draws the conclusion of this thesis and also suggestions for future 

research work are listed in the final part of this chapter.  

 

  



19 

 

 

1.5 Contributions of the Research 

This thesis proposed a new control technique to achieve MPPT for PV application used 

in DC microgrid. The major contributions of this thesis is summarized as following: 

 A literature review has been conducted with respect to DC microgrid as well as 

control techniques including boundary control, voltage mode control and MPPT 

control. Various MPPT techniques are compared. 

  A boost type converter is designed and implemented in printed circuit board 

(PCB) board. Theory employed in the proposed MPPT control technique 

including MPP tracker and boundary control law is derived and explained based 

on designed topology. The development of control algorithm in a based Digital 

Signal Processor (DSP) controllers is presented in procedures.  

 The proposed MPPT control technique has been verified both in simulation and 

experimentally by using a 2*2 Siemens SP75 PV panels, which is in agreement 

with delivered theory.  

 Steady state of the proposed MPPT controller is studied and PV model is 

characterized by using a diode model, calculated steady state parameters are 

compared with simulation results.  

 Dynamic response of the controller is evaluated experimentally and 

demonstrated by plotting inductor current trajectory when operation point is 

switched in transient. 
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theory and characteristics deriving 

Ngai Man (Carl) Ho Review of manuscript, providing guidance of  theory and 

experiment  

King Man (Ken) Siu PCB design and controller programing and implementation 

guidance  
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Chapter 2 Operation Principles of the Proposed MPPT 
Controller 

Converter topology is important to realize MPPT and energy storage is commonly used 

to store the energy generated from PV as PV panels cannot generate power during night. Boost 

type converter is a commonly used topology [13]. It is because 1) the simplicity and easiness 

to implement, 2) the typical output voltage of converter, for example dc link voltage, is higher 

than PV string voltage [13] and 3) input current of boost converter is continuous which can 

reduce input filter size [44]. 

 

Fig. 2-1 Structure of the Proposed Control Scheme with a Boost-type PV Converter. 
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Fig. 2-1 shows a typical boost type DC-DC PV converter with MPPT in the proposed 

control scheme block diagram [45]. System input is a PV cell which gives a typical PV 

characteristics. System output is a voltage source which can be a dc grid, dc link capacitors or 

a voltage source inverter (VSI) connected with an AC grid. The proposed MPPT controller 

composes of two main control loops, which are namely “dp/dv tracker” as outer loop and 

“boundary controller” as inner loop. The dp/dv tracker is used to determine the MPP along the 

PV characteristic based on the slope of the curve. It gives a voltage reference to the inner 

controller to control the converter operating at or around the point. The inner controller is based 

on boundary controller concept, it gives very fast dynamic response to reach the operating 

point. Therefore, the combined controller can track the MPP quickly and accurately. 

2.1 dp/dv tracker algorithm 

Slope of power and voltage curve is used to track the maximum power point of PV 

panels. Sensor circuit senses the instantaneous output voltage and current of the PV cell and 

therefore power array power 𝑝𝑃𝑉 is acquired in following equation, 

 𝑝𝑃𝑉 = 𝑣𝑃𝑉 × 𝑖𝑃𝑉.  (1) 

where 𝑝𝑃𝑉, 𝑣𝑃𝑉, and 𝑖𝑃𝑉 are output power, output voltage and output current of PV panels, 

respectively, and they are defined in Fig. 2-1. 

The boost converter in Fig. 2-1 connects to the PV panel directly. The time-varying 

input capacitor voltage, 𝑣𝐶(𝑘) and input power of the converter, 𝑝(𝑘), are identical to the 



23 

 

output voltage, 𝑣𝑃𝑉, and output power, 𝑝𝑃𝑉, of the PV panels, respectively. Fig. 2-2 shows an 

ideal PV cell characteristic. A perturbation of PV capacitor voltage is applied, meanwhile, 

input power of the converter, 𝑝(𝑘), is calculated by product of 𝑣𝐶(𝑘) and PV output current, 

𝑖𝑃𝑉(𝑘), i.e. 

 𝑝(𝑘) = 𝑣𝐶(𝑘) ∙ 𝑖𝑃𝑉(𝑘).  (2) 

then it is compared with previous value 𝑝(𝑘 − 1). If 𝑝(𝑘) is greater than 𝑝(𝑘 − 1) as a result 

of output voltage increment, which means operation point is at the left side of MPP and moving 

up and towards MPP so in order to reach MPP, the next perturbation of capacitor voltage will 

be a positive increment. On the contrary, if 𝑝(𝑘) is less than 𝑝(𝑘 − 1) while 𝑣𝐶(𝑘) is less than 

𝑣𝐶(𝑘 − 1), which means operation point is still on the left of MPP but moving away, thus a 

positive perturbation of output voltage will be applied in the next step. Similarly, when 𝑝(𝑘) 

is less than previous value 𝑝(𝑘 − 1) while 𝑣𝐶(𝑘)  is greater than 𝑣𝐶(𝑘 − 1), which means 

operation point is on the right side of MPP, but moving away from MPP, thus, a negative 

perturbation shall be applied by the controller to force operation point go back to MPP. The 

fourth scenario is when 𝑝(𝑘) is greater than 𝑝(𝑘 − 1) and 𝑣𝐶(𝑘) is less than 𝑣𝐶(𝑘 − 1) which 

indicating operation point is on the right side of MPP but moving towards it, so the capacitor 

voltage is required to decrease so as to force operation point continue to move towards MPP. 

In summary, capacitor voltage needs to decrease no matter operation point is moving towards 

or away to MPP when it is on the right side of MPP, following the same rule, capacitor voltage 

is required to increase when operation point is on the left side of MPP . Eventually, the MPP 

is reached, capacitor voltage, 𝑣𝐶(𝑘), will be kept at or around the point. Above cases can be 

differentiated by three slope values of the PV Voltage-Power (V-P) characteristic curve. The 
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MPP tracker characteristics on the PV V-P curve is shown in Fig. 2-2 and the corresponding 

logic flow is shown in Fig. 2-3. The slope of V-P curve can be obtained based on the two-point 

form. The general equation is, 

 
∆𝑝

∆𝑣𝐶
=

𝑝(𝑘)− 𝑝(𝑘−1)

𝑣𝐶(𝑘)−𝑣𝐶(𝑘−1)
  (3) 

where, 𝑣𝐶(𝑘) and 𝑣𝐶(𝑘 − 1) represent capacitor voltage, 𝑝(𝑘) and 𝑝(𝑘 − 1) is the output 

power of PV panels in current moment and previous moment respectively. By taking 

approximation, the continuous-time signal is the same as the interpolation of the discrete 

signal, i.e. 
𝑑𝑝

𝑑𝑣𝑐
=

∆𝑝

∆𝑣𝐶
.  

An integrator is used to bring the error of the slope variation at the MPP to zero with a 

proper chosen gain  𝐾𝑖.  
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Fig. 2-2 PV V-P Characteristic and Principle of Maximum Power Point Tracker. 
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Fig. 2-3 Flow Chart of dp/dv Tracker. 
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(a)                                  (b)                                        (c)   

Fig. 2-4  Slope of P-V curve of PV when (a) 
𝑑𝑝

𝑑𝑣𝑐
> 0 (b) 

𝑑𝑝

𝑑𝑣𝑐
≅ 0 (c) 

𝑑𝑝

𝑑𝑣𝑐
< 0. 

There are three possible scenarios, 

 0<
𝑑𝑝

𝑑𝑣𝑐
< MAX -  the slope is positive and the controller should increase the capacitor 

voltage, this scenario is shown in Fig. 2-4 (a). 

 
𝑑𝑝

𝑑𝑣𝑐
≅ 0 - MPP is reached as shown in Fig. 2-4 (b). 

 MIN <
𝑑𝑝

𝑑𝑣𝑐
< 0 - the slope is negative and the controller should decrease the capacitor 

voltage as shown in Fig. 2-4 (c). 

where MAX and MIN are the maximum and minimum slope rate that operation points can 

reach. The integration of 
𝑑𝑝

𝑑𝑣𝑐
  with properly selected 𝐾𝑖 is given to inner loop as voltage reference 

to calculate the boundary control law. 
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2.2 Control Laws of Boundary Controller 

The inner loop aims for fast and precise control towards targeting output voltage. Thus, 

a boundary controller with second order switching surface is used in this thesis as it provides 

fast dynamic response in transient conditions [46]-[49]. The detail derivation of operation 

principle of boundary control with second order switching surface is described in following. 

 

(a) 

 

(b) 

Fig. 2-5 State of PV Converter When Switch (a) ON and (b) OFF. 
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Fig. 2-6 Capacitor Voltage and Current Waveforms in Steady State. 

Schematic of PV converter with MPPT controller is shown in Fig. 2-1. In order to 

evaluate operating modes of the converter, it can be divided into two equivalent circuits when 

the switch S is turned ON and OFF, which are shown in Fig. 2-5 (a) and Fig. 2-5 (b), 

respectively. The controller is based on the steady-state characteristics on the turned ON and 

OFF operating modes to determine switching actions. Fig. 2-6 shows ideal input capacitor 

waveforms of a boost converter. The controller senses the capacitor current and voltage at 𝑡1 

or before and determine the right turning off moment by predicting the capacitor current 

reaching zero and the capacitor voltage reaching 𝑣𝐶,𝑚𝑖𝑛 at the same time, e.g. at 𝑡2, using the 

converter characteristics. Thus, the Turn-Off criteria can be derived as, 

  𝑣𝐶(𝑡) ≤ 𝑣𝐶,𝑚𝑖𝑛 + [
𝐿

2𝐶

1

𝑣𝐷𝐶−𝑣𝐶
] 𝑖𝐶

2(𝑡) (4) 

and  𝑖𝐶(𝑡)  ≤ 0 (5) 

Similarly, the controller senses the capacitor current and voltage at 𝑡3 or before and determine 
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the right turning on moment by predicting the capacitor current reaching zero and the capacitor 

voltage reaching 𝑣𝐶,𝑚𝑎𝑥 at the same time, e.g. at 𝑡4, using the converter characteristics. Thus, 

the Turn-On criteria can be expressed as, 

  𝑣𝐶(𝑡) ≥ 𝑣𝐶,𝑚𝑎𝑥 − [
𝐿

2𝐶

1

𝑣𝐶
] 𝑖𝐶

2(𝑡)  (6) 

and  𝑖𝐶(𝑡)  ≥ 0  (7) 

A detailed derivation of (4) and (6) is given in the Appendix. 

The Turn-Off and Turn-On criteria in (4) – (7) are inequality, they can be implemented 

by digital controller [48]. And the inner control algorithm of the Turn-on and Turn-off criteria 

for aforementioned boost-type PV converter under boundary control laws is shown in the flow 

chart of Fig. 2-7. 
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Fig. 2-7 Flow Chart of Boundary Controller. 
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2.3 Overall Controller 

The boundary controller with second-order switching surface follows the energy 

balancing theory to regulate the input capacitor voltage. And it gives very fast dynamic 

response during transients and tracking the input capacitor voltage reference accurately. Thus, 

the control bandwidth of outer loop can be increased to speed up the whole control process. 

And unlike conventional proportional-integral (PI) controllers, boundary control does not need 

to be tuned [50], thus it shortens the duration to design a controller for engineers. Typically, 

the control bandwidth of output loop is one-tenth of that of inner loop in order to avoid 

interference between the loops. Thus, fast and accurate MPP tracking can be achieved. The 

flow charts in Fig. 2-3 (outer loop) and Fig. 2-7 (inner loop) are implemented serially such as 

shown in the control block diagram in Fig. 2-1. The outer loop provides a reference voltage to 

the inner loop to maintain the input capacitor voltage to reach the desired operating point in a 

short period of time. The implementation of the controllers can be simply sensing the 

corresponding voltage and current signals and determines the MPP and makes switching action 

decisions based on the equations of (3) - (7) by using a DSP controller. 
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Chapter 3 Steady State Characteristics and Analysis of 
the Proposed MPPT Controller 

This section is aimed to present steady state analysis of the proposed scheme. 

Mathematical modeling of a PV cell based on a single diode model [51], which is shown in 

Fig. 3-1, is described and applied in the analysis. 

 

Fig. 3-1 The Single-diode Model Equivalent Circuit of a PV Cell [51]. 

3.1 PV Array Characteristics – V-I curve  

For the sake of simplicity of calculation, equivalent series resistance 𝑅𝑆 and equivalent 

parallel resistance 𝑅𝑃 are neglected in this thesis and therefore V-I characteristic of PV array 

in nominal working condition where irradiance of sun 𝐸𝑛 = 1000𝑊/𝑚2 and temperature 𝑇𝑛 =

25℃ is constituted in following equation [52]. 

  𝑖𝑃𝑉 = 𝑁𝑝𝐼𝑠𝑐,𝑛 − 𝐼0,𝑛 [exp (
𝑣𝑃𝑉

𝑁𝑠𝑎𝑉𝑇,𝑛
) − 1] (8) 

where 𝑖𝑃𝑉 and 𝑣𝑃𝑉 are output current and voltage of PV panels, 𝑁𝑝 is number of PV panels in 

parallel and 𝑁𝑠 is number of PV panels in series, 𝐼𝑠𝑐,𝑛 is nominal short-circuit current, 𝐼0,𝑛 is 

saturation current of photovoltaic. Equation for 𝐼0,𝑛  is given in Appendix to this thesis, 𝑎 is 

the ideality factor of diode and is usually in between 1 to 2 and is chosen as 1 in this thesis for 

𝑅𝑆 
𝑅𝑃  𝐼𝐷 𝐼𝐶𝑒𝑙𝑙  

𝑖𝑃𝑉  
𝑣𝑃𝑉  
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the ease of calculation, 𝑉𝑇,𝑛 is thermal voltage. By taking the approximation that the 

exponential term is much higher than 1, i.e. exp (
𝑉𝑃𝑉

𝑁𝑠𝑎𝑉𝑇,𝑛
) ≫ 1, (8) can be simplified as, 

  𝑖𝑃𝑉 = 𝑁𝑝𝐼𝑠𝑐,𝑛 − 𝐼0,𝑛 exp (
𝑣𝑃𝑉

𝑁𝑠𝑎𝑉𝑇,𝑛
). (9) 

 

Fig. 3-2 An Ideal PV V-I Curve. 

A typical PV V-I curve is shown in Fig. 3-2 and it can graphically represent the 

equation in (9). Point 1 is approximately at the MPP of the PV cell and the small-signal slope 

can be determined by the following equations which are based on (9), 

  
1

𝑟𝑃𝑉
=

𝑑𝑖𝑝𝑣

𝑑𝑣𝑝𝑣
= −

𝐼0,𝑛

𝑁𝑠𝑎𝑉𝑇,𝑛
exp (

𝑉𝑃𝑉

𝑁𝑠𝑎𝑉𝑇,𝑛
) (10) 

or  
1

𝑟𝑃𝑉
=

𝑑𝑖𝑝𝑣

𝑑𝑣𝑝𝑣
=

𝐼𝑃𝑉−𝑁𝑝𝐼𝑠𝑐,𝑛

𝑁𝑠𝑎𝑉𝑇,𝑛
 (11) 

A detailed derivation of (10) and (11) is given in the Appendix to this thesis. 

In principle, (10) and (11) are valid for the whole curve, such as points 2 and 3, in Fig. 
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3-2 by simply inputting a steady-state value of 𝑉𝑃𝑉 or 𝐼𝑃𝑉, respectively, with some constant 

physical parameters. From (10), it can be seen that the relationship of the change of 𝑣𝑃𝑉 and 

𝑖𝑃𝑉 is negative, thus it can be estimated that ripple polarities of voltage and current are opposite. 

3.2 PV Array Characteristics – V-P curve 

Instantaneous output power f PV can be re-expressed by putting (9) into (1), 

  𝑝𝑃𝑉 = 𝑣𝑃𝑉𝑁𝑝𝐼𝑠𝑐,𝑛 − 𝑣𝑃𝑉𝐼0,𝑛 exp (
𝑣𝑃𝑉

𝑁𝑠𝑎𝑉𝑇,𝑛
) (12) 

The rate of change of V-P characteristic is 

  
𝑑𝑝𝑝𝑣

𝑑𝑣𝑝𝑣
= 𝑁𝑝𝐼𝑠𝑐,𝑛 − 𝐼0,𝑛 (1 +

𝑉𝑃𝑉

𝑁𝑠𝑎𝑉𝑇,𝑛
) exp (

𝑉𝑃𝑉

𝑁𝑠𝑎𝑉𝑇,𝑛
) (13) 

A detailed derivation of (13) is given in the Appendix. 

The equation represents the slope and output voltage relationship in a V-P curve of PV array 

such as one in Fig. 2-2.  

3.3 Voltage of PV Array at MPP 

When a PV array reaches the MPP, the slope of V-P curve is zero. Thus, (13) can be 

simplified as,  

  𝑁𝑝𝐼𝑠𝑐,𝑛 = 𝐼0,𝑛 (1 +
𝑉𝑃𝑉,MPP

𝑁𝑠𝑎𝑉𝑇,𝑛
) exp (

𝑉𝑃𝑉,MPP

𝑁𝑠𝑎𝑉𝑇,𝑛
) (14) 

where 𝑉𝑃𝑉,MPP is output voltage at the MPP. It can be seen that from (14), the voltage at the 

MPP can be solved by the equation with some physical parameters. However, it is not practical 

to control the voltage by simply using the equation since it is well known that the physical 

parameters change with operating conditions. Thus, the outer controller is used to determine 

the MPP reference voltage value and provide it to the inner controller to control the converter 
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to operate at that point.  

3.4 Capacitor Voltage Ripple 

For the boundary controller, as ∆𝑉 is a fixed value which defines the band of capacitor 

voltage, it is shown in Fig. 2-6, the actual peak-to-peak voltage ripple ∆𝑉𝐶 may be the addition 

of ∆𝑉𝑟𝑒𝑓 and ∆𝑉.  

  ∆𝑉𝐶 = (∆𝑉𝑟𝑒𝑓 + ∆𝑉) × 2   (15) 

When the integrator gain Ki is properly chosen, steady error will be zero, thus ∆𝑉𝑟𝑒𝑓 ≅ 0, so 

capacitor voltage ripple is actually the band defined as parameter of controller. 

3.5 PV Output Current Ripple 

The ripple current amplitude of PV panels is related to the PV V-I characteristics. 

According to Fig. 3-2 and (10), when 𝑣𝑃𝑉 has a positive increment, then 𝑖𝑃𝑉 has a negative 

increment. Thus the ripple current amplitude can be obtained based on (10), 

  ∆𝐼𝑃𝑉 = ∆𝑉𝑐
𝐼0,𝑛

𝑁𝑠𝑎𝑉𝑇,𝑛
exp (

𝑉𝑃𝑉

𝑁𝑠𝑎𝑉𝑇,𝑛
) (16) 

3.6 Duty Ratio 

According to Fig. 2-6, inductor current ripple remains the same during ON and OFF 

switching circle in steady state, thus duty ratio, D, can be found as  

  𝐷 =
𝑉𝐷𝐶−𝑣𝐶

𝑉𝐷𝐶
   (17) 

A detailed derivation of (17) is given in the Appendix. 

3.7 Inductor Current Ripple 

Inductor current ripple is defined as the peak-to-peak value of the ripple current which 
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is carried on the dc current. It can be expressed by, 

  ∆𝑖𝐿 =
𝑣𝐶𝐷

𝑓𝐿
   (18) 

A detailed derivation of (18) is given in the Appendix. 

3.8 Switching Frequency  

    One of the characteristics of boundary controller is varying switching frequency, since 

there is no clock to govern the switching period. The switching frequency of switch is 

expressed as 

  𝑓 = √
𝑣𝐶𝐷

8𝐿𝐶∆𝑉𝐶
   (19) 

A detailed derivation of (19) is given in the Appendix. 
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Chapter 4 Simulation Results of the Proposed MPPT 

4.1 Steady-State Operation 

Computer simulation of the proposed topology is implemented in PLECS. The 

topology of simulated converter is shown in Fig. 2-1. The converter uses a boost type topology 

with capacitor installed in the power input side. Different than classical boost converter, a 

constant voltage source is used in output side to represent a DC link. For the controller part, c-

script is used in dp/dv tracker block to realize tracking slope of V-P curve of PV module. 

Boundary controller functions as inner loop giving duty ratio to the switch according to voltage 

reference provided by outer loop.  

With 2 × 2 PV panels as input, capacitor voltage, PV output current, inductor current 

and gate signal at steady state are illustrated in Fig. 4-1. By given parameters listed in Table 

4-1, steady state values are calculated by equations presented in previous section. Table 4-2 

shows the comparison of theoretical values and simulation results of steady state. The table 

indicates that the simulation values are very similar with the values from the derived theoretic 

equations. 
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Fig. 4-1 Simulation Waveforms in Steady State. 
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Table 4-1 Parameters of Calculating Theoretical Values 

Parameters Values 

𝑁𝑝 2 

𝑁𝑠 2 

𝐼𝑠𝑐,𝑛 3.99A 

𝑉𝑜𝑐,𝑛 22.05V 

𝑉𝑇 1.852V 

𝑎 1 

𝐿 2.4mH 

𝐶 15µF 

∆𝑉𝐶   3V 
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Table 4-2 Steady State Simulation and Theoretical Values 

Parameter Simulation Results Theoretical Values 

𝑉𝑀𝑃𝑃 34.88V 35.374V 

𝐼𝑀𝑃𝑃 7.38A 7.22A 

∆𝑉𝐶 3V 3V 

∆𝐼𝑃𝑉 0.56A 0.61A 

duty ratio 0.708 0.705 

∆𝐼𝐿 1.99A 1.93A 

𝑓 5263Hz 5373Hz 
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4.2 Transient Performance 

Transient performance of the proposed controller is evaluated and compared with three 

different MPPT controllers in simulation, which are P&O tracker as outer loop and boundary 

controller as inner loop, dp/dv tracker and PI controller, P&O and PI controller. Parameters of 

4 controllers are listed in Table 4-3. 

Table 4-3 Comparison of Simulation Parameters and Results  

MPPT Controller 

Type 

dp/dv + 

Boundary 

MPPT 

P&O + 

Boundary 

MPPT 

dp/dv + 

 PI 

 MPPT 

P&O +  

PI 

 MPPT 

Inductance 2.4mH 

Capacitance 15 µF 

Output voltage 120V 

Sun irradiance change From 50% to 100% 

Simulation time 0.04s 

Voltage ripple (p-p) 3V 

Switching frequency 4761-5032Hz 4758-5043Hz 5000Hz 5000Hz 

Inner loop PI 

parameters 
- - 

Kp:0.008, Ki:20 Kp:0.008, Ki:20 

Step Size - 0.01V - 0.01V 

Settling time (2%) 236 µs 263 µs 1.8ms 2.2ms 
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4 different MPPT controllers with combination of dp/dv tracker, P&O tracker as outer 

loop controller and PI, boundary controller as inner loop controller are compared in terms of 

dynamic response in simulations. A step change of irradiance of sun is applied to all MPPT 

controllers at the same time. The comparison of dynamic response of all 4 controllers are 

explicated in Fig. 4-2 where the yellow color waveforms are generated by the proposed 

controller, blue color waveforms are created by the P&O tracker as outer loop and boundary 

controller as inner loop, green color waveforms represent dp/dv tracker and PI controller and 

P&O + PI controller output red color waveforms. All controllers can successfully track the 

MPP after the irradiation changes. However, the group of controllers utilizing PI as inner loop 

needs much more switching circles and longer transient time to reach new MPP, since the 

converter passive component responses are included in the transfer functions in the control 

loop. Another conclusion can be drawn from Fig. 4-2 is that both MPPT controller using 

boundary controller as inner loop have very fast dynamic response, however the dp/dv tracker 

is slightly faster than P&O one. This slow response characteristic leads to lower MPPT 

efficiency occurring during the transient. On the other hand, the proposed controller can 

response at once to govern the converter to achieve maximum power extraction, besides it can 

also be seen from Fig. 4-2, PI controller experiences a few oscillations to stabilize.  
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Fig. 4-2 Dynamic Response of PI and Proposed MPPT Controllers.  
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Chapter 5 Experimental Verifications 

5.1 Experimental Setup 

A 280W boost type PV converter prototype with DSP based MPPT controller has 

been implemented to experimentally verify the proposed concept. Fig. 5-1 (a) shows the 

schematic and connections of the testbed, and Fig. 5-1 (b) shows the input are 2 × 2 PV 

panels (Siemens SP75 solar panels) connected to converter by 10 meters long cable, each 

of PV panels has rated power of 75W, the output are resistors and a dc voltage source 

connected in parallel. The dc voltage source represents a DC link to keep output stable and 

the resistors are used to consume the power either generating by the dc voltage source or 

the PV panels. As PV output power are varying when environment variable of PV changes, 

DC voltage source can vary output power accordingly. Circuit parameters, PV panel 

parameters at nominal conditions and controller parameters are listed in Table 5-1 
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Fig. 5-1 Test Bed Setup (a) Schematic of Test Bed, and (b) Laboratory Setup. 
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Table 5-1 Specification of the PV Converter Prototype 

Circuits parameters Nominal values 

Input capacitance C1 15 µF 

Output capacitance C2 470 µF 

Inductance L 2.4 mH 

Resistance R 33.3 Ω 

DC source voltage 120V 

PV panel parameters Values 

Number of series cells 36 

Maximum power rating Pmax 75W 

Rated current IMPP 4.4A 

Rated voltage VMPP 17.0V 

Short circuit current ISC 4.8A 

Open circuit voltage VOC 21.7V 

Controller parameters Values 

CPU clock frequency 200 MHz 

ADC sampling frequency 3.5 MHz 

Switching frequency 3.7-5 kHz 
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The experimental setup is aiming to evaluate the steady and transient performance of 

MPPT controller. The test of MPPT controller (whole system test) is conducted in following 

procedures, firstly, a set of 1 × 2 PV panels is generating power then the second step follows 

suddenly switching on the switch connected to the spare 1 × 2 PV panels and finally 2 × 2 PV 

panels are generating power. It emulates the sudden change of sun irradiation. The MPPT 

controller is expected to keep at maximum power point as soon as switch is closed and provide 

fast tracking from one operation point to the other. Finally, waveforms are observed in 

oscilloscopes and data are saved for further analysis. 

5.2 Experimental Results – Steady State 

Power from the 2 × 2 PV panels are used as input to the booster converter to evaluate 

steady state performance of the proposed MPPT controller. The major procedures of the 

proposed experimented test for the proposed MPPT controller is as follows: 

1. Set up a set of 1 × 2 PV panels (75W each) for generating power. 

2. Connecting the spare 1 × 2 PV panels (75W each) by closing the switch 

resulting in 2 × 2 PV panels generating power. 

Fig. 5-2 shows capacitor voltage, PV output current, inductor current and gate signal 

from top to bottom. MPP is reached with an average capacitor voltage is about 26.5V and PV 

output current approximately 7.7A.  
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Fig. 5-2 Experimental Steady State Waveforms 

 
(a) 

 
(b) 

Fig. 5-3 Experimental Results in (a) V-I Curve, and (b) V-P Curve in Steady State. 
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Fig. 5-3 shows the experimental results in Fig. 5-2 plotting in X-Y mode with the 

estimated V-I and V-P curve of the PV strings based on the single diode model. The result 

indicates that MPP is reached and operating stably with parameters as shown in Table 5-1. 

5.3 Experimental Results – Transient Performance 

Fig. 5-4 shows dynamic response of the PV system from a 1 × 2 PV panels setting to 

a 2 × 2 PV panels settings by suddenly closing the switch connecting the 1 × 2 PV panels. 

Schematic of test circuit is shown in Fig. 5-1 (a), transient response of MPPT controller is 

evaluated by switching on and off of one PV string branch. Once the other PV string is in 

operation, new MPP is supposed to be immediately reached from the previous one. Fig. 5-4 

(a) and (b) explicate system output as a result of number of PV module suddenly changing, 

where red waveform is the inductor current waveform and blue waveform is the PV output 

current, pink waveform is the capacitor voltage at input while green waveform is waveform of 

the gate signal. From Fig. 5-4 (a) PV output current suddenly rises to its double quantity when 

the second PV string is switched on. From capacitor voltage waveform, it can be found that 

new MPP is getting stabilized in a few switching circles around 1ms. Scenario that operation 

point switched from 2×2 to 1×2 PV array is shown in Fig. 5-4 (b), where the capacitor voltage 

is stabilized in a few switching actions while input current experience a dramatic drop to 50% 

of previous value approximately. Switching trajectory is shown in Fig. 5-5 (a) that the inductor 

current in yellow colour manages to catch the new operation point in one switching action on 

the estimated V-I curve while Fig. 5-5 (b) shows new maximum power point is reached with 

estimated V-P curve after one set of switch on and off actions. 
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(a) 

 

(b) 

Fig. 5-4  Experiment Results of Step Change of (a) Switched from 2 to 4 Panels, and 

(b) Vice Versa. 
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Fig. 5-5 Power and Inductor Current Trajectory for Fig. 5-4 (a). 
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5.4 Experimental Results – Quantifying of PV Converter 
Efficiency 

Efficiency of prototype PV converter is measured in this chapter, the converter 

topology is shown in Fig. 5-6 where a DC voltage source is used as input and resistor load is 

connected as output. Procedures of conducting this test is as follows:  

1. The output voltage of PV converter is fixed at 120V. 

2. Resistance of load is changed in order to achieve change of input power.   

3. Input voltage change is realized by altering duty ratio. 

4. Converter efficiency at each operation point is measured and recorded by using a 

YOKOGAWA WT1800 power analyzer.  

C

L D

𝐶𝐷𝐶  𝑅𝐿 

PV Converter

V

A

V

A

Pin Pout

S

 

Fig. 5-6 Topology of Converter for Quantifying Efficiency  
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5 different input voltage of PV converter are considered in the converter efficiency 

evaluation, 53V, 63V, 83V, 99V and 112 V as shown in Fig. 5-7.  This figure also illustrates 

the power and efficiency trend when different input voltage are given with switching frequency 

5 kHz. The highest efficiency of this converter is approximately 95% with input power 430W 

and input voltage 112V.  From this figure, it can also be observed efficiency is boosted with 

higher capacitor voltage and higher power.  

 

Fig. 5-7 Converter Efficiency In Regard to Input Power and Voltage When Switching 

Frequency is 5 kHz 
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Chapter 6 Conclusion and Suggestion for Future 
Research 

6.1 Conclusion 

In this thesis, a review of state of art microgrid architecture and control methods of PV 

converters are presented in the first chapter. Despite of the drawbacks due to the less 

development, DC microgrid shows a promising future as its characteristics of high efficiency, 

relatively simple designing and controlling than AC counterpart and the promising future of 

DC load applications. And a simple boost converter can be used as an interface between the 

grid and PV panels. 

Based on a simple boost converter structure, the design and implementation of a fast 

and accurate MPPT control scheme for PV applications has been presented in this thesis. There 

are two control loops in the controllers, outer loop - dp/dv tracker algorithm is used to track 

maximum power point and provide voltage reference to inner loop, which is based on boundary 

control theory to provide fast dynamic response. The controller has shown a significant 

improvement comparing with conventional PI based MPPT controllers in simulations. The 

controller also increases the control bandwidth to extract more energy from PV cells during 

irradiation changes. The concept of the proposed MPPT controller were explained in details. 

The boundary control laws of boost converter with input voltage control and the whole system 

steady state characteristics have been determined. A laboratory prototype has been built based 

on a boost type converter with a DSP controller applied with delivered theory. Experimental 

results have demonstrated the performance of the proposed controller, which can accurately 
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extract energy from the PV strings at the MPP and responds quickly during transients to locate 

at the new MPP. The results confirmed the conceptual idea and the derived theory.  

6.2 Suggestion for Future Research 

There are following suggestions for future research regarding this project: 

 Switching frequency of prototype converter is limited by the DSP performance, a high 

performance DSP controller can improve the dynamic response of MPPT. 

 Since the non-linear characteristic of PV model, the small signal model is necessary to 

build furtherly to evaluate the stability and PV system performance of the proposed 

MPPT controller.  

 Dynamic response of the proposed controller is limited by the outer loop-dp/dv tracker, 

where an integrator is employed to generate the voltage reference for inner loop – 

boundary controller, one of alternative solutions is to merge two loops into one and 

predict MPP by evaluating the capacitor voltage ripple variation which is related to PV 

characteristic.  

 A simple diode model with only nominal condition is used to evaluate steady state of 

MPPT, however, it might not be accurate enough to match the actual case. 

Mathematical modeling of PV can be improved by considering environmental variants 

such as temperature and irradiance level. Also equivalent series resistance of and 

equivalent parallel resistance of PV array should also be calculated to have a more 

accurate model. 
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Appendix 

A.  Derivation of (4) and (6) 

In the Turn-ON equivalent circuit is in Fig. 2-5 (a), the switch S is in ON state and the 

diode D is in OFF state. Thus, inductor L is charging up from the PV source and part of PV 

output current goes to 𝐶1 according to KCL [25]. As a result, following equations can be 

derived. 

 𝑖𝐿 = 𝑖𝑃𝑉 − 𝑖𝐶 (A1) 

And 𝑣𝐿 = 𝑣𝐶 (A2) 

where 𝑖𝐿, 𝑖𝑃𝑉 and 𝑖𝐶 are inductor current, PV output current and capacitor current respectively. 

And 𝑣𝐿 is voltage over inductor and 𝑣𝐶  is voltage of capacitor 𝐶. Since 𝑖𝑃𝑉 is assumed as a DC 

current, derivative of (A1) can result in following equations, 

  
𝑑𝑖𝐿(𝑡)

𝑑𝑡
≅ −

𝑑𝑖𝐶(𝑡)

𝑑𝑡
 (A3) 

  𝑣𝐿(𝑡) = 𝐿
𝑑𝑖𝐿(𝑡)

𝑑𝑡
 (A4) 

By combining (A2) – (A4), capacitor voltage can be rearranged as follows. 

  𝑣𝐶 =
1

𝐶
∫ 𝑖𝐶(𝑡)𝑑𝑡 + 𝑣𝐶(0) (A5) 

where 𝑣𝐶(0) represents capacitor initial voltage. (A4) can be rearranged as 

  𝑑𝑡 = |𝐿
𝑑𝑖𝐶

𝑣𝐶
|  (A6) 

As capacitor voltage equals to the initial voltage, the instantaneous voltage at 𝑡3, plus 

with the integration of capacitor current from 𝑡3 to 𝑡4 which is the triangular shadow area in 

capacitor current waveform within the time interval of 𝑡3 and 𝑡4 in Fig. 2-6. Therefore, integral 

of capacitor current can be simplified as, 
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  ∫ 𝑖𝐶(𝑡)𝑑𝑡
𝑡4

𝑡3
=

1

2
𝑖𝐶(𝑡3)∆𝑡  (A7) 

Where ∆𝑡 = 𝑡4 − 𝑡3 , the crest value of capacitor voltage waveform can be obtained by putting 

(A6) and (A7) into (A5), as such 

  𝑣𝐶,𝑚𝑎𝑥 = 𝑣𝐶(𝑡4) = [
𝐿

2𝐶

1

𝑣𝐶
] 𝑖𝐶

2(𝑡3) + 𝑣𝐶(𝑡3)  (A8) 

where 𝑣𝐶,𝑚𝑎𝑥 is upper peak reference capacitor voltage. Therefore, turn-on criteria of S must 

fulfill (A8), thus an inequality (6) can be derived.  

Similarly, in the Turn-OFF equivalent circuit in Fig. 2-5 (b), the switch S is in OFF state and 

the diode D is in ON state. Thus, inductor L is discharging and delivering to the output 

capacitor 𝐶𝐷𝐶 and the output source such as a dc grid. Thus, the voltage across the inductor is 

the difference of input voltage,𝑣𝐶 , and output voltage, 𝑣𝑑𝑐, The value of capacitor voltage 

𝑣𝐶,𝑚𝑖𝑛 can be derived as. 

  𝑣𝐶,𝑚𝑖𝑛 = 𝑣𝐶(𝑡2) = − [
𝐿

2𝐶

1

𝑣𝑑𝑐−𝑣𝐶
] 𝑖𝐶

2(𝑡1) + 𝑣𝐶(𝑡2) (A9) 

where 𝑣𝐶,𝑚𝑖𝑛 is lower peak reference capacitor voltage. Therefore, turn-off criteria of S must 

fulfill (A9), thus an inequality (4) can be derived.  

B.  Derivation of (10) and (11) 

By using (9), and introducing small signals,  

  𝐼𝑃𝑉 + 𝑖𝑝𝑣 = 𝑁𝑝𝐼𝑠𝑐,𝑛 − 𝐼0,𝑛 exp (
𝑉𝑃𝑉+𝑣𝑝𝑣

𝑁𝑠𝑎𝑉𝑇,𝑛
) (A10) 

By taking the derivative,  

  
𝑑𝑖𝑝𝑣

𝑑𝑣𝑝𝑣
= −

𝐼0,𝑛

𝑁𝑠a𝑉𝑇,𝑛
exp (

𝑉𝑃𝑉

𝑁𝑠𝑎𝑉𝑇,𝑛
) exp (

𝑣𝑝𝑣

𝑁𝑠𝑎𝑉𝑇,𝑛
) (A11) 

Assume the small signal of 𝑣𝑝𝑣 is much smaller than the steady state voltage 𝑉𝑃𝑉, i.e. 𝑣𝑝𝑣 ≪

𝑉𝑃𝑉,  thus, (10) can be obtained. By putting (9) into (10), then (11) can be obtained. Where 
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   𝐼0,𝑛 =
𝑁𝑝𝐼𝑠𝑐,𝑛

exp(
𝑉𝑜𝑐,𝑛
𝑎𝑉𝑇,𝑛

)−1
 (A12) 

C.  Derivation of (13) 

By using (12), and introducing small signals,  

  𝑃𝑃𝑉 + 𝑝𝑝𝑣 = (𝑉𝑃𝑉 + 𝑣𝑝𝑣)𝑁𝑝𝐼𝑠𝑐,𝑛 − (𝑉𝑃𝑉 + 𝑣𝑝𝑣)𝐼0,𝑛 exp (
𝑉𝑃𝑉+𝑣𝑝𝑣

𝑁𝑠𝑎𝑉𝑇,𝑛
) (A13) 

By taking the derivative,  

  
𝑑𝑝𝑝𝑣

𝑑𝑣𝑝𝑣
= 𝑁𝑝𝐼𝑠𝑐,𝑛 − 𝐼0,𝑛 (1 +

𝑉𝑃𝑉+𝑣𝑝𝑣

𝑁𝑠𝑎𝑉𝑇,𝑛
) exp (

𝑉𝑃𝑉+𝑣𝑝𝑣

𝑁𝑠𝑎𝑉𝑇,𝑛
) (A14) 

Assume the small signal of 𝑣𝑝𝑣 is much smaller than the steady state voltage 𝑉𝑃𝑉, i.e. 𝑣𝑝𝑣 ≪

𝑉𝑃𝑉, thus, (13) can be obtained.  

D.  Derivation of (17) 

According to Fig. 2-5, when switch is ON, inductor voltage is expressed by 

 𝑣𝐿 = 𝐿
𝑑𝑖𝐿

𝑑𝑡
   (A15) 

Since 𝑣𝐿 = 𝑣𝐶 during ON state of switch, (A15) can be re-arranged as 

 𝑑𝑖𝐿 =
1

𝐿
𝑣𝐶𝑇𝑂𝑁   (A16) 

where 𝑇𝑂𝑁 is turn-on time. And further as 

  𝑑𝑖𝐿 =
1

𝐿
𝑣𝐶𝐷 ∙ 𝑇   (A17) 

where 𝐷 is duty ratio and 𝑇 is switching period. Similarly, inductor current ripple during switch 

OFF can be derived as 

 𝑑𝑖𝐿 =
1

𝐿
(𝑣𝐶 − 𝑣𝑑𝑐)(1 − 𝐷)𝑇 (A18) 

So 𝐷 can be acquired by solving (A17) and (A18). 
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E.  Derivation of (18) 

 (A15) can be re-arranged as 

 𝑣𝐶 = 𝐿
∆𝑖𝐿

𝐷∙𝑇
   (A19) 

Thus (18) is obtained by re-arranging (A19) 

F.  Derivation of (19) 

From Fig. 2-6 the peak-to-peak capacitor voltage is shown as 

 ∆𝑉𝐶 =
1

𝐶
∫ 𝑖𝐶𝑑𝑡

𝑡4

𝑡2
 (A20) 

The integral of 𝑖𝐶 from 𝑡2 to 𝑡4 (T/2) is actually the triangular shadow area in the waveform of 

𝑖𝐶 and time span, so 

  ∫ 𝑖𝐶𝑑𝑡
𝑡4

𝑡2
=

𝑇

2
.
∆𝑖𝐿

2

2
 (A21) 

By putting (18) and (A21) into (A20), 

 ∆𝑉𝐶 =
𝑣𝐶𝐷

8𝐿𝐶𝑓2 (A22) 

Thus 𝑓 can be acquired by re-arranging (A22). 

 

 

 


