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Summary: 

This thesis discusses a 14 kW Photovoltaic Array connected to a grid, being controlled by an 

MPPT controller to regulate, and track the maximum power while a current controller is being 

used to adjust the reference signals that are fed to the inverter, different conditions of irradiance 

exposure shall be covered, whether its constant irradiance or variable. 
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source supply voltage to the DC bus which is fed to the Inverter controlled by the PI controller. The 

output current and voltage are filtered by the LCL filter to eliminate harmonics before it is connected 

to the utility power grid, where the system is set to have variable irradiance exposures causing variable 

grid outputs via the continuous adjustment of the MPPT. 
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NOMENCLATURE

 

AC            Alternating Current PVM          Phase Vector 
Modulation 

CV            Constant Voltage P&O          Perturbation and 
observe 

DC          Direct Current PV            Photovoltaic 

EESS         Electrical Energy 
Storage System 

RPG          Renewable Power 
Generation 

ESR          Equivalent Series 
Resistance 

RC            Resistor Capacitor 

eV           electron Volts RMS         Root mean square 

FFT        Fast Fourier 
Transform 

SPWM     Sinusoidal Pulse 
Width Modulation 

IGBT         Insulated Gate 
Bipolar Transistor 

SoC          State of charge 

Irr.          Irradiance THD         Total harmonic 
distortion 

Isc            Short circuit 
Current 

Voc           Open circuit 
Voltage 

HES          Hybrid Energy 
System 

PI            Proportional and 
Integral 

KVL         Kirchhoff's Voltage 
Law   

PLL        Phase Lock Loop 

LC           Inductor and 
Capacitor 

STC         Standard Test 
condition 

LCL         LCL filter SVM         Space Vector 
Modulation 

MJ         Multi-junction SC           Super Capacitor 

MPP        Maximum Power 
Point 

OV        Open Voltage 

MPPT      MPP Tracking L-RC-L      LCL+ Damping 
resistor 
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1 INTRODUCTION 

1.1 RENEWABLE POWER GENERATION AND DISTRIBUTION (RPG) 
To meet the ever-growing energy demand all over the world, different types of sources for energy have 

been introduced. Most of them are nonrenewable energy sources. Relying only on nonrenewable energy 

sources has a great negative consequence for the future of the world. Therefore, the world needs 

renewable energy sources that can replace the nonrenewable sources like coal, oil, natural gas and many 

more, the reserves of which may be exhausted soon. The use of green energy can be an effective solution 

for the increasing environmental concerns.  

Renewable energy refers to those energies that can be obtained from generally inexhaustible natural 

sources, either because they contain immense amounts of energy, or they are capable of regenerating 

energy by natural means. 

Even though electric power generation depends mostly on nonrenewable energy sources all over the 

world, renewable power generation shares a significant portion of total power generation. In 2022, the 

share of renewables in the global electric power generation was nearly 30% [1]. Producing electricity 

from renewable energy sources such as hydro power, wind turbines, photovoltaic (PV) arrays is also 

cost effective compared to the electricity production from nonrenewable sources [2].  

 

Figure 1.1 Incremental production of Electricity from Renewable energy sources [3] [7] 

However, there are some challenges to generate electricity from such sources because of the intermittent 

energy production due to the influence of the time-varying weather conditions [4], [5]. Therefore, 

energy storage systems present a good opportunity in the advancement of renewable energy solutions. 

Hybridization of energy sources and storage through different power electronics devices has been 

investigated and invented. it is still the theme of many research programs [6] [3] [7] 

The hybrid energy system (HES) units comprising different types of storage devices such as battery 

bank, supercapacitors, photovoltaic, are integrated to make the electric power supply smooth, meet the 

demands of dynamic load, provide ancillary services to the electric grid. For example, P-Q control and 

frequency control [8]. The implementation HES with the grid system requires the use of DC to AC and 

AC to DC converters to control the power flow between the sources and the grid. [6] [3] [7]  
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2 BACKGROUND 

From last semester in our project group task, we were getting ourselves familiar with the real time 

simulation tool typhoon HIL where we had a base model of a 12-kW grid following converter where 

we had to: 

2.1 INTEGRATE 700 V DC RENEWABLE SOURCES. 

2.1.1 lithium-ion battery 
A lithium-ion battery with a capacity of 1 Ah and nominal voltage at 700 V at a 90% state of charge 

was used as the state of charge is shown in the graph below. 

 

Figure 2.1 lithium-ion battery discharge curve. 

According to the battery discharge curve the initial voltage is 700 V which is what is required.  
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2.1.2 Photovoltaic panel calculations using a data sheet. 

The PV that was used in the simulation was a 400 W LG panel with the model number of LG400N2W-

V5  of a PV curve where the power is at 400 W and I at 9.79A and V at 40.85 V these are the MPPT 

values which ensures the best efficiency of power input using these voltages and currents according to 

the data sheet 

 

Figure 2.2 PV curve of a 400 W LG400N2W-V5 

Then adjusting it to our 700 V requirement the PV panel will contribute 7.5 Amps and 5.2kW to the 

system. 

 

Figure 2.3 PV curve of LG400N2W-V5 (700 V) 

https://www.lg.com/global/business/download/resources/solar/NeON_2_72_90214.pdf
https://www.lg.com/global/business/download/resources/solar/NeON_2_72_90214.pdf
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2.1.3 Super capacitor 

A super capacitor was used with a 2.85 rated voltage and a capacitance of 3200 farads with a rated 

resistance of 0.18 mΩ per cell 

Since our system requirement is 700 V, we found the equivalent circuit to have 8 rows of 246 super 

capacitors in series.  

 

Figure 2.4 full configuration of series and parallel connected super capacitors.  

 

The used capacitor in the simulation for a required 700 V has a total capacitance of 100 F and a total 

resistance of 5.5 mΩ injecting 10 Amps of current. 

2.2 DESIGN AN LCL FILTER USING INDUSTRIAL METHODS. 
For the 12-kW system an LCL filter was designed, giving us the following parameters. 

𝐿𝑖 = 2 𝑚𝐻, 𝐿𝑔 = 2.5 𝑚𝐻 and 𝐶𝑓 = 10𝜇𝐹  

 

Figure 2.5 LCL filter of 12 kW system. 

As for the design process it will be illustrated in section 4.2.1 with some minor differences. 

https://1188159.fs1.hubspotusercontent-na1.net/hubfs/1188159/02-DS-220909-SKELCAP-CELLS-1F.pdf
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2.3 IMPLEMENT A CURRENT CONTROL ALGORITHM. 
A current control algorithm was implemented utilizing the SRF PLL to acquire active and reactive 

references d and q and through a feedback decoupled controller a SPWM was generated for the inverter, 

the same controller shall be used with further functions. 

The final system had an active power of 12 kW a DC voltage of 700 and a DC current of 25 A from the 

renewables combined, and the grid voltage was 400 VRMS and a grid current of 17.5 ARMS controlled by 

a current decoupling controller generating the SPWM signals * 

 

Figure 2.6 Block diagram of the overall system. 

3 OBJECTIVES AND TASKS 

The scope of this simulation is based on the continuation of previous project where we adjusted a 12 

kW system with a current control algorithm, designing the LCL filter and adding renewable sources, 

the new objective here is to add a new layer of control mainly to the photovoltaic panel where it can be 

controlled by a maximum power point tracking algorithm the commonly used perturb and observe P&O 

algorithm whilst keeping the same parameters from the old system’s grid filter the input and the output 

parameters , due to the lack of hardware equipment it couldn’t be implemented on site, for that reason 

a simulation shall be done for such system in MATLAB, and the new desired Grid Power is 14 kW* 

and a grid current of 20 ARMS. 

 

* some information shall be taken from FM4017 2023 group project ‘Grid following converter with renewable 

integrated power system’. 

* it is 14kW instead of 12 kW, due to the PV panel configuration giving odd numbers, to even it out 14 kW was 

decided as the new system’s power. 
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Figure 3.1 full system diagram. 

4 COMPONENT LITERATURE REVIEW AND DESIGN 

4.1 RENEWABLES 

4.1.1 PV 

One of the essential renewable sources or one of the methods to generate clean energy is via a 

Photovoltaic panel having very low to no carbon emissions, this section will go into the designing the 

PV for the desired 14kW system since it is the only renewable connected. 

4.1.1.1 Simulation Design 
The same model shall be re used an LG400N2W-V5 PV panel the data sheet is attached in Appendix A 

inserted in MATLAB Simulink 

 

Figure 4.1 Simulink PV data for a 1x1 panel. 

https://www.lg.com/global/business/download/resources/solar/NeON_2_72_90214.pdf
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Getting the PV graph from both typhoon HIL and Simulink we can see in Figure 2.2 and Figure 4.1 that 

they are close to each other, the differences come from the ideality factors and some parameters that 

Simulink doesn’t require but typhoon does. 

Next step is to adjust it to our requirement to get the desired system grid output of 14 kW, 700 Vdc, and 

20ARMS. Figure 4.2 illustrates the process. 

 

Figure 4.2  14 kW PV configuration. 

Displaying the new configuration in Simulink shows the following data as shown in Figure 4.3 where 

the MPPT value for voltage and current are 730 V and around 20 A respectfully, as for the power it is 

covering the demand of 14 kW. 

 

Figure 4.3  14 kW PV Simulink configuration.  

A capacitor will be added of a 100 F parallelly connected to the PV as a filtering capacitor to reduce 

the high frequency and to filter the ripples from the voltages and currents that go back to the PV due to 

inverter, causing the PV current to fluctuate and show instability. [9]   



 

 

  Component Literature review and design 

17 

4.2 LCL FILTER 

4.2.1 Design* 

The LCL will be designed for a 14-kW system instead, so the LCL needs some adjustments, but the 

approximated values are the same for both systems. 

LCL filter using industrial methods such used by Frenetic [10] from the initial model with the default 

values from Table 4.2.1-1 to find new values for the inverter and grid side inductor values 𝐿𝑖 𝑎𝑛𝑑 𝐿𝑔 

and the capacitor’s value 𝐶𝑓 as well using the formulas below: 

𝐶𝑓 =
𝑥∗𝑆

2𝜋∗𝑓0∗𝑉𝑔
2     4-1 

 

𝐿𝑖 =
𝑉𝐷𝐶

16∗𝑓𝑠𝑤∗𝑘∗𝐼𝑝𝑒𝑎𝑘
        4-2 

 

𝐿𝑔 = 𝐿𝑖 ∗
𝑘∗

𝐼𝐷𝐻
𝐼𝑙𝑖𝑚𝐷𝐻

+1

𝐿𝑖∗𝐶𝑓∗(2𝜋∗𝑓𝑠𝑤)2−1
        4-3 

 

Where S= 14 kW, x = 0.05, k= 0.1, 𝐼𝐷𝐻  is the dominants harmonic’s amplitude of 0.65 A from typhoon 

HIL FFT analysis, 𝑰𝒍𝒊𝒎𝑫𝑯 is the desired amplitude of the dominant harmonic, in our case we want to 

suppress it as much as possible, so we allow 0.1% of it to pass through 

 

As we can see at the dominant harmonic current at 100 Hz the current is around 0.65 A* 

  

Figure 4.4 dominant harmonic in typhoon HIL. 

 

* some information shall be taken from FM4017 2023 group project ‘Grid following converter with renewable 

integrated power system’. 

 

https://frenetic.ai/magnetic-notes/design-emi-lcl-filters-review
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Compared to its Simulink counterpart, it’s also around 0.65 A 

 

Figure 4.5 dominant Harmonic in MATLAB’s FFT analyser. 

The grid shall receive 20A DC from the PV which equates to 20 ARMS giving an amplitude of 28 APeak 

for the grid side. 

𝑉𝑝𝑒𝑎𝑘 = 𝑉𝑅𝑀𝑆 × √2  4-4 

20 × √2 = 28 𝐴𝑝𝑒𝑎𝑘  4-5 

 

and the apparent power is around 14 kVA. 

 

The FFT analysis at 100 Hz the harmonics has been suppressed to be less than 0.03 A* 

 

𝐶𝑓 =
0.05∗14000

2𝜋∗50∗4002 = 15 ∗ 10−6𝐹    4-6 

 

𝐿𝑖 =
700

16∗10000∗0.1∗20∗√2
= 1.5 ∗ 10−3𝐻   4-7 

 

𝐿𝑔 = 𝐿𝑖 ∗
0.1∗

0.65

0.1%∗0.65
+1

𝐿𝑖∗𝐶𝑓∗(2𝜋∗10000)2−1
= 2 ∗ 10−3𝐻  4-8 

As we can see these values are close to the 12-kW system, so we round them up according to the 

standard or market available values for the 14-kW giving us: 

𝑳𝒊 = 𝟐 𝒎𝑯, 𝑳𝒈 = 𝟐. 𝟓 𝒎𝑯 and 𝑪𝒇 = 𝟏𝟓𝝁𝑭 

 

* this was acquired from the group project. 
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The resonance frequency of the LCL filter is. 

𝑓𝑟𝑒𝑠 =
1

2𝜋 √
𝐿𝑖+𝐿𝑔

𝐿𝑔×𝐿𝑖×𝐶𝑓
= 1233 𝐻𝑧  4-9 

The transfer function of 3rd order LCL filter is. 

1

(𝐿𝑖×𝐿𝑔×𝐶𝑓)𝑆3+(𝐿𝑖+𝐿𝑔)𝑆
    4-10 

Giving us the following bode plot shown in Figure 4.6 [11] [12], [13], [14], [15] 

 

Figure 4.6 LCL bode Plot. 

To suppress that resonance spike a damping resistor or a passive damping shall be introduced 

transforming the LCL filter into L-RC-L Filter as shown in Figure 4.10 [11] [12], [13], [14], [15] 

 

Damping resistor 𝑅𝑒𝑠𝑟 =
1

𝐶𝑓×2𝜋×𝑓𝑠𝑤
≈ 1.5𝛺  4-11 

 

The transfer function is: 

𝑆𝐶𝑅+1

(𝐿𝑖×𝐿𝑔×𝐶𝑓)𝑆3+𝑅𝐶(𝐿𝑖+𝐿𝑔)𝑆2+(𝐿𝑖+𝐿𝑔)𝑆
   4-12 

 

Giving us Figure 4.7 bode plot of the suppressed resonance surge. 
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Figure 4.7 Damped LRCL bode plot. 

Figure 4.7 shows that by adding a passive damper the resonance peak has been suppressed. 

 

 

Figure 4.8 LCL Vs. LRCL 

Figure 4.8 shows the comparison between a pre damped and a post damped filter. 
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Figure 4.9 Resonance surge of LCL and LRCL filter. 

The final LRCL filter that shall be used is illustrated in Figure 4.10. 

 

Figure 4.10 LRCL filter for 14 kW system. 
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Parameters Values Symbols 

Grid Filter Inductor 2.5 mH Lg 

Inverter Filter Inductor 2 mH Li 

Filter Capacitor 15 μF Cf 

Inductor’s Resistance 0.1 Ω R1, R2, R3 

Capacitor’s Resistance 1.5 Ω 𝑅𝑒𝑠𝑟 

Switching Frequency 10 kHz 𝐹𝑠𝑤  

Grid frequency 50 Hz 𝐹0 

DC voltage 700 V Vdc 

DC Current 20 A Idc 

DC capacitor 100F Cdc 

Grid voltage 400 V Vg 

Grid Current 28 APeak = 20 ARMS Ig 

Grid Power 14 kW Pg 

Table 4.2.1-1 system parameters 

 

5 CONTROL SCHEMATIC. 

5.1 INVERTER* 
Generated electricity from different sources can be either DC form or AC form. Converting the form of 

the electric energy is required to store the energy or transfer the energy from one place to another place. 

A common method to convert electrical energy is to invert the DC into AC. Power electronics is used 

in several steps in the conversion process. The DC to AC conversion process is often done using pulse 

width modulated IGBT (Insulated Gate Bipolar Transistor). However, there is some loss in the process 

of the conversion which can lead to the reduction of the efficiency of the converter. Therefore, it is an 

important topic of the power electronics to develop high performing inverter. [16] 

There are several types of converters. The classification of the converters is most often based on the 

form of input and output voltage or current. Some are divided based on type of sources like current 

source, voltage source. [16] 

A considerable amount of research has been conducted to develop, analysis, and design highly efficient 

inverter with wide range of topologies of power circuits of such converter. The diverse possible 

 

*some information shall be taken from FM4017 2023 group project ‘Grid following converter with renewable 

integrated power system’. 
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application and the scope of improvement with aiming of learning are the facts considered for the 

project. Therefore, it becomes clear that the question of this research is always relevant. [16] 

Inverters find extensive use in various power applications, and over the past decade, significant 

advancements have occurred in power electronics. An inverter essentially functions as a converter, 

transforming direct current (DC) into alternating current (AC) power. A three-phase inverter is 

constructed with three essential switching poles as depicted in Figure 5.1, one for each phase, often 

referred to as legs. This type of inverter operates as a two-level converter, capable of generating both 

positive and negative output voltages in relation to the mid-point potential of the DC bus. [16] 

 

In the context of inverters, a "step" denotes the transition from one controlled switch to another. For 

instance, in a single cycle of 360 degrees, each step within a six-step inverter corresponds to 60 degrees. 

This means that each controlled switch in a six-step inverter receives a control pulse at 60-degree 

intervals, following a specific sequence to synthesize a three-phase AC voltage at the inverter's output 

terminals. There are two distinct patterns for supplying these control pulses to the inverter switches. In 

one pattern, each switch conducts for 180 degrees, while in the other, it conducts for 120 degrees. In 

both scenarios, the control pulse is applied every 60 degrees, necessitating the use of six controlled 

switches. The inverter operates with eight different switch states, as outlined in Table 4.2.1-1. Notably, 

it's essential to ensure that both switches within the same leg cannot be activated simultaneously to 

prevent short-circuiting of the input voltage and violating Kirchhoff's Voltage Law (KVL). 

Consequently, the two switches within the same leg exhibit complementary behaviour. [16] 

 

When the IGBT switch S1, S3, or S5 is activated, it connects the positive terminal of the input DC 

voltage. Similarly, when the switch IGBT S2, S4, or S6 is triggered, it establishes a connection with the 

negative terminal of the input DC voltage. Within every cycle, there are six distinct operation modes, 

and each mode spans a duration of 60 degrees. The inverter switching waveforms are illustrated in 

Figure 5.2 while the output waveforms are shown in Figure 5.3 [16] 

 

 
Figure 5.1 Three Phase Inverter [16]  
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S1  S3  S5  V
ab 

 V
bc 

 V
ca 

 

0  0  0  0  0  0  

0  0  1  0  -V
DC 

 V
DC 

 

0  1  0  -V
DC 

 V
DC 

 0  

0  1  1  -V
DC 

 0  -V
DC 

 

1  0  0  V
DC 

 0  -V
DC 

 

1  0  1  V
DC 

 - V
DC 

 0  

1  1  0  0  V
DC 

 -V
DC 

 

1  1  1  0  0  0  
Table 4.2.1-1 Inverter switching states. 

 

 

Figure 5.2 Inverter switching waveforms. 

 

 

Figure 5.3 Inverter output waveforms.  
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The electric power system is on the verge of undergoing a significant transformation, primarily driven 

by the increasing integration of inverter-based energy resources. Over recent years, there has been a 

substantial rise in the adoption of renewable energy sources like solar photovoltaic (PV), Super 

Capacitor, and batteries. A noteworthy aspect of these renewable technologies is that they typically 

generate direct current (DC) power output, necessitating the use of inverters to convert this DC 

electricity into alternating current (AC) to align with the grid's voltage and frequency. Consequently, 

enhancing inverter control has become imperative to meet the stringent grid interconnection 

requirements.[16] 

 

5.2 SPWM* 
Simple Sinusoidal pulse width modulation (SPWM) is a very common method of controlling DC to AC 

converter. The SPWM controls are based on the comparison of modulation and carrier signals. A sine 

wave with a unit of magnitude (modulation signal, Vm) is compared with two triangular waveforms 

carrier signals for generating PWM signals as shown in Figure 5.4. The converter switches between a 

discrete number of levels of the DC volage based on which the PWM carries the sinewave lower or 

higher than. The output voltage is set to 𝑉𝑑𝑐/2 and 0, when the reference voltage is at either the highest 

or the lowest level of the PWM sinewave above or beneath all the carrier signals. In the remaining steps 

the sinewave is below the carrier signals this way the number of active switching modes of the IGBTs 

is determined and the output voltage forms to the different phase of the converter [17] 

 
Figure 5.4 Block diagram of PWM. [17] 

 

This modulation scheme is for phase ’A’. and to generate the references for the other two phases the 

modulation signal should be shifted to 120𝑜 according to each other when the same carrier signal is 

used. The frequency of the carrier signals determines the switching frequency where the frequency of 

output voltage is determined based on the frequency of modulation signal. [17] 

  

 

*some information shall be taken from FM4017 2023 group project ‘Grid following converter with renewable 

integrated power system’. 
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5.3 MPPT 
MPPT short for maximum power point tracking it’s a tracking method for utilizing the maximum 

amount of power a solar panel can exert, there are multiple methods such Perturb and Observe 

,Incremental conductance, Fractional Short Circuit Current, Fractional Open Circuit Voltage, Fuzzy 

Control, Neural Network Control and more. [18] 

The most common one is perturb and observe method P&O where the sensed parameters aren’t that 

many, mainly sensing one parameter and adjusting the reference accordingly either by sensing the 

voltage or current to adjust the voltage and current references in the case of a single stage system where 

a single inverter is used or in the case of a double stage system where both an inverter and a boost/buck 

converter is used the duty cycle of the boost/buck converter can be adjusted using the MPPT.[18] 

One of its flaws is that it isn’t well functioning when we have a rapid change in irradiance, will take 

some time to stabilise, also it can end up giving the wrong MPPT point due to that sudden change in 

the PV curve [18] [19][20] 

The method that P&O functions in setting up the maximum power current and voltage is as follows: 

1st voltage, current are sensed, calculating the power, and comparing the difference in power and voltage 

from the current measurement and the instant before 

2nd If the difference in power and voltage is greater than or less than zero, the reference voltage is 

increased and decreased accordingly as shown in Figure 5.5. [20], [21], [22], [23], [24] 

 

Figure 5.5 P&O MPPT Algorithm. 

From the reference voltage we get from the sensed voltage and current it goes to a controller that gives 

the Id_ref as shown in Figure 5.6  
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Figure 5.6 Controller to generate Id_ref. 

 

Where the equation to calculate the reference d frame current is: 

𝐼𝑑_𝑟𝑒𝑓= (𝑉𝑟𝑒𝑓 − 𝑉𝑃𝑉) (𝐾𝑝 +
𝐾𝑖

𝑠
) − (

2

3
𝑃𝑃𝑉 ÷ 𝑉𝑑)  5-1 

Where 𝑉𝑟𝑒𝑓 is the reference voltage obtained from the MPPT, 𝑉𝑃𝑉 is the PV power. 

The Id_ref obtained shall be compared to Id the PLL captures from the grid and via a controller the Inverter 

gate is controlled.[21], [22], [23], [24], [25], [26], [27], [28], [29], [30] 

5.4 PHASE LOCKED LOOP (PLL)* 
Phase locked loop is one of the basic building blocks in electric and electronic controlled systems its 

debut tracks back to the 1930s where its first trial was on synchronizing the reception of a radio signal 

as it developed it found uses in multiple areas such as calculating and estimating certain parameters 

such as the phase, frequency, harmonic measurements, adapting filter measurements, and controlling 

dc to ac converters etc.… 

It’s a negative closed feedback loop control where it synchronizes the output frequency and phase to 

the input mainly and widely used in in converter systems Figure 5.7 illustrates the block diagram or the 

inner components of a Synchronous reference frame (SRF) PLL which is predominantly used in three 

phase systems the three main sections are the Phase detector (PD), the low pass filter (LPF), and the 

voltage controlled oscillator (VCO), where �̂�  is the voltage amplitude, ωg is the estimated grid 

frequency, ωn is the nominal grid frequency, and 𝜃𝑒𝑠𝑡 is the estimated phase angle or 𝜃    

 

*some information shall be taken from FM4017 2023 group project ‘Grid following converter with renewable 

integrated power system’. 
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Figure 5.7 Block diagram of SRF-PLL 

The phase detector is implemented by using the Clarke and Park transformation methods from the abc 

stationary reference frame to dq rotating reference frame, the q axis of the PD that has the data of the 

phase error goes through a LPF PI controller the output signal which is the estimated or calculated 

frequency then goes through the VCO to provide the estimated phase angle [31] 

Two important definitions need to be mentioned here, the capture range and the lock range of the PLL. 

Where the capture range is the range in which if the nominal frequency changes within that range the 

PLL can track it and lock onto it entering the locked state to resynchronise the grid 

On the other hand the lock range is the range of frequencies where its locked at once the reference signal 

is captured, but if the reference frequency is outside the lock range the PLL won’t be able to follow the 

new frequency and lock onto it and will stay at the nominal frequency position as shown in Figure 5.8 

[32][33][34][35][36][37][19] 

 

Figure 5.8 PLL Lock and Capture ranges. [31] 

5.4.1 Parks and Clark Transformation 
Behavioral patterns of three-phase machines can be described by their voltage and current equations. 

The mathematical modeling of the total system of the machines tends to be complex since it requires 

considering all the possible functions, variables, and many more. To solve this problem mathematical 

transformations are generally used. Among the various transformations methods available, the 

following two are well known. [38][19] 

• Clarke Transformation 

• Park Transformation  
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5.4.2 Clarke and inverse Clarke Transformation 

For analysis and modeling of three- phase electrical systems by transforming three- phase quantities 

from the three- phase reference frame to two- axis orthogonal stationary reference frame Clarke 

transformation is a useful tool. Figure 5.9 shows the axis of the Clarke transformation, and it is 

expressed by the equation shown below. [38] 

 

[
𝑉
𝑉 ] =  𝑇ᵅᵝ [

𝑉𝑎

𝑉𝑏

𝑉𝑐

] =
2

3
[
1

−1

2

−1

2

0
√3

2

−√3

2

] [

𝑉𝑎

𝑉𝑏

𝑉𝑐

]  5-2 

 

Normally It is used in a balanced system where the zero-sequence component can be omitted to obtain 

the two- dimensional reference.  

 

Figure 5.9 Vector diagram of Clark transformation [37] 

Similarly, using inverse Clark transformation, a two-axis orthogonal stationary reference frame is 

converted into a three- phase stationary reference frame. The transformation is expressed by the 

equation 5-3. This change of reference frame is due to a replacement of the orthogonal base used in 

Figure 5.9 which allows you to operate in a plane instead of a three- dimensional space or vice versa, 

without losing any information. [38] 

 

 

[

𝑉𝑎

𝑉𝑏

𝑉𝑐

] =  𝑇ᵅᵝ
−1 [

𝑉
𝑉 ] =

[
 
 
 
1 0
−1

2

√3

2

−1

2

−√3

2 ]
 
 
 

[
𝑉
𝑉 ]  5-3 

5.4.3 Parks and inverse Parks Transformation  
 

The orthogonal stationary reference frame quantities need to be converted into rotating reference frame 

quantities. This transformation is implemented by using the Park transformation method, as shown in 

Figure 5.10. This is also known as dq transformation. The new dq references will rotate in the αβ 

stationary reference frame at a certain frequency.[38] 
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Figure 5.10 Vector diagram of the Park transformation. [37] 

The mathematical expression of the Park transformation and inverse Park transformation are shown in 

equation 5-4 and equation 5-5 respectively. [38]                

[
𝑉𝑑

𝑉𝑞
] =  𝑇𝑑𝑞 [

𝑉
𝑉

] =
2

3
[ 𝑐𝑜𝑠𝜃 𝑠𝑖𝑛𝜃
−𝑠𝑖𝑛𝜃 𝑐𝑜𝑠𝜃

] [
𝑉
𝑉

]   5-4 

 

[
𝑉
𝑉

] =  𝑇𝑑𝑞 [
𝑉𝑑

𝑉𝑞
] =

2

3
[𝑐𝑜𝑠𝜃 −𝑠𝑖𝑛𝜃
𝑠𝑖𝑛𝜃 𝑐𝑜𝑠𝜃

] [
𝑉𝑑

𝑉𝑞
]   5-5 

 

 

Applying the above formulas on the SRF PLL, where the three-phase input signal is calculated as 

𝑣𝑎(𝑡) = 𝑉 𝑐𝑜𝑠(𝜃)   5-6 

𝑣𝑏(𝑡) = 𝑉 𝑐𝑜𝑠(𝜃 −
2𝜋

3
)   5-7 

𝑣𝑐(𝑡) = 𝑉 𝑐𝑜𝑠(𝜃 +
2𝜋

3
)   5-8 

 

Applying Clarke then park transformation yields the following outcome where: 

𝑣𝑑(𝑡) = 𝑉 𝑐𝑜𝑠(𝜃 − 𝜃𝑒𝑠𝑡.)  5-9 

𝑣𝑞(𝑡) = 𝑉 𝑠𝑖𝑛(𝜃 − 𝜃𝑒𝑠𝑡.)  5-10 

Where: 

𝜃 = ∫𝜔𝑔𝑑𝑡 = ∫(𝜔𝑛 + ∆𝜔𝑔)𝑑𝑡 =∫(𝜔𝑛  𝑑𝑡 + ∫∆𝜔𝑔 𝑑𝑡  5-11 

 

𝜃 = ∫�̂�𝑔𝑑𝑡 = ∫(𝜔𝑛 + ∆�̂�𝑔)𝑑𝑡 =∫(𝜔𝑛𝑑𝑡 + ∫ ∆�̂�𝑔 𝑑𝑡  5-12 

Where 𝜔𝑛  𝑑𝑡 is the nominal phase angle and ∆𝜔𝑔 𝑑𝑡 is the difference in grid phase angle. 
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Substituting Eq 5-11 and 5-12 in  Eq 5-9 and 5-10 

𝑣𝑑(𝑡) = 𝑉 𝑐𝑜𝑠(∆𝜃 − ∆𝜃𝑒𝑠𝑡.) ≈ 𝑉   5-13 

 

𝑣𝑞(𝑡) = 𝑉 𝑠𝑖𝑛(∆𝜃 − ∆𝜃𝑒𝑠𝑡.) ≈ 𝑉(∆𝜃 − ∆𝜃𝑒𝑠𝑡.)   5-14 

𝑣𝑑 contains the amplitude measurement of the three-phase input value while 𝑣𝑞  contains the phase 

error info [31][39] 

Regarding the phase detector the LPF is needed to eliminate high frequency where (𝛼 − 𝛽) is the phase 

difference = 𝑠𝑖𝑛 (𝛼 − 𝛽) 

𝑠𝑖𝑛(𝛼 − 𝛽) = 𝑠𝑖𝑛𝛼 𝑐𝑜𝑠𝛽 − 𝑠𝑖𝑛𝛽 𝑐𝑜𝑠𝛼  5-15 

Using trigonometric properties  

𝑠𝑖𝑛𝛼 𝑐𝑜𝑠𝛽 =
𝑠𝑖𝑛(𝛼−𝛽)

2
+

𝑠𝑖𝑛(𝛼+𝛽)

2
  5-16 

Where the 1st term is the difference between the two phases while the 2nd term is the summation of both 

phases making it the higher frequency signal as shown in Figure 5.11 [34] 

 

Figure 5.11 Block diagram of LPF.  

As shown in Figure 5.12 the PLL calculates the grid’s d and q current frames where they are used by 

the current controller to control the grid via the inveter’s PWM 

 

Figure 5.12 Block diagram of PLL connected to abc/dq transformer to acquire the system’s d and q components for current 
and voltage. 
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5.5 CURRENT CONTROL* 
In the context of the inverter, it is necessary to detect the AC line currents and the DC bus voltage. 

Furthermore, for a grid-tie inverter, it is essential to have AC voltage sensing to determine the 

instantaneous phase angle of the AC voltage, which is crucial for the controller to achieve grid 

synchronization. The three-phase inverter IGBT switches are utilized to control and generate PWM 

voltage by comparing it with a sine wave. The filter inductor serves as a component that smoothens the 

abrupt voltage changes and shapes the sinusoidal line current. Meanwhile, the filter capacitor (C) is 

responsible for absorbing the harmonics generated by PWM switching currents, thus preventing these 

harmonics from reaching the utility grid or the load. [40] 

 

Within the inverter, the regulation of the active and reactive components of the current injected into the 

grid is achieved through pulse width modulation (PWM) techniques. A notable advantage of employing 

a current controller is its reduced sensitivity to voltage phase variations and grid voltage distortion, 

coupled with its swifter response time. The most prevalent control algorithm used for correcting current 

errors is the proportional-integral (PI) controller. This controller calculates an error value by comparing 

the measured inverter output current to the desired injected current into the grid and endeavours to 

minimize the discrepancy between them. [40] [41] 

 

The PI controller's calculation algorithm relies on two distinct constant parameters: the proportional 

constant (Kp) and the integral constant (Ki). The proportional aspect of the controller operates by 

multiplying the error signal by a gain factor (Kp), which gradually diminishes the overall error over 

time. However, it's worth noting that the proportional term alone does not eliminate the error, and some 

residual steady-state error persists. [40] [41] 

 

The integral portion of the controller is deployed to rectify small persistent errors. It integrates the error 

signal, subsequently multiplying it by the integral constant (Ki), which serves as the integral output term 

of the PI controller. This effectively eradicates steady-state errors and expedites the system's 

convergence towards the desired reference point. [40] [41] 

 

In conclusion, employing a PI current controller provides several benefits, including exceptional steady-

state response, minimal current fluctuations, a consistent switching frequency, and a well-defined 

harmonic profile. [40] [41] 

 

When the inverter output is linked to the grid, the desired output waveform must be: 

 

𝑉𝑎𝑜 =  𝑉𝐷𝐶 𝑐𝑜𝑠 ⍵𝑡    5-17 

 
𝑉𝑏𝑜  =  𝑉𝐷𝐶 𝑐𝑜𝑠 ( ⍵𝑡 − 2/3𝜋)   5-18 

 
𝑉𝑐𝑜  =  𝑉𝐷𝐶 𝑐𝑜𝑠( ⍵𝑡 + 2/3𝜋)   5-19 

In d-q frame, the grid voltage becomes: 

 

*some information shall be taken from FM4017 2023 group project ‘Grid following converter with renewable 

integrated power system’.  
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𝑉𝑑 =  𝑉𝑎  and 𝑉𝑞 = 0 

This can be verified from the simulation results. 

The inverter generates reference voltages (Vd and Vq) in the d-q coordinate system using the following 

equations: 

𝑉𝑑
∗= (𝐾𝑝 +

𝐾𝑖

𝑠
) (𝑖𝑑

∗ − 𝑖𝑑) − 𝜔𝑔𝐿𝑖𝑞 + 𝑉𝑑    5-20 

𝑉𝑞𝑜= (𝐾𝑝 +
𝐾𝑖

𝑠
) (𝑖𝑞

∗ − 𝑖𝑞) + 𝜔𝑔𝐿𝑖𝑑 + 𝑉𝑑  5-21 

Where 𝑖𝑑
∗  𝑎𝑛𝑑 𝑖𝑞

∗  are the reference currents while 𝑖𝑑 ,  𝑖𝑞  are the measured currents after d-q 

transformation, 𝜔𝑔is the grid frequency and L is the inductance [40] [41]. The gains Kp, and Ki values 

are chosen by Simulink’s auto tuner since there are multiple PI controllers and each one has its unique 

tuning values. 

In this process, Vd and Vq represent the grid voltages that have been transformed into the synchronous 

reference frame. Following this transformation, the reference voltages are converted into the 

conventional abc coordinate system, resulting in sinusoidal reference values. It's worth noting that these 

values span from -VDC/2 to VDC/2, which means they have a relatively substantial magnitude and cannot 

be directly compared to a triangular sawtooth carrier waveform that varies between -1 and 1 for 

generating PWM signals. To facilitate an accurate comparison, it is necessary to normalize the signals 

by dividing them by VDC/2.  

With a positive d-axis current and zero q-axis current, the grid-connected inverter can attain a unity 

power factor, directing only active power to the grid. When there is a positive d-axis current and a 

negative q-axis current, the grid-connected inverter delivers both active and reactive power to the grid. 

[40] [41] 

The control over output energy and power factor can be adjusted by modifying the d-axis and q-axis 

currents. The control strategy diagram for the grid-connected inverter is presented illustrated in Figure 

5.13 and Figure 5.14 [19] [41] [42] 
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Figure 5.13 Block diagram of the inverter with Control. 

 

 

Figure 5.14 Block diagram of the inverter with Control (MATLAB) 
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6 SIMULATION SETUP 

This chapter will go through the simulation set up in Simulink MATLAB 

6.1 SINGLE STAGE 
The system was simulated in MATLAB Simulink environment a rough schematic of it as shown in 

Figure 6.1. 

 

Figure 6.1 System in Simulink MATLAB 

• Electric components of an LG Electronics Inc. LG400N2W-V5 is used for the PV array as 

illustrated in Section 4.1.1.2 Injecting a Current of 20 A, 700V, and 14 kW to the grid at 1000 

W/m2. 

• An LRCL filter to filter harmonics. 

• A grid of 400 VRMS and 20 ARMS 

• PV MPPT P&O method the code will be attached in Appendix B 

• SRF-PLL to synchronize the grid and lock on the frequency. 

• A Current control decoupled algorithm 

 

 

 

 

 

 

 

 



 

 

  Simulation setup 

36 

Parameters Values Symbols 

Grid Filter Inductor 2.5 mH Lg 

Inverter Filter Inductor 2 mH Li 

Filter Capacitor 15 μF Cf 

Inductor’s Resistance 0.1 Ω R1, R2, R3 

Capacitor’s Resistance 1.5 Ω 𝑅𝑒𝑠𝑟 

Switching Frequency 10 kHz 𝐹𝑠𝑤  

Grid frequency 50 Hz 𝐹0 

DC voltage 700 V Vdc 

DC Current 20 A Idc 

DC capacitor 100F Cdc 

Grid voltage 400 V Vg 

Grid Current 28 APeak = 20 ARMS Ig 

Table 5.4.3-1 System's Parameters 

The simulation will go through different situations or scenarios of irradiance exposure. 

• Applying a constant irradiance of 1000 W/m2 

• Having a 50% drop in power and current due to the irradiance also dropping by 50% 

• Simulating the irradiance exposure of a typical day where the sun rises until it sets. 

• Applying a random sequence of irradiance mimicking the random movement of clouds above 

the PV array 
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7 RESULTS 

7.1 SINGLE STAGE 

7.1.1 Constant Irradiance 

A constant block was used to have a constant irradiance of 1000 W/m2. 

 

Figure 7.1 Grid Output_Constant Irradiance 

As it’s shown in Figure 7.1 the constant Grid voltage is around 400V and a power of 14 kW and a 

current of 20 ARMS 

 

Time Irr Current power THD 3 Cycles 

0 1000 28 14 kW 1.15 % 

Table 7.1.1-1 Grid parameters_Constant Irradiance 

The Table 7.1.1-1 above shows the grid parameters when simulated in a constant irradiance where the 

THD is below the IEEE standard of 5% [43], [44], [45].  
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Figure 7.2 Inverter output_Constant Irradiance 

Figure 7.2 shows the inverter output Voltage current and power, for the rest of the simulation of the 

different cases stated in the Simulation setup the inverter behaves like the grid wave wise when the 

irradiance changes. 

 

Figure 7.3 PV output_Constant Irradiance 

Figure 7.3 shows the constant power voltage and current of the PV array. 
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7.1.2 50% irradiance drop. 

At 0.5 seconds the irradiance drops by 50% as shown in Figure 7.4  

 

Figure 7.4 Grid output_50% irradiance drop 

Figure 7.4 shows the grid outputs when the irradiance drops by 50% also the current and power drops 

by 50% due to the change in the MPPT Vref giving a new Id_ref as explained in Figure 7.4 

 

Time Irr Current power THD 3 Cycles 

0 1000 28 14 kW 1.15 % 

0.5 500 14 7 kW 1.35% 

Table 7.1.2-1 Grid parameters_50% irradiance drop 

The THD is less than 5% and the current and power are halved.  
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Figure 7.5 PV output_50% irradiance drop 

Figure 7.5 shows the PV voltage current and power as they drop by 50% affecting the grid. 

7.1.3 Typical day irradiance 
In this section it will be assumed that a normal day cycle of sun rising then setting going from low to 

high to low irradiance 

Time 

(Sec) 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

Irr. 

(W/m2) 

0 250 500 750 1000 1000 750 500 250 0 

Table 7.1.3-1 gradual increase and decrease in irradiance mimicking a typical sunny day. 

 

Figure 7.6 Grid output _Typical day irradiance. 

Figure 7.6 shows the grid output values as in the early morning when sun rises the irradiance increases 

gradually as the sun is at its peak exposure wise where the maximum current and power can be obtained. 



 

 

  Results 

41 

Time Irr Current power THD 3 Cycles 

0 0 0 0 kW 32.31% 

0.1 250 7 3.5 kW 7.63% 

0.2 500 14 7 kW 4.24% 

0.3 750 21 10.5 kW 2.98% 

0.4 1000 28 14 kW 0.51% 

0.5 1000 28 14 kW 2.54% 

0.6 750 21 10.5 kW 3.47% 

0.7 500 14 7 kW 5.31% 

0.8 250 7 3.5 kW 11.17% 

0.9 0 0 0 kW 33.89% 

Table 7.1.3-2 Grid output parameters_Typical day irradiance 

 

Table 7.1.3-2 shows the grid output values, note that as the current increases and reaches closer to the 

maximum current the THD decreases and as the current is lowered the THD increases, since the current 

hasn’t stabilized for most of the graph causing a positive and a negative ramp. 

 

Figure 7.7 PV output_Typical day irradiance 

As shown in Figure 7.7 PV output the maximum power and current that can be extracted from the PV 

is between 0.4 and 0.5 seconds. 

7.1.4 Random irradiance variations 

Assume that clouds are randomly moving above the PV at different speeds causing an irregular exposure 

interval of the sunlight and irradiance. 
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Time 

(Sec) 

0 0.2 0.4 0.6 0.8 1 

Irr. 

(W/m2) 

1000 500 1000 100 600 1000 

Table 7.1.4-1 irradiance intervals for random exposure 

Table 7.1.4-1 shows the period of random irradiances exposure on the PV array every 0.2 seconds for 

6 intervals. 

 

Figure 7.8 Grid output_Random irradiance variations.  

Figure 7.8 shows the grid output where at every 0.2 seconds there is a change in the irradiance causing 

the power and current to follow, having maximum values at 0.4 seconds and minimum values at 0.6 

seconds. 
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Time Irr. Current power THD 3 Cycles  

0 1000 28 14 kW 2.93% 

0.2 500 14 7 kW 4.15% 

0.4 1000 28 14 kW 4.7% 

0.6 100 3 1.4 kW 13.74% 

0.8 600 17 8.4 kW 3.09% 

1 1000 28 14 kW 1.24% 

Table 7.1.4-2 Grid output parameters_Random irradiance variations 

Table 7.1.4-2 shows the grid output values and THD increasing when the grid Current decreases and 

vice versa. [43], [44], [45]. 

 

Figure 7.9 PV output_Random irradiance variations 

Figure 7.9 shows the PV array behavior when exposed to random intervals of irradiances where at 0.4 

the maximum current, voltage and power can be extracted from the PV, at 0.6 seconds it’s at its lowest. 

8 CONCLUSIONS AND CHALLENGES 

8.1 IRRADIANCE EFFECT ON GRID OUTPUTS 

8.1.1 Constant irradiance 

Having a constant irradiance resulted in a constant power and current the PV is behaving like a constant 

DC battery source of 700 V. 
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8.1.2 50% irradiance drop. 

When the irradiance drops by 50% the grid controller follows and issues a new voltage reference and 

an Id reference of half the value of Id_max causing the whole system to drop by 50% current and power 

wise as shown in Figure 8.1, Figure 8.2, and Figure 8.3 

 

Figure 8.1 Irradiance drop effect on the Grid current.  

 

Figure 8.2 Grid Current when irradiance drops by 50%. 

 

Figure 8.3 50% drop of Grid Power 
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8.1.3 Typical day irradiance 

 

Figure 8.4 Gradual increase and decrease in irradiance mimicking the sunlight exposure of a typical day. 

 

Figure 8.5 Grid Current increases as Irradiances increases and vice versa. 

 

Figure 8.6 Grid Power increases with irradiance and vice versa. 
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As shown in Figure 8.4,Figure 8.5, and Figure 8.6 as the irradiance gradually increases as the sun rises 

the current and power also increases in tandem where the maximum power and current can be extracted 

between 0.4 and 0.5 seconds, after that as evening comes closer the current and power decreases as 

irradiance decrease as sun sets. 

8.1.4 Random irradiance variation 

 

Figure 8.7 Random interval of irradiance levels due to Clouds hindering some sunlight.  

 

Figure 8.8 Grid Current increase and decrease with irradiance. 

 

Figure 8.9 Grid Power increase and decrease with irradiance. 
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Figure 8.7,Figure 8.8, and Figure 8.9 shows that at different intervals of irradiances, the current and 

power act according to the increase or decrease in the exposed irradiance mimicking a scenario of where 

clouds passing by changing the irradiance at random intervals. 

8.2 TOTAL HARMONIC DISTORTION THD 

8.2.1 Constant irradiance 

At maximum and constant irradiance, the current was constant at the maximum current and power 

where THD at 3 cycles was at its lowest of 1.15%. as illustrated in Figure 7.1 and Table 7.1.1-1 [43], 

[44], [45]. 

8.2.2 50% irradiance drop. 

  

Figure 8.10  At 0.5 seconds current dropped to half to due 50% drop in irradiance causing an increase in the THD. 

As shown in Figure 8.10 and Table 7.1.2-1 as current decreases and drops by 50% the THD increases 

due to the power electronics behavior of non-linearity such as inverters IGBT, diodes and switching 

frequencies causing switching losses [46]  
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8.2.3 Typical day irradiance 

 

 

Figure 8.11 gradual increase and decrease of the current on a typical sunny day.  

 

Figure 8.12 as THD decreases as current increases. 

 

As current increases and reaches the maximum value the harmonic distortion decreases because of the 

nonlinear behavior such as the inverter elements changing the gird current due to the controller issuing 

different reference values causing new output parameters for the controllers generating the PWM 

signals shown in the Figure 8.11 and Figure 8.12 where the current increases and decreases with 

irradiance. [43], [44], [45].   
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8.2.4 Random irradiance variation 

 

 

Figure 8.13 grid current due to the exposure of random intervals of irradiance. 

 

Figure 8.14 THD increases as current reaches the minimum value.  

As the current reaches closer to max the THD decreases as shown in Figure 8.13, and Figure 8.14 and 

when the current reaches its minimum the THD is at its max as shown in Table 7.1.4-2 due to the non 

linear load behaviour of the invetrers IGBT and diodes. [43], [44], [45].  
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8.3 MAIN TAKES 
• The P&O MPPT ensures to adjust the system outputs when there is a change in irradiance. 

• Using PLL is essential for it to track and lock unto the grid frequency. 

• Importance of Filters and capacitors to reduce harmonics resulted from pulses like PWM. 

• Having a high switching frequency cause switching losses to inverter [47] 

• The nonlinearity behaviour of inverter’s IGBT and diode causes a rise in THD also if the load 

or grid current decreases as they draw in currents in a form of pulses. distorting the current 

waveforms, generating harmonics that can lead to power problems affecting both the 

distribution system equipment and the loads connected to it.[48] 

• Non-linear loads like switches causes conducting losses and switching losses causing 

harmonics. 

8.4 CHALLENGES 
• Not being able to simulate it in typhoon HIL and transitioning to MATLAB instead. 

• Due to lack of knowledge regarding the MATLAB environment when errors occur when 

dealing with the PV capacitor leading to injecting negative current to the inverter. 

• The PI tuning when using MATLAB’s auto tuner needs further understanding of the 

optimization method. 

9 FUTURE WORK 

It was an interesting journey and an adventure to submerge myself into the field of grid following 

systems, the SRF PLL the MPPT and how any changes that happen to the DC input side effects the grid 

and it synchronizes with the changes when the MPPT issues a lower or a higher voltage reference value 

to the system where the current controller takes that value and issues a new Vd and Vq references for 

the system, depending on the different rates of irradiance caused by the sun things that I want to explore 

further are: 

• This simulation was done in MATLAB. Originally typhoon HIL was desired but due to some 

software errors and lack of understanding of the software I couldn’t complete it there, so further 

learning and improving and using typhon HIL and re simulating this system there is something 

I am looking forward to. 

• Implementing the same system while adding new renewables such as batteries and super 

capacitors and implementing a controller for them 

• Implementing a dynamic configuration and control system of hybrid power system using 

bidirectional current flow for charging the battery bank and supercapacitor bank. 

• Implementing hardware wise and applying it to a real-life application will make the pixels in 

the simulation clearer when practiced in the open world. 

• This system’s control algorithm uses SPWM as the inverter driver, the other method I am 

interested in is hysteresis control. 

• This system used a single stage via an inverter, applying the same principles to a double stage 

boost/buck and inverter system is also an interesting topic. 

• Implementing different types of MPPT methods beside the P&O 

• Further understanding the PLL and the controller that can be used beside the decoupling current 

controller used in this system. 
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APPENDIX A   

Photovoltaic Datasheet 
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APPENDIX B 

MATLAB Program for LCL Filter 
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MATLAB MPPT CODE 
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Figure B. LCL filter design method. 
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APPENDIX C 
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APPENDIX D 

Figure D. MATLAB circuit diagram with controller. 


