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POWER IMPROVEMENT OF WIND TU~INE BASED ON MAXIMUM 

POWER POINT TRACKING (MPPT) CONTROLLER 

ABSTRACT 

This thesis presents a modem controller for simulation of maximum power point 

tracking (MPPT) technique using boost converter for wind energy conversion system. It 

uses output voltage as feedback to regulate its output voltage to a desired value without 

steady state osci llations with the aid of Matlab ® & Simulink ®simulation software. The 

methodology is proposed by using modem controller for application of boost DC-DC 

converter system. It is implemented on the boost converter system by applying state space 

method. Modem controllers are simulated in closed loop system which consists of state 

feedback controller, optimal controller, state feedback with feed forward controller and 

integral controller. These modem controllers are simulated to analyze transient response 

and percentage of overshoot from boost converter output voltage. If the output system is 

observable, a full state observer can be implemented. All controllers are compared, which 

from this work it is proof that state feedback controller at Poles 250x is the best controller, 

whereby produces less error it is 0.002V error. 
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PENAMBAHBAIKAN KUASA TURBIN AN GIN BERDASARKAN PENGAW AL 

PENGESANAN TITIK KUASA MAKSIMUM (MPPT) 

ABSTRAK 

Tesis ini membentangkan pcngawal moden bagi simulasi teknik pengcsanan titik 

kuasa maksimum (MPPT) dengan menggunakan penukar rangsangan untuk sistem 

penukaran tenaga angin. Ia meng!:,'1makan voltan kcluaran sebagai rnaklum balas untuk 

mcngawal voltan keluarannya kcpada nilai yang dikchcndaki tanpa ayunan kt::adaan 

man tap dengan periswn simulas1 \ttatlab R & Simulink R. Metodologi ini dicadangkan 

untuk membangunkan pcngawal moden bagi apltkast untuk memngkatkan sistcm 

pcnukar DC-DC. Kawahm moden dilaksanakan pada sistem dengan menggunakan 

analisis ruang-keadaan. Simulasi pengawal modcn dilakukan dalam sistcm gclung 

tcrtutup terdu·i daripada ruang-keadaan, pengawal optimum, maklum balas kcadaan 

dcngan pengawal hadapan suapan dan pengawal integral. Semua kawalan moden ini 

disimulasikan untuk menganalisis tindak balas scmentara dan peratusan lonjakan bagi 

voltan keluaran pengubah h(){)Sf . .lika keluaran sistcm boleh dipantau, maka pcmantau 

kcadaanpenuh boleh dibangunkan. Sernua jenis sistcm pcngawal dibandingkan dan 

hasilnya didapati sistem kawalan suap balik ketika pole 250x menghasilkan ralat paling 

kecil iaitu 0.002V. 
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CHAPTER 1: INTRODUCTION 

This chapter explains the overview of the introduction, problem statement, objective, 

scope, motivation and project organization. 

1.1 Introduction 

Nowadays, one of the assorted renewable energy sources which is wind has emerged 

as an able contender, additional alone to solar energy. Wind energy designed to convert 

the wind energy into electric energy. Wind energy is favored in light of the fact that it is 

spotless, contamination free, expendable and secure (Vinod & Sinha, 2014). 

Among the electric generators, permanent magnet synchronous generator (PMSG) is 

adopted due its aerial efficiency. reliability, ability density, ablaze weight and self­

excitation features. Controlling PMSG to accomplish the maximum power point (MPP) 

can be done by changing its load. (Abdullah, Yatim, Tan, & Saidur, 20 12). The 

performance of various speed and the desired maximum energy output can be compare 

by using the maximum power point tracking (MPPT} algorithm. Thus, the 

implementation with boost converter by controlling the duty cycle of the converter the 

apparent load seen by the generator will adjust its output voltage and shaft speed. 

Besides that, it provides information for the design of the compensator. The most 

common modelling method for the converter is matrix-based technique. This state-space 

approach is a time domain model where the system is described by differential or 

difference equation. It greatly allows simplified mathematical representation of the 

system which is vector-matrix differential equation. This proses great advantage because 

it particularly suited for digital computer implementation due to their time-domain 

approach and vector matrix description. The modelling of dynamic model of Maximum 
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Power Point Tracking (MPPT) for wind energy system by using boost converters and 

state space approach would be explained in Chapter 3. 

1.2 Problem statement 

Wind energy can be amply found in our surrounding. However, its abrupt change 

nature poses major drawback to the wind energy conversion system (WECS). The 

drawback problem can be overcoming by implementation of control action like 

Maximum Power Point Tracking (MPPT) control. This control strategy allows to achieve 

the maximum power at any wind speed since the characteristic of the wind turbine is non­

linear. Hence, the efficiency of the wind turbine module is very low and the power DC 

load output depends on wind turbine mechanical movement. To achieve maximum power 

at any wind speed, it is commonly implemented through boost converter. 

DC output voltage of boost converter can vary depending on the application 

requirement. In any case, usually its output value is distorted because of oscillation, poor 

settling time and high steady-state error. Consequently, it causes negative effect on the 

transient response and reduce the general output voltage execution. Therefore, a controller 

needs to be developed in order to overcome mentioned issues. A modern controller that 

is based on state feedback controller, optimal controller, observable controller, state 

feedback with feed forward controller and integral controller is suggested to accomplish 

quickest transient response with no overshoot. 
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1.3 Project objective 

The objectives of this project are as listed below: 

• To design and simulate a model of modem controller via Matlab® and Simulink 

for the improvement of wind turbine. 

• To compare steady state, settling time, percentage overshoot and steady state error 

of modem controllers and observer with original boost system 

• To propose a modem controlJer for boost converter of wind turbine 

1.4 Scope of project 

The focus of this research is to monitor the output voltage of boost converter model. 

The MPPT technique is required to obtain maximum power point for voltage of wind 

turbine system. 

The modem controller theories are applied in this project and they are only based on 

Matlab® & Simulink® simulation approach. 

In particular, this project is done to find a controller that can provide fastest settling 

time, minimum percentage of overshoot and steady-state error~ 1. 

1.5 Motivation 

Conventional controls such as PI and /or PID controller, fuzzy and neural network 

has been applied to regulate the output voltage to desired value in current boost converter. 

Nonetheless, because of certain limitations, this regular method results in complex 

mathematical model, which is difficult to deal with. Therefore, as an alternative, state 

feedback controller, optimal controller, state feedback with feed forward controller and 

integral controller are suggested to reduce the complexity of the controller design. Since 
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it is time domain based, fast transient response with desired value is achievable. A full 

state observer is also applied to show that all initials state can be resolved. 

1.6 Project organization 

The project consists of five chapter. It is coordinated as follows: 

Chapter 1: Introduction 

This chapter gives overview of this project. It consists of introduction to the project. 

problem statement. objective, scope, motivation and project organization. 

Chapter 2: Literature Review 

In this chapter, introduction of wind turbine, MPPT, boost converter, theory of modem 

controller and observer are explained in details. Additionally, previous works by other 

researchers on similar subject are discussed to provide information on the current state of 

the technology. 

Chapter 3: Methodology 

Explanation on derivation of state space averaging technique, boost converter state 

space derivation and modelling are given. Furthem1ore, description on controllability and 

observability, andly<>is of poles location, controller gain and analysis of modem controller 

via Matlab® & Simulink® software are provided as well. 
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Chapter 4: Results and Discussion 

This chapter discusses on controller simulation results based on steady state, settling 

time, percentage of overshoot and steady-state error whilst observer is investigating the 

original boost system of the output voltage. 

Chapter 5: Conclusion 

In this final chapter, conclusion of the overall research project findings is presented. 

Suggestion for modern controller's techniques and improvements and recommendataons 

for further research is specified. 
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CHAPTER 2: LITERATURE REVIEW 

In this chapter, introduction of MPPT technique using boost converter for Wind 

Energy Conversion System (WECS), theory of modern controller and observer are 

explained in details. Additionally, previous works by other researches on similar subject 

are discussed to provide information on current state of the technology. 

2.1 Introduction 

An ideal converter converts the DC output voltage, Vo to a different level and delivers 

it as regulated output. Furthermore, Vo should be adjusted according to application's 

requirement. However, the desired output voltage is not always achievable in practical. 

The input voltage ofthe particular system should be helped by using switching technique. 

There are two switching modes available for selection, namely switch close mode or 

switch open mode respectively. Value of Vo also depends on the steady state duty cycle, 

0 of the switching frequency. Additionally, feedback controller is applied to the boost 

controller to rectify error at Vo automatically and to ensure output voltage is at the desired 

level. The combination of these components has resulted in the built of modern controllers 

(Abdullah et al., 20 12). However, the modern observer also include in this 

implementation since there are unknown parameter in the system. 

2.1.1 Maximum power point tracking control (MPPT) 

Due to problems like the depletion of fossil fuel reserves and concerns about the 

consequences of the usage of fossil fuel and nuclear energy source towards the 

environment. Wind generation system as a renewable energy source bad been attracting 
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wide attention. Nevertheless, although wind energy is abundant and can be easily found, 

it varies continually owing to the wind speed changes throughout the day. Amount of 

power output from wind energy conversion system (WECS) depends upon the accuracy 

in which the peak power points are tracked by the MPPT controller of the WECS control 

system irrespective of the type of generator used. The perturb and observation algorithm 

is used in the MPPT modelling. Figure 2.1 shows that the flow chart logic ofpcrturb and 

observation algorithm will apply. 

?\!PH."l U l lllt' l . l 

uf \ ;.. 1 ~. 

no 

Return 

Figure 2.1: Perturb and observation flowchart (Pallavi Beheral,2015) 
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Currently, MPPT have three control methods to extract the maximum power which are 

hill-climb search (HSC) control, tip speed ratio (TSR) control and power signal feedback 

(PSF) control respectively. 

2.1.2 Hill-climb search (HCS) control 

HCS technique tracks this point by comparing the previous and actual power in the 

curve making variations of a decided variable. Perturbation and observation arc the most 

parameters used in this technique used. The technique can be implemented in three ways 

by perturhing the rotational speed and observing the mechanical power, perturbing the 

inverter input voltage and observing the output power and by perturbing the DC-DC 

converter duty cycleD and observing the output power. 

2.1.3 T ip speed ratio (TSR) 

The t1p speed ratio is the relationship between the speed of the turbine blade and the 

speed of the wind. The power is a function of the wind and the rotor speed. When the 

TSR is optimal which is constant regardless of the wind speed, the derived energy wi ll be 

amplified. 

2.1.4 Power to Signal Feedback (PSF) 

The reference obtained from simulations or experimental tests will be the curve of 

rotational speed versus optimal power. To implement PSF technique, the maximum 

power is tracked by the shaft speed measurement and power reference. The method is 
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does not require the measurement of wind velocity. However, the drawback is the 

requirement of mechanical shaft speed and wind turbine output power measurement. 

2.2 Previous research 

(Odgaard, Hovgaard, & Wiesniewski, 2016) have proposed the operation of a wind 

turbine to stabilize the grid. The energy tally achieves maximum when following 

temporary boost commands for power distributed to the grid. More, it also limits on the 

rotor speed and generator power preceding a boost. This paper exhibits how a natural plan 

can control the turbine amid the lift and the resulting recuperation stage to such an extent 

that the dynamic vitality put away in the breeze turbine rotor is not to depleted to the basic 

low level. The research also has provided a widespread closed loop test with an industrial 

wind turbine simulator. 

An experimental comparative study for three phase single stage boost inverter for 

direct drive wind is presented by (Singh & Mirafzal, 20 16) in their research paper. The 

paper has suggested a power electronics interface topology for direct drive wind turbines 

(DDWT) to enhance the framework dependability and with possibility to diminish the 

extent of the permanent magnet (PM) generator. In the proposed topology, the matrix 

side voltage source converter in a conventional DDWT is supplanted by a three-stage 

single arrange help inverter. It will empower the utilization of a low-voltage generator 

and along these permits plan of a littler measured generator. A defmite unwavering 

quality examination current power electronic interface alongside that of the created 

interface is introduced. The legitimacy of the proposed framework is bolstered by a set of 

Matlab/Simulink re-enactments on the shut circle network tied system. 
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(Eviningsih, Putri, Pujiantara, Priyadi, & Purnomo, 2017) have evaluated the major 

problem of wind turbine systems which is to get the greatest power yield and to keep up 

the DC voltage at a constant value through the breeze variance. The paper has proposed 

method uses the output voltage and current of a rectifier to determine the duty cycle of 

the boost converter, without requiring the wind speed information and turbine 

characteristics. Besides that, maximum power extraction controller has a simple structure, 

low cost and a good response for various of wind speed. Thus, achieve a higher maximum 

power at 93.87% of an accuracy. 

(Trejos-Grisales, Guamizo-Lemus, & Serna, 2014) which evaluates the general 

overview of the main characteristics of the wind power systems, with the consideration 

on the simulation models and the most used Maximum Power Point Tracker (MPPT) 

techniques are made. Other than that, some simulation results are shown and conclusion 

about the work had been done. 

(Kumar & Chatterjee, 20 16) have reviewed merit, demerits and comprehensive 

companson of the different MPPT algorithms also highlighted in the terms of complexity, 

wind speed requirement, prior training, speed responses and the maximal energy output. 

Thjs paper serves as a proper reference for futu re MPPT users in selecting appropriate 

MPPT algorithm for the requirement. 

(Jeong, Seung, & Lee, 20 l2)have proposed method to improvised the maximum power 

point tracking method for wind power system. Two combination method are proposed 

using TSR and Hysteresis control. The result has shown that the controller does not 

interfere wi.th each other and they provide excellent performance. 

10 
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2.3 Research theories 

This section explains about the theory of wind turbine system modelling, maximum 

power point tracking (MPPT) modelling and DC-DC boost converter which consists of 

state space representation, state feedback controller, optimal controller, state feedback 

with feed forward controller, integral controller and full state obsetver. Mathematical 

theory of each controller is also discussed in details. 

2.3.1 Basic block diagram 

Figure 2.2 shows the block diagram of the proposed system for applying MPPT 

method. A DC/DC boost converter is used at the output terminals of the rectifier. MPPT 

control signal is given to the boost converter which wi II accordingly boosts up the voltage 

across the load resistor. A PWM bridge inverter is used at the load side. The main purpose 

of the rectifier is to deliver a DC voltage signal to the converter, so some control action 

can be made. 

lltX'"'" 
:\IPPT conttol lJ 

LOlli Side CDm"Mer 

coarrol 

Figure 2.2: Block diagram of the WECS (PaiJavi Beheral, 2015} 
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2.3.2 Wind turbine characteristics 

Wind turbines convert the kinetic energy present in the wind into mechanical energy 

by means of producing torque which is injected to a generator. Three main parts of wind 

energy system are the rotor, generator and structure. the three indicators that varying with 

the wind speed which characterize the performances of a wind turbine which is power, 

torque and thrust. 

The power contained in wind P wmd is listed as below; 

1 3 
Pwind = 2 pAV (2. 1) 

Power extracted by the wind turbme Pm is 

(2.2) 

Where~ 

Pm = Mechanical power in the moving air (Watt) 

p = Air density (kg/m3) 

A = Area swept by the turbine blades (m2
) 

V = Velocity of the air (m/s) 

Where Cp is the turbine coefficient. It is transcendental function of blade pitch angle 

(p) and the tip speed ratio (A.). 

Zl 

Cp = 0.5 c;i6 - 0.4p - 5) eAt + 0.0068A (2.3) 

1 1 - = --0.035 
At A 

(2.4) 
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A.= wR 
v 

(2.5) 

Where, c.o is the rotor speed, R is the turbines radius.~ is flXed by the shape of turbines 

blades. Thus Cp can be expressed as a function oO .. only. A typical Cp (A.) curve is shown 

in figure 2.3. 

Figure 2.3: Turbine power coefficient(Pallavi Beheral, 2015) 

Power output of the generator Pc; 

(2.6) 

Where ll is the generator efficiency. 

Using the relation (2.2)- (2.6) it can be inferred that at any particular wind speed, the 

generator outputs maximum power at a specific rotor speed. By controlling the duty ratio 

of the intermediate boost converter, the load resistance referred to the generator terminals 

is varied along with the changes in wind, such that maximum power is extracted 

continuously. 
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2.3.3 Boost converter 

Boost converter known as a step-up converter is placed to obtain maximum output and 

always greater than input. It able to step up the voltage without a transformer. Boost 

conve1ter can be operated by close or open the switch depend on the output requirement. 

The output voltage to the load or resistor must always be greater than the input voltage. 

Boost converter provides high efficiency due to a single switch in the circuit. 

(2.7) 

The values for the various components of the boost converter are calculated using the 

following equations 

L = V1 (Vo-Vt ) 

lllLfsVo 

C 
t0 D 

min = 
fsl!.Vo 

(2.8) 

(2.9) 

(2.10) 

Where, V1 is the input voltage, V0 is the output voltage, 10 is the output current, D is 

the duty ratio, L is the inductance, Cmin is the minimum value of capacitance required, 

llft is the ripple current, fs is the switching frequency. 

2.4 Mathematical theory 

This section explains in detail about theory of state space representation, state feedback 

controller, optimal controller, state feedback with feed forward controller, integral 

14 

Univ
ers

ity
 of

 M
ala

ya



controller and full state observer. More, mathematical theory of each controller and 

observer are also discussed in details. 

2.4.1 Introduction to state space representation 

Modem control theory or also referred to as state space analysis is a method for 

modelling, analyzing and designing a wide range of systems. These systems can typically 

be described by differential equations. The advantage of state-space analysis is that it is 

applicable on non-linear system as well as MIMO systems. A state space analysis is easily 

computed using advanced digital computer program such a!> Matlab® software. HO\h!ver. 

before one can proceed to create model and simulate the DC-DC converter, 1t is essential 

to obtain the appropriate state space equation first (Y aramasu, Wu, Sen, Kouro, & 

Narimani, 2015). 

2.4.2 Introduction to state space averaging technique 

State space averaging is a generic method in which circuit that changes over a 

switching period are described. 

x =Ax+ Bu (2.11) 

y = V0 = Cx + Eu (2.12) 
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u y 

Figure 2.4: State space representation 

Where A is called the state matrix, B the input matrix, C the output matrix, u is input 

and y is output. A block diagram represented of Equations 2.1 1 and 2.12 is shown in 

Figure 2.4 (Ogata, 201 0). 

Within this project, E -= [0] and thus will be ignored for mathematical analysis. 

However, it Matlab m-filc analysis, D is represented as E since the capital D is not used 

with Matlab commands. 

In case of a switch closed-model, following equations are implemented: 

(2.13) 

V0 = C[x (2.14) 

When it is switch open model, below equations are implemented 

(2.15) 

v0 = C[x (2.16) 

Time dT represents switch closed while (1-d) T represents switch open and weighted 

average equations is given below, 
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(2.17) 

V0 = ( C[ X + C[ (1 - d) ]X (2.18) 

Thus, the general forms to describe an average state-variable of the system are as 

shown below, 

(2.19) 

(2.20) 

C = C[x + C[(l- d) (2.21) 

2.4.3 Controllability 

Controller is designed to allow dedicated system to sustain its output voltage. Hence, 

due to its role as one of the controller's major component, boost converter needs to be 

administrable to ensure that the system's state space can derived. 

The controllability matrix Me is constructed from matrices A and Bas shown below 

in Equation 2.22. 

Me= [ B AB ... ... . A11
-

1 B] (2.22) 

In above equatitm, n is the order of the system. The system is only fully controllable if 

Me is a full rank matrix, which means that the determinant of Me is not allowed to be 

zero. Otherwise, the system is no longer controllable. 
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2.4.4 State feedback controller 

The first step in designing a state variable requires the assumption that all states are 

variable for feedback and they are able to access complete state x(t) for all t. system input 

u(t) is given by below equation: 

u= -Kx (2.23) 

Determining the gain matrix K is the objective of state feedback design process. Figure 

2.5 shows block diagram of a state feedback controller, where K is feedback gain. 

u y 

Figure 2.5: State feedback controller 

As derived from the above circuit model, a closed loop system equation is 

i = (A- BK)x (2.24) 

y = (C-EK)x (2.25) 

Next, pole placement and optimal control technique will be presented to determine the 

feedback gain matrix K. 
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2.4.5 Pole placement technique 

The full state variable feedback control technique is a technique in which the concept 

of feeding of all state variables back into the admission of a system via a fitting feedback 

matrix in the control strategy. Via this method, the aimed location of the closed loop 

eigenvalues (poles) of the system will be specified. For this research purposes, the design 

of a feedback controller that is capable of moving some or all of the open loop poles of 

the measured system to the specified close loop pole location is being aimed. This method 

is commonly known as the pole placement control design and it is utilized in controller 

design due to its ability to bring system stability, set point tracking and reject disturbance. 

For state feedback controller, the closed loop characteristic can be determined by (Ogata, 

2010) 

IJ.l- (A- BK) I = 0 (2.26) 

In order to determine the value of gain matrix K, the desired poles need to be placed. 

The number of desired poles depends on the system order. For a system that has an n­

order, the poles arc n, and the characteristic equation can be written as show below (Ogata, 

2010) 

(s-p1)(s-p2) ...... (s-pn)=O (2.27) 

Matrix K can then be determined by comparing coefficients between characteristic in 

Equation 2.26 and 2.27 and the value is used in Figure in the previous page. In addition, 
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matrix K also can be determined by using matrix A in Mat lab® & Simulink command as 

shown below in Equation 2.28(0gata, 2010) 

eig (A) (2.28) 

2.4.6 Optimal control technique 

The design of optimal control is paramount in control engineering. The design is 

utilized to accomplish a system with practical components that is capable of producing 

aspired operating performance in the future. Systems that are adjusted to provide minimal 

performance index are commonly addressed as optimal control system. It is accomplished 

through the adjustment of Ole system parameters so that the index reaches an extreme 

value, which is typically a minimum value. 

Via this approach, the stabi lity in the system is achieved through the detem1ination of 

feedback gain matrix that minimizes J. The mathematical equation is as follow (Ogata, 

2010). 

(2.29) 

In Equation 2.30, matrix Q can be derived as follows: 

(2.30) 

The value of Q and Rare definite positive and in order to solve optimization problem 

over a fin ite time interval, algebraic Ricatti equation is the most frequently used(Ogata, 

2010). 

(2.31) 

(2.32) 
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In the above equations, P is symmetric, positive definite matrix and K is the optimal 

gain that is used in state feedback controller design. 

In the next section, state feedback with feed forward controller will be explained. 

2.4.7 State feedback with feed forward controller 

State feedback with feed forward controller can be substantially enhance the result of 

state feedback output dUling major measurable disturbance occurance before it alters the 

output process. Furthermore, it is capable of completely eliminating the effect that 

measured disturbances pose on the process output. The calculation of the state tcedback 

controller gain, K is explained in previous subchapter 2.6, whereas the feed forward gain, 

N is calculated as shown below in Equation 2.33. the matrix value of the system is 2 
< 
~ cc 
LU . .... ~ ::> >: a: 

substituted in below equation, where I is the identify matrix (Ogata, 201 0). 

::> -' 
(2.33) ( 

~ 

z t: 
<( (/) 

0::. 
~ 

UJ 
> c 
2 I-

(/) :::::> 
::> 
a. The result is divided into values, namely one for scalar Nu and another one for Nx in 
0: 

matrix form. Then, Equation (2.34) is used to calculated N value, where K value is as L 

calculated in state feedback controller system. 

N = Nu + KNx (2.34) 
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Figure 2.6 shows the block diagram for state feedback with feed forward controller block 

diagram (Ogata, 2010). 

v y 

Figure 2.6: State feedback with feed forward controller 

2.4.8 Integral controller 

A frequent main disadvantage that take place in the midst of the design phase of a state 

feedback controller by using pole-placement is large offset. Consequently, integral 

control is added to oust the offset in the response to the step input. Additionally, the 

integral control can also add value to the robustness of the system. The value gain, K 

comes from outside the feedback loop. The overall system is quite sensitive to outside 

elements such as noise or disturbance. Therefore, both integral control and state feedback 

with feed forward controller will unify their functions to achieve robustness from these 

external disturbances. The block diagram of an integral controller shown in Figure 2.7. 
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r _ f"'\v y 

• • 

Figure 2.7: Integral controller 

The controller state space's mathematical models are represented as fo llows: 

x = Ax+ Bu (2.35) 

v =-ex- Eu+r (2.36) 

u = -(K - N] [~] (2.37) 

y = Cx + Eu (2.38) 

Where, 

x = state variable 

v = integral input 

u = state feedbJ~k with feed forward controller 

y =output 
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The new gain N and matrix K are computed through the substitution of matrix A, B, C 

and E in the matrix Equation 2.39. as shown below: 

(2.39) 

Result from equation 2.39 will produce a new matrix A and B. Next the value for system 

K is derived from following equation: 

(2.40) 

After that, the substituted characteristic polynomial is compared to the desired eigenvalue 

by using Equation 2.26 and 2.27 and K value can also be determined. The value of - K3 is 

the forward gain and the value of K1 and Kz is the feedback gain. The equations are 

follows: 

(2.41) 

(2.42) 

When enforced in this controller, the compensated system becomes Equation 2.43 as 

shown below: 

{2.43) 
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2.4.9 Observability 

Observer is a dynamic system utilized to evaluate the state of another dynamic system. 

It gives feedback given knowledge of the system inputs and measurements of the system 

outputs. ln order to see what is going on inside the system under observation, the system 

must be observable at the first place. A system is completely observable y(t) given the 

controlu(t). 0 1 g . 

The system is entirely observable when this is true regardless of the initial time and 

state. The observability matrix, Mo is constructed from matrix A and C in the following 

matrix. 

[ 
c l CA 

Mo = : 

CA~- 1 

(2.44) 

Where n is the order of the system. The system is fuJiy observable if matrix Mo is a 

full rank. In other word, the system is completely observable when the determinant of the 

observability matrix Mo is non-zero. Besides, the system is also detectable when it is 

completely observable. 

2.4.10 Full state observer 

Observer is used to estimate states of a system. The same pole-placement techniques 

as used in controller design can be used. Poles of the observer were changed deliberately 

to test how the performance of the observer varied. 
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Figure 2.8 iJlustrates how the observer estimates the states of the system. i, x and y 

represents the estimated values. The output yis compared to the output of the system. If 

any differences are found from the comparison, it will be multiplied with an observer 

matrix gain, L and feedback to the state estimator dynamics. 

Input 

Figure 2.8: FuU state observer 

The calculation of full state observer is: 

x- £=(A- LC)(x- x) 

Output 
system 

Output 
observer 

(2.45) 

The characteristic equation of the full state observer system can be derived from: 

lsi - (A - LC) I = 0 (2.46) 
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2.5 Summary 

Modern control method is used to analyze the performance of boost converter by 

using state feedback controller, optimal controller, state feedback with feed forward, 

integral controller and full state feedback observer. These methods have been used 

previously by many of researchers. In this chapter, some of the earlier researches work 

conducted by researchers all around the globe is presented. Then, background theories 

about boost converter are being explained in this chapter. These theories· contribution 

and support are vital during the design phase of the boost converter. Besides, state space 

averaging technique will be used to design the boost converter. The controller and 

observer can only be implemented after its controllability and observabil ity test are being 

conducted. This process is also explained in this chapter. Additionally, modern controllers 

also require gain. Pole placement technique is used to find gain of state feedback 

controller. From this finding we choose modern controller analysis to improve settling 

time and overshoot in Chapter 3. 
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CHAPTER3:METHODOLOGY 

Explanation on derivation of state space averaging technique, boost converter state 

space derivation and modelling are given in the chapter. Description on controllability 

and observability, analysis of poles location, controller gain and analysis of modem 

controller via Matlab® & Simulink® software are provided as well. 

3.1 Introduction 

Based on the overview of converter controllers that arc presented in previous chapter, 

it is found that there are Jess studies conducted on boost converter by using modem 

controllers. It is found that only PI, PID and fuzzy controller as used as a controller. It is 

hoped that this project could serve as valuable source for future, researchers and 

developers of modem controller for boost converter. 

3.2 Flow of the project 

There are five different phases implemented within this project. In the next page, 

Figure 3.1 shows the Oow chart of the project methodology. It started with mathematical 

modelling, then it continues with controllability and observability characteristic. The next 

step is to deteiTnine poles location before analyzing with simulation and analysis result. 

In mathematical modelling phase, state space of boost converter is derived and defined. 

Besides that, minimum current flow through inductor is also verified. As the next step, 

state space equations are used to check the controllability and observabi lity of the boost 

converter. The poles locations are determined after the system is found to be controllable 

and observable. These poles location is used to find gain in modem controllers and 
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observer. In order to simulate both modem controller and observer, their gains value are 

inserted into respective Simulink model. During verification and validation phase, results 

from open loop and closed loop boost converter are analyzed. Finally, the results are 

compared and discussed to determine finalize the best controller performance. 
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NO 

Wind turbme modellmg 

MPPT P&O modelhng 

DC-DC boost converter 

Boost converter 

Mathemabcal modelhn~ 

Determme poles 

location 

Sunulabon 

Full state feedback controller 

Opbmal Controller 

State feedback wtth 

feed forward controller 

Integral controller 

Full state observer 

Open loop and 

Closed loop analysts 

Figure 3.1: Flow chart of project methodology 

NO 
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3.3 Derivation state space 

State space averaging technique is instrumental in refining transfer functions for 

switched circuit such as DC-DC converters. Hence, steps to derive state equation for boost 

converter is explained. Figure 3.2 shows model ofboost converter circuit, whereas Figure 

3.3 shows boost converter operations when switch is closed. 

L1 il . . 01 

~-----·~ A ~--~--~~r------~------~--~ 

MOS 
" VI 

' ..:( <: 
. 

::> 
<( 
>-

) ~ 
<( 

::E Figure 3.2: Boost converter circuit 

z t=: 
<; en 

0: 

L1 

~ 
UJ 
> ..:{. z t-

(f) :::> 
::J 

• 0.. 
VI rr 

C1 VC1 

Figure 3.3: Boost converter when switched closed 
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From Figure 3.3. Kirchoffs voltage law equation loops that can be derived are as fo llows 

(W. Hart, 2011). 

VLl =Vi 

Ll diLl = Vi 
dt 

diL1 Vi - =-
dt Ll 

While Kirchoffs current law equations are follows: 

ict = 
Vo 

RL 

dVc1 _ -~ 
dt RL•C1 

(3. 1) 

(3.2) 

(3.3) 

(3.4) 

(3.5) 

(3.6) 

(3.7) 
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Following Figure 3.4 shows the operation of boost converter when it is switched open. 

L1 

Vi 
VC1 

Figure 3.4: The boost converter when it is switched open 

For the case when it is switched open. Kirchoffs voltage law equations are as follows 

(W. Hart, 2011) 

VLl =Vi-Vo 

Ll diLt _ v· v 
-- L- Cl 
dt 

diLl Vi- Vc1 -=--
dt L1 

(3.8) 

(3.9) 

(3.1 0) 

(3.11) 

Likewise, Kirchoff's current law equations are shown below (W. Hart, 2011) 

iLl = ic1 + io (3.12) 

(3.13) 
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. • Vo 
Let= LLt -­Rt 

Cl dVe1 = . Vet 
dt lLt- R; 

dV et it.t V Cl -=----
dt et Rt•Cl 

(3.14) 

(3.15) 

(3.16) 

Thus, from Equations 3.8 to 3.11 and 3.12 to 3.16, the steady state ofboost convert·er 

can be derived as follows (W. Hart, 20 I 1) 

dit1 = Vi (d) + [Vi-Vel] (l _d) = ~ _ Ve1 (l _d) 
dt Ll Ll /.1 Ll 

(3.17) 

(3.18) 

OtheiWise the above state can also be transformed into matrix as below which assume 

(1- d) = D, (W. Hart, 2011) 

x= [ d~~l] dVe1 

dt 

[ 
D l 0 --

1.1 
A= D 1 

et Rt•et 

X= [iLl ] 
Vet 

[

Vi" 

B = ~tj · 

(3.19) 

(3.20) 

(3.2 1) 

(3.22) 
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For steady state operation, the net change in inductor current must be zero. The 

relationship between output voltage (Vo), input (Vi) and duty cycle (D) is (W. Hart, 2011 ); 

vo 1 -=-
Vi 1-D 

The average current in the inductor is figured by (W. Hart. 20 ll) 

• Vi 
L -
!.l - (1-D)ZRL. 

In order to find period (T) · 

1 
T=­

f 

(3.23) 

(3.24) 

(3 .25) 

Minimum and maximum inductor current are determined by using the average value and 

the change in current values (W. Hart. 20 I 1 ). 

Vi Vi•DT 
I - +--'nax - (l -D)2 Rt. 2•1.1 

(3.26) 

Vi Vi•DT 
lmax = (1-D)2RL.- -2-·1.-1 (3.27) 

The mmimum Cl"'mbination of inductance and switching frequency for continuous current 

in the boost converter is represent in following equation (W. Hart, 2011) 

(3.28) 
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The output voltage Vo is determined from equation (W. Hart, 2011) 

Vo = Vc1 (3.29) 

The above Equation 3.29 is valid for both switch positions, resulting inC[ = CJ = C 

c = [0 1] (3.30) 

and 

X= [.!.!:J..] 
Vet 

(3.31) 

3.4 Analyzing of state space modelling 

Parameter used in the boost converter system are presented in Table 3.1. 

Table 3.1: Boost converter circuit (Pallavi Beheral, 2015) 

Parameters Values 

Vi l2 .3 1V 

Vo 24.27V 

Ll lOOmH 

Cl l80f.1F 

RL 50{) 

f 50kHz 
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From the equation 3.23, duty cycleD can be calculated by inserting all related parameters 

required as follows: 

Vo 1 

Vi 1- D 

D = 0.5 

All parameters assigned for boost converter are exploited in identifying state space 

matrices, as depicted below 

A=[~ 
Cl 

A=[~ 
18011 

0.5 l -100m 

- (50)(~80!1) 

[ 0 -5 ] 
A= 2.78k -111.11 

[
Vi] 

B = ~1 

c = [0 1] 
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The value of state space duty cycle, D is 0.5. Equation 3.24 is revisited to find the 

average current in the inductor. 

. Vi 
Lr..t = (1-D)ZRL 

i1..1 = 0.98A 

Equation 3.25 is revisited to find the value of time period. T: 

1 
T=-

f 

As mentioned before earlier, this converter is required to be operated in Continuous 

Conduction Mode, CCM. Therefore, both equation 3.26 and 3.27 are revisited and all 

parameters are substituted. 

In order to find lmw., 

Vi Vi* DT 
I max = ( 1 - D) 2 R '- + 2 * L 1 

lmax =0.981 A 

In order to find lmtn, 

Vi Vi* DT 
lmax = (1- D) 2Rr.. - 2 * L1 

lmax =0.978 A 
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From the result collected, it shows that Ima.T and Imm do not reach zero, and this is 

acceptable proven that this boost converter is in CCM. 

Equation 3.28 is revisited to check minimum combination of inductance and switching 

frequency for continuous current in the boost converter as shown below: 

As stated in the circuit parameter information, value of inductor LJ- I OOmH is enough 

to meet boost converter specification since it is higher than the minimum requirement 

value Lmm 62.5 f.! H. 

Up to this stage, all matrices needed for boost converter modelling have been successfully 

developed and this information is then used to verify controllability, obscrvability as well 

as to determine location of the poles. 

3.5 Analyzing of controllability 

A boost converter is considered fully controllable if its Rank [Me] = 2 or determinant 

[Me]* 0. Hence, Equation 2.12 is revisited to conflT111 the controllability of the boost 

converter. 

Me= [8 AB] 

[ 0 -5 ] [123.1] 
AB = 2.78k -111.11 0 
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[
123.1 0 ] 

Me = 0 342.22k 

IMcl = 42.13X106 

From the above equations, Rank [Mel = 2 and IMcl = 42.13x106 * 0. These !indmgs 

prO\ ed that c0ntr0llabiht} principles and requirement are met and thus concludes that 

boost comc11cr is fu ll y controllable. 

3.6 Analysis of observability 

A boost converter is considered fully observable if its Rank [M0 ] = 2 or d..;terrninant 

[Mo] * 0. Hen~c. Equnti('lll 2.34 is r.!\isited to test thl.! obsen ability ora boost COil\l.!rtcr. 

-5 ] 
-111.11 

CA = [2.78k -111.11] 

IMol = -2.78k 

From the above equations, it was shown that Rank [M0 ] = 2 and IMol = -2.78k * 
0. The result shows the ob.;ervability principles and requirement. Hence. it can be 

concluded th<~ t the boost is fully observable. Apart from the above deployed methods, 

boost converter contro llability check can also be performed b) us ing Matlab19 & 

Simulink software tool s. 
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Since both controllability and observability ofboost converter had been proven, both 

controller and observer are ready to be implemented on the boost converter. Therefore, 

as the next step in the analysis process. the poles location of the system will be obtained. 

3. 7 Analysis of poles location 

Poles location or eigenvalues of boost converter is defined by below equations: 

Is/- AI= 0 

s 2 + lll.lls + 13900 = 0 

Then poles value arc determined by using Matlab & Simulink software tools. Based on 

Matlab & Simulink calculation result, poles ofboost converter are located at: 

Ptz = ( -55.555 ± 103.99i) 

3.8 Calculation of state feedback controller 

Pole placement and optimal control technique are presented in this project to retrieve gain 

value uf state fe,.dback controller. 
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3.9 Pole placement technique 

Poles location for boost converter had been calculated in the previous step. Thus, in 

the s-plane, poles are located at ( -55.555 ± 103.99i). There are altogether three groups 

of pole placement to be designed and compared the effect of pole placement more to the 

left in s-planc They are Poles 150x. Poles 250x and Poles 350x table 3 2 shov. s the 

details of the tlm:e groups or poles placements. 

Table 3.2: Pole placement group 

Poles &rroup Pole Placement 

Pl P2 

Poles 150x -8333.25 -8333.25 

Poles 250x -13888.75 -13888.75 

Poles 350x -1 9444.25 -19444.25 

The closed loop characteristic is recaJJed and Equation 3.26 is revisited to ftnd the 

feedback controller gain matrix, K. 

l/.1 - (A - BK) I = 0 

l[s 0] [ 0 -5 ] [123.1] 1 
0 .) - 2.78K -111.11 + 0 [k1 kz] = 0 

s 2 + (111.11 + 123.1k1)s + 13677.64k1 +342218k2 + 13900 = 0 
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k1 + k2 characteristic equation of the new pole placement is determined by revisited 

Equation 2.17. hence poles at Poles 150x characteristic equation can be written as follows: 

(s + 8333.2S)(s + 8333.25) 

s 2 + 16666.Ss + 69.443x106 = 0 

Coefficient in Equation 3.32 and 3 33 are the compared to find value of k1and k2 . 

111.11 + 123.1k1 = 16666.5 

kt = 134.49 

Next, substitute k1 = 134.49 to fmd k2: 

13677.64k1 +342218k2 + 13900 = 69.443x106 

13677.64(134.49) +342218k2 + 13900 = 69.443x106 

k2 = 197.54 

The feedback gain for Poles 150x is as described below: 

K = [k1 kz] = [134.49 197.54] 
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The same approach is repeated to determine feedback gains for Poles 250x and Poles 

350x. the gain Kl, K2 and K3 are represented for Poles 150x, Poles 250x and Poles 350x 

respectively. 

The feedback gain determined for each group is recorded in Table 3.3 as shown below: 

Table 3.3: State feedback controller gain for designated pole placement 

Poles group State feedback controller gain. K 

k, k2 

Poles 1 50x (Kl ) 134.49 197.54 

Poles 250x (K2) 224.75 554.68 

Poles 350x (K3) 315.01 1092.2 

During this initial stage, all state feedback controller gains based on pole placement 

technique have been successfully calculated and recorded The best compensated output 

voltage is then obtained from the best pole placement group. On that account, Matlab & 

Simulation tools are used to analyse the output voltage. In the coming sub section, 

calculation of state feedback controller gain based on optimal control technique is 

presented. 
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3.10 Optimal control technique 

Linear quadratic cost function is recalled: 

On the other hand, matrix Q can be derived from: 

Q = cr c (3.34) 

Matrix C is substituted to dcte1mine matrix Q as depict in below equations, 

Q = [0 1]T[O 1] 

Q = [~] [0 1] 

Q = [~ ~] 

Cost function is minimized by manipulating state and leaving input as default R- [ 1]. 

Next, Equation (2.3 1) is recalled. Matrix P is then calculated by using Recatti equation 

and all related matrices are substituted: 

-5 ]T rPu P12] + rPu P12] [ 0 -5 ] 
-111.11 Lp21 P22 LP21 P22 2.78K -111.11 

_ rPll P12] [123.1] [1]-1 [123.1]T [Pu P12] + [0 0] = 
lp21 P22 0 0 P21 P22 0 1 O 

45 

Univ
ers

ity
 of

 M
ala

ya



Matrix P is solved by using Matlab LQR function as depicted in below equation: 

P = [4.6665x1o-z 
5.9351x1o-3 

5.9351x1o-3 ] 

11.8309xlo-3 

Afterwards, Equation 2.22 is recalled to calculate state feedback controller gain based on 

optimal control technique. All parameters are substituted as shown below: 

K = [1]_1 [123.1]r [4.6665x10-2 

o 5.9351x1o-3 
5.93Slxlo-3 ] 

11.8309xlo-3 

K = [5.7445 0.73061] 

The K value can be determined by using Matlab m-fUe. It will be used in Matlab & 

Simulink software to analyze the output voltage. 

3.11 Calculation of feed forward controller gain 

The gain, K for this state feedback will still be using a pole placement technique. 

Therefore, in controller, K3 = [315.01 1092.2] has been chooses as feedback gain. 

Once again Equation (2.23) is recalled to find out the Nx and Nu value. 

-5 
-111.11 

1 
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Finally, theN value is obtained after Equation 2.24 is revisited. 

N = Nu + KNx 

N = 0.04 + [315.01 1092.2] [3 ·996~xto-2 ] 

N = 1104.8 

The N value can also find from Matlab m-file. It will be used in Matlab & Simulink 

software to simulate and analyze the output voltage. As next step, the integral controller 

design will be analy-zed. 

3.12 Calculation of integral controller gain 

Integral controller is implemented to eliminate external element by tracking the whole 

system feedback. Thus, the new gain K and N need to be obtained. Equation 2.37 and 

2.39 are rev1sitt.d to fmd the new matrix A and B before the new gain can be obtained. 

After Equation2.29 is revisited, the new matrix A and Bare obtained. After Equation2.29 

is revisited, the new matrix A and B are obtained in form: 

x =Ax+ Bu 

47 

Univ
ers

ity
 of

 M
ala

ya



[
123.1] 

B = 0 
0 

The new K is described as follows: 

K = [0.04513 8.1271x1o-7 -0.22565] 

As per explained is subchapter 2.9, both K and N values are written as, 

K = [0.04513 8.1271x1o-7] 

N = -0.22565 

Afterward, full state observer design will be analyzed as the next step. 

3.13 Calculation of full state observer gain 

ln order to find observer, gain L, Equation 2.46 is recalled to detcnninc characteristic 

equation of a full state observer. 

lsi- (A- LC)I = 0 

s2 + (111.11 + l2)s + 13900 + 2.78kl1 = 0 
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The characteristic equation of Poles 150x is given below: 

(s + 8333.25)(s + 8333.25) 

s 2 + 16666.5s + 69.443x106 = 0 

The characteristic equation of Poles I SOx are compared to find £1 and £2 : 

·13900 + 2.78kl1 = 69.443x106 

l1 = 24978 

111.11 + l2 = 16666.5 

£2 = 1.6555x104 

The observer gain, L for Poles I SOx is: 

L = [lt] = [2.4978x104
] _ 

l2 1.655Sx104 

The observer gain matrix, L can also be computed by using Matlab & Simulink 

software. 

The same method is repeated to determine the observer gains for Poles 250x and 

Poles 350x. the observer gain for each group ir recorded in Table 3.4. 
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Table 3.4: Full state observer gain for designated pole placement 

Full state Pole Placement 

observer gain, L Poles 150x Poles 250x Poles 350x 

ll 2.4978x l04 6.9386x l 04 1.36x l05 

£2 1.6555xl 04 2.766xl04 3.8777x l04 

The full state observer gains are calculated, simulated and recorded. Matlab® & 

Simulink simulation is used to analyze output voltage of both boost converter contro ller 

as well as observer. However, only Poles 250x (l2) is selected to be investigated as 

observer output result. After all, required values to design the controller and observer arc 

successfully determined, the next step is run simulation of the controller and observer 

design. 
• <t 

>-
<( 
_J 

<( 

~ 

z i= -Cl1 

3.14 Simulation block diagram 
LU 

> 
z 

Once all components for the design are determined, design of boost converter 
:::> 

controller and observer are tested by using Matlab® Simulink simulation application. 0.. 

Two kind of system activation are tested, namely open loop system and closed-loop 

system. Results obtained between the two system types are analysed and compared to find 

the one with the best characteristics. 
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3.14.1 Wind turbine system 

Figure 3.5 is illustrated Simulink model of the wind turbine. There are three which is 

generator speed (wr _pu) in pu for the nominal speed of the generator, the pitch angle in 

degrees and the wind speed in mls, the tip speed ratio of lambda, A. in pu of nominal 

lambda A. nom is gained by the separation of the rational speed and the wind speed in pu of 

the base wind speed. The output is the torque applied to the generator shaft. The fixed 

wind speed is 12 m/s suitable for wind turbine system (Trejos-Grisales, 20 14). 

1~-1 -

Figure 3.5: Simulink model of wind turbine system 
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Figure 3.6 illustrated the Simulink model for boost circuit from the wind turbine system 

in figure 3.5. The SimuJink model for boost is come from the block in red dash at Sirnulink: 

model at wind turbine. 

r fJ -
Ck'b I 0 I l_ 

L_I{D 
Curt .... ........ ,...,. p ...... 0.000 l 

-lllCII<OI'<h ~ c .,. 
........ 

I 
. 

0 e ...., -

Figure 3.6: Simulink model of boost circuit 
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Figure 3.7 shows that Simulink of MPPT from the main Simulink model of wind 

turbine from figure 3.5. The red dash is the part of Simulink model for MPPT. 

6 1 
~ 

0 

[B 

Figure 3.7: Simulink model of Maximum Power Point Tracking (MPPT) 
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3.14.2 State feedback controller 

~--------~·u,~-------~ 

K 

Figure 3.8: State feedback controller 

The Simul ink'RJ model is shows in Figure 3.8 after added the state feedback control 

3.14.3 State feedback with feed fonvard controller 

Figure 3.9 indicates feed forward gain, N position is at the beginning of system in 

block diagram. By using po le place method can find the value of gain K. In this method 

value at poles 350X is being considered . 

Figure 3.9: State feedback with feed forward controller 
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3.14.4 Integral controller 

Design of the Simulink block diagram for integral controller is having an integrator 

after summing junction point. The feedback from system output is placed before the 

integrator with summation point as detail in figure 3.1 0, Apart from overseeing the entire 

system, this structure is also used to guarantee output values are still as the same as input 

values. 

L--- 4 
K 

Figure 3.10: Integral controller 
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3.14.5 Comparison of modern controller 

There are four types of controller that are involved for the comparison of modern 

controllers which are made up of state feedback controller, optimal controller, state 

feedback with feedforward controller and integral controller. The investigated modern 

controllers are combined in one single Simulink block diagram for a better comparison. 

The entire signals from each controller are displayed in the same scope. The configuration 

ofSimulink block diagram is shown in Figure 3.11. 

CJ ~ s;;•-••.:rr_.t::;;;~~:~: ... . 

~ 0 . 
~ ·,t 1!} -{;>- .. "' t>-l_jJ 

J l- t . 

Figure 3.11: Comparison of modern controller 
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3.14.6 Full state observer 

The combination ofboost converter and full state observer in one block diagram is shown 

in Figure 3. 12. The back-state value used in the feedback control are estimated via the 

full state observer. Output value measured at Scope 1 must be equal with output value 

measured at Scope 2 

_r B Slul> 

IIC<IJ.IV't 

" 

t B 81 

~ 

A1 

Figure 3.12 : Full state observer 
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3.15 Summary 

In the beginning of this chapter, flow chart is presented to summarize flow and 

procedure that take place within this project. Mathematical modelling shows that 

parameter applied on the system meet standard project requirement. The boost converter 

is designed to be presented in steady state f01m. Since it is required to be operated in 

CCM, minimum current of iL need to be guaranteed. Boost converter state space model 

is derived to check system controllability, observability and poles location. Value of gain 

K in controller design is calculated by using both pole placement technique and optimal 

control technique, whereas value of gain, L used in observer design is calculated by using 

the former technique only. As the feed forward gain, N and integral value, they are 

calculated based on theory explained earlier in Chapter 2. Once all parameters had been 

determined, the controller and observer perfonnance are placed in Simulink block 

diagram to be further analyzed. These simulation results will be discussed in detail in the 

following chapter together with further discussion of the boost converter and observer 

system. 
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CHAPTER 4: RESULT AND DISCUSSION 

This chapter discusses on controller simulation results based on steady state, settling 

time, percentage of overshoot and steady-state error. Whilst, observer is investigating the 

developed observer with the original boost system of the output voltage. 

4.1 Introduction 

Table 4.1 listed that the requirement parameters of boost converter for designing 

purpose where input voltage Vi is set to 12.31 V and the desired output voltage Vo is 

predictable 24.27V 

Table 4.1: Requirement parameters of boost converter 

Output voltage, V o 24.27V 

Input voltage, v. l2.31V 

4.2 Wind turbine system 

Matlab® Simulink was used to simulate the wind turbine circuit. Simulation result of 

output voltage Vo of wind turbine boost converter model as shown in Figure 4.1 . 

I 

..r.J'\..,v~"V'"~J"\.v~ 
X 08 

20 
y 24 27 

Outpullllltage from sysll!m 

~15 
> 

·o 

0~-------L--------~~----~--------~------~---------~ 
O 01 02 0.3 0.4 OS 06 

lime (seconds) 

Figure 4.1: Wind turbine boost converter model. 
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From the graph collected in Figure 4.1, the result shows that voltage produced ripples, 

has slow settling time and high overshoot. Thus, improvements are implemented by 

designing and evaluating various modem controllers. 

4.3 State feedback based on pole placement 

State feedback controller can be implemented by applying two techniques, namely pole 

placement technique and optimal control technique. Derivation of state feedback 

controller gain, K for Simulink model had been explained earlier in Figure 3.8 bv 

applying pole placement technique, gain value for K I is inserted into K block diagram, 

and then followed by gain value K2 and K3 respectively. ln the next page, output of three 

waveform appear in the same graph as shown in Figure 4.2. 

24 .275Q--"7~·JL&l& . ts nr;a;a"n" " 'A" nn ts "'A" 'S" n§ f! ""''A "" a q j A " f!" ., • A " *' il" A " " hAal8•1 

II> X: 0.0009804 --A- Polosx150 X: 0.009914 
24 2745 

24 274 

24.2735 

24 273 

~ 24 2725 
> 

24.272 

24.2715 

24.271 

24.2705 

v· 2427 -e-- Poles lC250 Y 24 21 
--ilt- Poles x350 Seting bme Steady state 

Sel~ng bme Steady state 

X 0.0003882 
y 24.27 

X 0.01 
Y. 2427 

' . Seliog 'mo . . 0 0009 0 $€:"309-00&e0-90&,0~~0~0:7;0~CseEO~:~:tt~~':J 

• · • ·~~ •• • • • Ad'*'"lf:-t-*lf*,. . .- -.:• u:ll. -. w:n ,l\ :.t •~ .,. *"*'"*fi'"lf':-lf.-lHi. u * ~ «•..-1 • • 
X 0.0004927 X. 0 009914 
y 24.27 y 2427 

~27'a--~~--~--~--~~~~~--~--~----~--------~ 
0 0 001 0.002 0 003 0 004 0 005 0.006 0.007 0 008 0.009 0.01 

Time (seconds) 

Figure 4.2: Poles placement technique results 
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Results collected from Figure 4.2 is summarized in Table 4.2 as shown below. 

Table 4.2: Analysis resuJt for pole placement technique 

Pole Output Settling time Overshoot Steady state 

location voltage error 
(%) 

Poles 150x 24.275 0.0009804 0 0.005 

(kl) 

Poles 250x 24.272 0.0003882 0 0.002 

(k2) 

Poles 350x 24.271 0.0004927 0 0 .001 

(k3) 

Results from the three poles are evaluated to find the best compensated output voltage. 

The best compensator should be a controller that is capable of producing 24.270v steady 

state of output voltage, with fastest settling time, 0% overshoot and minimum steady­

state error. As can be seen in Table 4.2, state feedback controlled based on pole placement 

technique, Poles 250x provide the shortest settling times compared to the other poles. As 

the output voltage results, steady state value for poles 150x delivers it as 24.275V, Poles 

250x at 24.272V and poles 350x at 24.271 V respectively. This implies that all output 

voltage values remain within expected range of 24.270V. When analysed closely it is 

observed that steady ')tate value is improved when poles locations are moved to the left 

half-plane in s-plane. 
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4.4 State feedback based on optimal control technique 

Based on block diagram shown in Figure 3.6, the gain, K is determined by using Ricatti 

equation as derived earlier in subchapter 3.1 0. the simulation result by applying optimal 

controller is shown in Figure 4.3 . 

X 0006991 

• 
y 25 31 --r-------,,..-----i!J>----...----.-r:=~=:='=~~ 

. , _________ -------_l=::::§_=O;:...PII_mol_ oo=n=lr'O=Io':......•i 
X· 0.01819 X 0 07899 
~~ ~~ 

Set.ing time Steady state 

252 

2H 

~ 20~------oo~,-----o~o2-----o.~o3------~o~~---~oo~5-----o~oo-------o~o7------~ 
o.oe 

T.me Cseoondsl 

Figure 4.3: Optimal control technique results 

From the graph illustrated above, it is shown that steady state of output voltage. Yo is 

25.27 V while settling time. Ts is 0.01819 sec. Unfortunately. there is an overshoot of 

0.212% occurred at 0.006991 sec which resulted a steady state error of 1 Y. 
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4.5 State feedback with feed forward controller 

The block diagram for state feedback with feed forward controller is presented earlier in 

Figure 3.7. Based on that diagram, value of gain, K for poles 250x is chosen for tbis 

model, whereas the feed forward gain, N is calculated as explained in chapter 3.1 1. the 

result oftbis simulation is recorded in Figure 4.4 as shown below. 

25.4 

252 ~·-·-,....· 
X 0000995 I 

y 25.27 
25 Steady stale 

> 
~ 24 8 
> I 

24 4 

0 1 02 03 0 4 OS 06 
11m~ (fiOtonds) 

07 08 Oi 

Figure 4.4: State feedback with feed forward controller results 

As can be seen in the result, value of steady state output voltage has an additional 1 y to 

make the value at 25.27Y when compared to state feedback controller with Poles 250x 

and added feed forward gain, N. The additional IV from the desired output voltage is 

possible because additional gain was inserted in front of the whole controller system but 

fortunately there is no overshoot at the output controller. It's settling time is also the 

fastest, at 0.000435 sec than Ts of optimal controJier at, 0.01819 sec. 
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4.6 Integral controller 

As illustrated in block diagram in Figure 3 .l 0 the new gain,K and feed forward gain,N 

have been are derived as described in subchapter 3.12. the simulation result of integral 

controller is detail in Figure 4.5. 

25.4 
---+(-- Integral controler 

• • 25 2 X: 0.7925 X: 1.2 
Y: 25.26 Y: 25.27 

25 
Selling lime Steady slat ........ 

~24 8 
> 

24.6 

244 

24 2 
0 02 0.4 0.6 0.8 , 2 

Tim~seconds) 

Figure 4.5: Integral controller result 

Graph in figure 4.5 show the steady state of the output voltage is at is at 25.27 with 

setling time of 0.7925 sec. This is the slowest settling time as compared to all modem 

controllers that have been evaluated before. Besides that, this controller also produced 1 v 

steady state error but with 0% overshoots. Furthermore, it can also be seen that the signal 

was degraded during rise time. The comparison of all modem controller results will be 

explained in following section. 
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4. 7 Comparison of modern controller 

There are altogether four modem controllers involved in this comparison analysis. The 

output from each controller is presented in the same scope. For this purpose, the Simulink: 

block diagram in figure 3.9 will be used as reference. The simulation result of the modem 

controller comparison is shown in Figure 4.6. The state feedback controller at poles 250x 

is obviously different others controller graphs because is the most accurate with set point. 

254 q---,- -..---r ---~---,--..---a 

'·~~::---------==================~~:-· 2 X 0 0008038 X 0 01825 X 0.85 
y 2527 y 25 27 y 2527 

25 t:)lale Optimal egra 
--Opllmal oontroler 

1_ State feedback eontrolet (Poles x250t ~ tnt 1 

feedback controller --State leettlack "'th leed torwant oonlrQIIef controller 
~ feed forwar --to~Ggal eontrolet 
~248~oller 
> 

24 6 

24 4 

-o 

Stale 1 feedback 
controller 
(poles x250) 

X 0848 

----~---------------------------------------· 
y 2427 1 

~~0~1---0L----O.L1----~0-2----0~.3-----0~4-----0~5-----0~6-----0~.7----~0~8----~ 
0.9 

Time (seconds) 

Figure 4.6: Comparison of modern controller 

As illustrated in the result graph, all modem controllers achieve output voltage range of 

24.272 to 25.270 V. However. the settling time, percentage of overshoot and steady-state 

error of the system nec.;tis to be considered separately in next section. 
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4.8 Result of modern controUer 

Table 4.3 shows the summary of the result of modem controller. By comparing four 

types of controller, the best result comes from state feedback pole placement at poles 

250x. It has achieved 0% overshoot and the lowest steady error is only 0.002V. Besides 

that, this type of controller also manages to accomplish the fastest settling time at 

0.0003882 seconds. Meanwhile the settling time, Ts for state feedback (optimal), state 

feedback with feed forward and Integral controller are 0.01819 seconds, 0.000435 

seconds and 0. 7925 seconds respectively. Other than that, the overshoot only occurs at 

state feedback (optimal) which is 0.212%. Otherwise. other controller types recorded no 

overshoot occurrence. By respecting the error steady state, all types of controller achieved 

1 V except the best selection controller which records only 0.002V of error steady stare. 

In regards of this result, the arrangement of the ranking of the best type controller 

selection is state feedback (Pole Placement), state feedback with feed forward, Integral 

controller and state feedback (optimal) respectively. 

Table 4.3: Modern controller result summary 

State State State Integral 
feedback feedback feedback 

with feed 
(Pole (optimal) fonvard 

Placement) 

Poles 250x 
24.272 25.270 25.270 25.270 

0.01819 [ .000435 0.0003882 0.7925 

Overshoot 0 0.212 0 0 

] _ (%) 

L Steady state 0.002 1 1 
Error (Y) ---
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4.9 Boost converter with full state observer simulation results 

The expected result for observer output should be the same with the resuJt of the open 

loop system. Before simulation started, gain value, L is calculated as described in 

subchapter 3.13 and inserted into the observer Simulink model to ensure it is comparable 

to the system output. The matrix gain L2 selected to perform this observer evaluation is 

as shown below: 

L = [l1] = [69.386x10
3

] 
2 

£2 27.666x103 

Original Boost C,..onverter System -

20 

~ 15 
> 

10 

5 

0,~----~--~----~----~----~----~----L---~ 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 08 

Time (seconds) 
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Observer system 
~~~--.-----,------,-----,~----,-----.-----.-----~ 

25 

20 

~15 
> 

10 

5 

_ 1-'+ Observer system I 

f 

o#-----~-----L----~----~L-----~----~-----L ____ _j 

0 0.1 0.2 03 04 
1imeJseconds) 

05 06 

Figure 4.7: Boost converter and observer system 

0.7 08 

As can be seen in Figure 4.7, the simulation result of observer system and original boost 

system are the same. Therefore, this observer system is suitable to be utilized in the 

originaJ system. 

4.10 Summary 

In this chapter result for boost converter in the closed-loop response and the full state 

feedback controller will be evaluated. The three locations of the poles are determined and 

the values of steady state, settling time, percent of overshoot and steady state error of 

output voltage for each pole location are compared and evaluated. Then, the same 

evaluations are applied to another three controllers, namely optimal, state feedback with 

feed fmward and integraJ control. All the modem controller results are summarized in a 

table. 
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CHAPTER 5: CONCLUSION 

In this final chapter, conclusion of the overall research project findings is presented. 

Suggestion for modem controller technique and improvement recommendations for 

further research are being specified. 

5.1 Conclusion 

In this research, state space model of boost converter controller and observer had been 

explained and implemented based on modem controller design method. The modem 

controllers involved are state feedback controller with pole placement and optimal 

method. state feedback with feed forward controller and integral controller. In this project. 

the input and output voltage were gained from the simulation of Maximum Power Point 

Tracking (MPPT) using boost converter for wind energy conversion system which is 

24.27 V for output voltage and 12.31 V for input voltage. All structured controllers are 

assessed by utilizing Matlab ® and Simulink ® programming devices. State space 

averaging procedure is connected to discover the state space matrix which is utilized in 

the reproduction of Simulink ®block diagram. 

All objective of this project has been achieved successfully. Simulation models of 

various modem controllers and observer were effectively worked by utilizing Matlab ® 

and Simulink ® programming devices. Results accumulated from the simulations have 

helped in the performance evaluation process of each model. Furthermore, the best 

controller will be d~termined to be implemented in the boost converter system. 

69 

z 
<: 
<( 
a-
UJ 

<i. 1-
:J >-a: <( 
:J -J 

<( 

~ ~ 

z t:: -<( (/) 

<( a: 
..u 

~ > <t 
2: 1-

(/) :::> 
:J 
c.. 
a: 
UJ 
Q.. Univ

ers
ity

 of
 M

ala
ya



After evaluating all coUected result, it is recommended to use state feedback controller 

based on pole placement technique such as shown bJ: 250x since it provides the fastest 

settling time at 0.0003882 sec has smallest steady state error of 0.002 and 0% overshoot 

on output voltage. 

5.2 Recommendation for future work 

For further improvements, this proposal can be implemented on hardware with 

parameter values as acquired during simulation phase. The standard DC-DC boost 

converter is assembled with gain value, K inserted as feedback control. Prior to 

assembling the hardware parts, it is advisable to simulate involved circuits by using PSIM 

or Matlab ® & Simulink®. 
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