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Abstract – Pulse width modulation (PWM) rectifiers play a critical role in AC to DC power 

conversion for renewable energy applications. Existing systems predominantly employ basic 

voltage-oriented control (VOC) strategies and conventional 2-level converters, which often face 

challenges such as suboptimal steady-state performance, slower transient response, and elevated 

harmonic distortions. Moreover, these systems typically lack sophisticated control mechanisms for 

managing active and reactive power, thereby potentially compromising overall efficiency and 

stability. This proposed voltage-oriented control strategy aims to overcome these limitations by 

enhancing both steady-state performance and transient response through an inherent current 

control loop. Specifically, in the context of grid-connected tidal energy systems, the generator side 

utilizes field-oriented control (FOC), while the grid side employs a 3-level H-bridge voltage source 

converter integrated with VOC and a phase-locked loop (PLL). These advanced control strategies 

are designed to optimize power extraction and more effectively manage active and reactive powers. 

MATLAB/Simulink simulations have been conducted to validate the efficacy of the proposed 

controller, demonstrating its ability to ensure system stability, reduce harmonic distortions, and 

manage reactive power effectively. The system, featuring a 1.5 MW/C, 1.2 MW three-level inverter, 

and LCL filter, achieves harmonic distortion below 5%, showcasing the filter's efficiency. The 

comprehensive simulation results support the feasibility and effectiveness of the proposed voltage-

oriented control strategy, addressing total harmonic distortion (THD), dynamic performance, and 

parameter sensitivity.  
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I. Introduction 

Integrating renewable energy sources, such as wind and 

tidal power, into the utility grid introduces a range of 

technical and economic challenges [1]. These challenges 

encompass power quality issues, including reliability, 

harmonics, voltage stability, control, protection, frequency 

regulation, and reserve allocation [2] – [3]. Additionally, 

the grid's inherent voltage harmonics can distort the 

current supplied [4]. Tidal energy systems, in particular, 

face significant hurdles due to the unpredictability of tidal 

speeds and difficulties in directly connecting to the 

traditional grid, which requires a meticulous integration 

process [4] – [5]. Effective control of power converters 

and conditioning processes is essential to address these 

issues [6]. 

Tidal energy systems, while sharing similarities with 

offshore wind turbines, have distinct characteristics that 

necessitate specialized solutions [7] – [8]. These include 

the predictable nature of tidal currents, reduced swept 

areas due to higher water density, and shorter distances to 

shore [9]. Vienna converters, known for their low 

harmonic distortion, high efficiency, and impressive 

power density, have emerged as a noteworthy solution in 

renewable energy applications, particularly in wind power 

systems [10]. Various control strategies, such as 

proportional-integral (PI) control, proportional resonant 

control, and sliding mode control, are utilized to enhance 

the performance of Vienna rectifiers [11]. However, the 

unidirectional operation of Vienna rectifiers limits their 

capability to generate reactive power [12], which is crucial 

for effective grid integration of wind and tidal energy [13]. 

In contrast, Pulse Width Modulation (PWM) rectifiers 

offer several advantages, including effective power 

quality management, high power factor, and bi-directional 

flow capability [14]. The traditional control strategy for 
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PWM rectifiers employs a synchronous rotating reference 

frame with decoupled PI controllers, but it faces 

challenges related to slow dynamic response [15]. 

Voltage-Oriented Control (VOC) is a prominent technique 

in PWM rectifiers, optimizing performance by managing 

direct and quadrature axis currents to regulate active and 

reactive power[16]. Direct Power Control (DPC) 

approaches have also gained attention for their ability to 

directly control active and reactive power [17]. 

Integrating PWM rectifiers with VOC in tidal 

generation systems provides significant benefits [18], 

including improved power quality, reduced harmonic 

distortions, and enhanced power factor [19]-[20].  This 

integration addresses the variable nature of tidal energy, 

ensuring efficient energy transfer and stability within the 

grid [21]. 

Aims: 

• Enhance Power Extraction Efficiency: Optimize 

the extraction of power from tidal energy systems 

by applying vector-oriented decoupling control 

on the generator side. 

• Implement Voltage-Oriented Control: Develop 

and apply voltage-oriented control techniques to 

effectively manage active and reactive power in 

grid-connected tidal power systems using PWM 

inverters. 

• Analyze Simulation Outcomes: Perform a 

detailed analysis of simulation results to evaluate 

the performance of PWM inverters with voltage-

oriented control, focusing on their impact on grid 

stability, power quality, and overall system 

efficiency. 

 
TABLE Ⅰ 

PARAMETERS OF THE 300 KW HORIZONTAL AXIS TIDAL 

STREAM TURBINE (HATST) PROTOTYPE. 

Parameter  Value 

Radius  8.5 m 

Maximum pitch angle  8° 
Rated power  300 kW 

Rated flow velocity 
 

 
2 m/s 

Rated rotational speed  12 rpm 

Optimal TSR  5 

Starting flow velocity  0.7 m/s 

Total maximum efficiency  ≥30% 

 

The equation for estimating the power capacity of tidal 

currents can be derived by utilizing the identical formula 

applied in wind energy systems. In this equation, P 

denotes power measured in Watts (W); represents the 

device efficiency or power coefficient; 𝛒 represents the 

water density, typically estimated at approximately 1025 

𝐾𝑔/𝑚3; A stands for the swept area in square meters 

(m²), and U signifies the current velocity measured in 

meters per second (m/s), as depicted in Equation (1). 

 

𝑃 =
1

2
𝜌𝐶𝑝𝐴𝑉𝑡𝑖𝑑𝑒𝑠

3                                      (1) 

 

The modelling of the generator side includes an 

explanation of the rotor model. In this context, the rotor 

design assumes a crucial role in determining the amount 

of mechanical power (𝑃𝑚) generated from the energy of 

the tidal stream. It's important to note that the power 

coefficient 𝐶𝑝 is intricately linked to this rotor design. The 

rotor model is described as part of the modelling of the 

generator side.  

𝑃𝑚 = 𝐶𝑝𝑃𝑡𝑖𝑑𝑒                                                    (2) 

𝑃𝑚 =
1

2
𝐶𝑝𝜌𝐴𝑉3                                              (3) 

The power of the tidal stream is therefore divided by 

the power coefficient to determine the mechanical power 

output: 

In this instance, the 𝐶𝑝 maximum value of 0.44 is 

approximated indicates in Fig. 1. The power coefficient's 

value is contingent upon both the tip speed ratio and the 

pitch angle. However, in the case of fixed-pitch systems, 

the power coefficient 𝐶𝑝 is solely determined by the tip 

speed ratio. This ratio elucidates the connection between 

the rotational speed of blades with radius 'r' and the 

velocity of the water 𝑣: 

 

𝜆 =
𝜔𝑚𝑟

𝑣
                                                       (4) 

 

The 𝐶𝑃(𝜆)-curve has undergone experimental 

validation across TSR values ranging from 2.9 to 4.5, with 

flow velocities falling within the 1.2 to 1.4 m/s range, as 

detailed in [10]. The curve derived from the experimental 

data is depicted in Fig. 1 and is mathematically 

represented by the equation = 𝐶𝑃(𝜆)-0.0836𝜆2 −
 0.0183𝜆3  (5). The calculated optimal tip speed ratio 

from this power coefficient curve is approximately λopt ≈ 

3.05, corresponding to an optimal power coefficient of 

𝐶𝑝(𝜆𝑜𝑝𝑡) ≈ 0.26. 

 

 
Fig. 1: Power Coefficient with Tip Speed Ratio (TSR) and Blade 

Pitch Angle. 
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II. Rectifier and Control systems 

Rectifiers are crucial in converting alternating current 

(AC) to direct current (DC) within hybrid energy systems. 

This section provides a detailed exploration of rectifiers, 

focusing on their essential parameters and control 

techniques to ensure efficient operation and integration. 

A. PWM Non-Regenerative Rectifiers 

PWM non-regenerative rectifiers are electronic devices 

that convert AC power to DC power with high efficiency 

and controlled output. "PWM" stands for Pulse Width 

Modulation, a technique used to regulate the output 

voltage and current by adjusting the width of the voltage 

pulses. 

"Non-regenerative" refers to the inability of these 

rectifiers to feed energy back into the power source; they 

can only convert power in one direction, from AC to DC. 

This is contrasted with regenerative rectifiers, which can 

also return power to the grid or source when needed. 

PWM non-regenerative rectifiers are commonly used in 

applications requiring controlled DC power, such as in DC 

motor drives, battery charging systems, and various 

industrial processes. They offer advantages such as 

improved power quality, reduced harmonic distortion, and 

high power factor compared to traditional rectifiers. 

However, they are limited by their inability to handle 

energy regeneration or power reversal [11]. 

B. PWM Three-phase Boost Rectifier 

Due to its asymmetric current-drawing characteristics, 

the three-phase boost rectifier is frequently recommended 

for high-power applications. This topology is widely 

adopted because boost converters can achieve near-unity 

power factors and exhibit low distortion in line currents 

under diverse load conditions [18]. Despite these 

advantages, a notable drawback extensively reported in 

the literature is the potential for output voltage instability. 

Such instability can detrimentally impact the system's 

overall reliability and efficiency, especially under varying 

operating conditions. Therefore, it is imperative to 

incorporate meticulous design considerations and 

implement robust control strategies to mitigate voltage 

fluctuations and ensure consistent system performance 

[22].  

C. PWM Three-phase Vienna 

The Vienna rectifier architecture, illustrated in Fig. 2, 

comprises six active semiconductor switches, which can 

be either Insulated Gate Bipolar Transistors (IGBTs) or 

Metal-Oxide-Semiconductor Field-Effect Transistors 

(MOSFETs), and six diodes. Each diode and switch are 

subjected to a voltage stress of Vdc/2. The architecture 

employs three inductors on the AC input side and two 

parallel capacitors on the DC side. The neutral point of the 

DC link is connected to the grid's neutral point. Despite 

the advantages offered by this architecture, its practical 

implementation necessitates sophisticated control 

schemes and may require the fabrication of specialized 

semiconductor modules [13]. 

 

 
Fig. 2: A three-phase Vienna rectifier. 

Regenerative rectifiers are advanced power conversion 

devices capable of bidirectional power flow. In rectifier 

mode, they convert AC power to DC, while in reverse 

operation, they act as inverters, converting DC back to 

AC. This dual functionality is crucial for applications 

requiring bidirectional energy transfer, such as motor 

drives, high-voltage direct current (HVDC) transmission 

systems, and tidal turbine grid integration. 

In these contexts, regenerative rectifiers enable 

efficient energy recovery and reintegration into the power 

grid, thereby enhancing system efficiency and stability. 

Their ability to return excess energy to the source helps in 

managing power flow, improving power quality, and 

ensuring seamless operation across varying load and 

generation conditions. This capability is particularly 

important in modern electrical systems that prioritize 

energy conservation and efficient resource utilization [23]. 

 

D. Carrier-based sinusoidal pulse-width 

modulation (SPWM) 

Sinusoidal pulse-width modulation (SPWM) is widely 

employed by power electronics professionals to control 

the output of inverters, particularly in renewable energy 

applications like offshore tidal power systems. SPWM 

utilizes a triangular carrier wave to generate the PWM 

signals. Originally developed for three-phase voltage 

source inverters (VSIs), this technique has been adapted 

for three-phase current source rectifiers and, in some 

instances, for voltage source rectifiers [24]. For efficient 

operation, the PWM pattern must generate a sinusoidal 

waveform that matches the frequency of the input voltage. 

By adjusting the amplitude and phase of the PWM 

sinusoid, the system can accommodate both leading and 

lagging power factors in rectifier and inverter operations, 

enhancing the versatility and performance of the system. 

Refer to Fig. 3 for an illustration of this modulation 

technique [25]. 
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Fig. 3: Voltage-Oriented Control with CB-SPWM 

 
Fig. 4: Direct Power Control of PWM Rectifier with LCL Filter 

Using Power Damping Feedback. 

 

 

The equations for stator voltage in a fixed reference 

frame are provided as follows [26]: 

 

E. Voltage-Oriented Control (VOC) Framework 

 

Voltage-Oriented Control Approach: 

 

The Voltage-Oriented Control (VOC) strategy is 

employed to precisely regulate the output DC voltage of 

the inverter by controlling the current within the system 

[27]. VOC operates by projecting the three-phase voltage 

and current variables of the Voltage Source Inverter (VSI) 

onto a synchronously rotating dq-frame, which facilitates 

effective control of both active and reactive power. The 

key components of VOC are [22],[28]: 

 

• Inner Current Control Loop:  

 

This loop regulates the DC-link voltage by setting the 

reference currents for the inner loop [29]. 

 

• Outer Voltage Control Loop: 

  

This loop ensures the DC-link voltage maintains a 

value close to the reference, adapting dynamically to 

variations [29]. 

F. Mathematical Equations: 

 

• Voltage Equations in dq-frame: 

 

[𝑉𝑎𝑏𝑐] = [𝑅][𝑖𝑎𝑏𝑐] + [𝐿]
𝑑(𝑖𝑎𝑏𝑐)

𝑑𝑡
+

𝜆𝑎𝑏𝑐

𝑑𝑡
 (5) 

 

 

            

{
Vd = Rid + Ld

did

dt
− Lqiqωs

Vq = Riq + Lq

did

dt
+ (Ldid + ɸm)ωs

         (6) 

 

 

Where Vdand Vq   are the direct and quadrature axis 

voltages, 𝐼𝑑 and 𝐼𝑞  the direct and quadrature axis currents, 

R is the resistance, and L is the inductance [23], [30]. 

 

 

• Power Equations: 

 

𝑃 = 𝑉𝑑𝐼𝑑 + 𝑉𝑞𝐼𝑞                                              (7) 

 

𝑄 = 𝑉𝑑𝐼𝑑 − 𝑉𝑞𝐼𝑞                                              (8) 

 

where 𝑃 is the active power and 𝑄 is the reactive power. 

 

G. Direct Power Control (DPC) of PWM Rectifier 

 

Characteristics of DPC: 

 

• Instantaneous Power Regulation:  

Directly regulates both active and reactive power, 

enhancing power conversion efficiency. 

 

• Power Damping Feedback: 

Utilizes feedback to stabilize power and mitigate 

oscillations and disturbances. 

 

• Harmonic Mitigation:  

Incorporates an LCL filter to minimize PWM-induced 

harmonics, improving power quality. 

 

• Enhanced Dynamic Performance: 

 Adapts quickly to changes in load and grid conditions. 

 

• Simplified Control Structure:  

Reduces control complexity while enhancing system 

reliability. 
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• Permanent Magnet Synchronous Generator 

(PMSG) Model 

 

Electromagnetic Torque: 

 

𝑇𝑒𝑚 =
3

2

𝑃

2
(𝜓𝑓𝐼𝑞 − 𝐿𝑑𝐼𝑑)                                   (9) 

 

where 𝑇𝑒𝑚 is the electromagnetic torque, P is the 

number of pole pairs, 𝜓𝑓  is the flux linkage, and 𝐿𝑑  is the 

direct-axis inductance. 

 

• Mechanical Dynamics: 

 
𝑑𝜔𝑚

𝑑𝑡
= 𝑇𝑒𝑚 − 𝑇𝑙𝑜𝑎𝑑                                (10) 

 

where J is the moment of inertia, 𝑑𝜔𝑚 is the 

mechanical speed, and 𝑇𝑙𝑜𝑎𝑑 is the load torque. 

• Simplified Torque Equation: 

 

Electromagnetic Torque:  

 

𝑇𝑒𝑚 =
3

2

𝑃

2
(𝜓𝑓𝐼𝑞 − 𝐿𝑑𝐼𝑑)                              (11) 

• LCL Filter Modelling 

LCL Filter Parameters: 

 

• Impedance and Capacitance:  

 

𝑍𝐿𝐶𝐿 =
𝑉𝑔

𝐼𝐿𝐶𝐿

                                   (12) 

𝐶𝑓𝑖𝑙𝑡𝑒𝑟 = 0.05. 𝐶𝑏𝑎𝑠𝑒                               (13) 

where 𝑉𝑔 is the grid voltage, 𝐼𝐿𝐶𝐿 is the 

current through the LCL filter, and 𝐶𝑏𝑎𝑠𝑒 is the 

base capacitance. 

• Active Filter Function (AFF) for Harmonic 

Compensation: 

 

Harmonic Compensation: 

𝑖𝑐𝑜𝑚𝑝 = 𝑖𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 − 𝑖𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒                   (14) 

 

• Current Ripple Estimation 

 

Current ripple estimation involves determining 

fluctuations in electrical current caused by switching in 

power converters, crucial for minimizing harmonic 

distortion, improving efficiency, and ensuring power 

quality and system stability [8]. 

 

• Current Ripple Formula: 

The maximum current ripple at the inverter output can 

be estimated using: 

 

∆𝐼𝑟𝑖𝑝𝑝𝑙𝑒 =
𝑉𝐷𝐶(1 − 𝑚)

𝐿. 𝑓𝑠

                                 (15) 

 

where ∆𝐼𝑟𝑖𝑝𝑝𝑙𝑒 is the DC bus voltage, mmm is the 

modulation index, L is the inductance, and 𝑓𝑠 is the 

switching frequency. 

 

• Voltage-Oriented Control Implementation 

Control Strategy: 

 

• Outer Voltage Control Loop: 

 

𝑉𝐷𝐶,𝑟𝑒𝑓 = 𝑉𝐷𝐶 + 𝐾𝑝(𝑉𝐷𝐶,𝑟𝑒𝑓 − 𝑉𝐷𝐶)       (16) 

 

where  𝐾𝑝 is the proportional gain. 

 

• Inner Current Control Loop: 

 

𝐼𝑑,𝑟𝑒𝑓 =
𝑉𝐷𝐶 − 𝑉𝐷𝐶,𝑟𝑒𝑓

𝑅
                        (17) 

 

𝐼𝑑,𝑟𝑒𝑓 =
𝑉𝑞,𝑟𝑒𝑓

𝐿
                                 (18) 

 

• Minimum DC-Link Voltage: 

  

To ensure proper operation, the minimum DC-link 

voltage must be calculated as [27]: 

 

𝑉𝐷𝐶,𝑚𝑖𝑛 = √3. 𝑉𝑙𝑖𝑛𝑒−𝑡𝑜−𝑔𝑟𝑜𝑢𝑛𝑑                     (19) 

 

• DC-Link Capacitor Calculation:  

The DC-link capacitor 𝐶𝐷𝐶  is determined by: 

 

𝐶𝐷𝐶 =
𝑃

𝑉𝐷𝐶 . 𝑓∆𝑉𝐷𝐶

                                 (20) 

 

∆𝑉𝐷𝐶  is the maximum ripple in DC voltage, P is the 

active power, and 𝑓 is the generator frequency 

[22],[28].The specific parameters for the LCL filter and 

the PWM regenerative rectifier modelling parameters are 

outlined in Table 2 and Table 3: 
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TABLE Ⅱ 

 THE LCL FILTER PARAMETERS 

Parameters  Values 

Inverter side inductor   0.9mH 

Grid side inductor  0.072mH 

 Capacitor filter 
 
 

531µF 

Damping Resistor  0.118Ω 

Resonant frequency  845Hz 

Inductor resistances   0.00761Ω 

Sampling frequency  10,000Hz 

Crossover Frequency   254 Hz 

 
 

TABLE Ⅲ 

THE PWM REGENERATIVE RECTIFIER MODELLING PARAMETERS. 

Parameters  Values 

𝑉𝑑𝑐  1500 V 

𝑉𝑙𝑙  600 V 

𝐶𝐷𝐶   150 V0.04 Farad 

 

H. Generic Three-Phase VSC Electrical Topology 

 

The configuration of a generic three-phase Voltage 

Source Converter (VSC) electrical topology is illustrated 

in Fig. 5. The system setup includes a voltage source 

rectifier with line inductance on the AC side (𝐿s, 𝑅s), six 

individual IGBT switches, and a DC-link capacitor 𝐶 on 

the DC side [31]. 

 

 
 

Fig. 5: Generic Three-phase VSC electrical topology [32]. 

 

V(DC−min) > √2√3VLN(rms) = √3Em (21)     

 

 

The V(DC−min) represents the minimum DC-Link 

voltage, andV (rms)   is defined as the line-to-ground 

voltage. This analysis determines the minimum DC-link 

voltage through equation (21), presented as follows. 

Taking the maximum reference voltage as 
VDC

2
, Equation 

(22) can be expressed as shown: 

 

V(LNpeak) =
VDC

2
                           (22)     

 

V(DC−min ) > 2VLN(peak) =
2√2

√3
VLN(rms)

= 1.663VLL(rms) (23)   
 

The DC link voltage is considered inconsistent with 

Equation (21). The calculation of the DC-link capacitor 

can be determined using the following equation: 

 

  CDC =
P

2π f VDC∆VDC

                         (24)   

 

 

Here, ∆VDC   denotes the maximum ripple in DC voltage, 

typically approximately 5% of the supply voltage, 

where VDC   is the DC bus voltage. Additionally, P 

represents the active power, and 𝑓 corresponds to the 

generator frequency. 

III. Methodology 

This study leverages MATLAB/Simulink for modeling 

and optimizing grid-connected tidal power systems using 

voltage-oriented control (VOC). The methodology 

includes transforming the power coefficient curve into a 

mathematical representation and implementing discretely 

tuned PI controllers with anti-windup features. Designed 

specifically for tidal Stream Energy applications, the 

system comprises a PWM rectifier and a 2-level voltage 

source converter (2L-VSC) to convert AC to DC, 

enhanced by a harmonic LC filter for superior output 

quality. Grid integration is facilitated through a 3-level 

cascaded H-bridge VSC, controlled by VOC coupled with 

a phase-locked loop (PLL). The VOC algorithm utilizes a 

decoupler and three PI controllers to manage current 

components and DC-link voltage. Key system 

components—tidal generator, filter, converter, rectifier, 

and grid—are illustrated in Fig. 6 
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Fig. 6: Grid-connected PMSG-based tidal generation system 

 

IV. Results and discussion 

This study proposes using the simplified network 

depicted in Figs. 3 and 4 to evaluate the improved power 

quality achieved by connecting a voltage-oriented PWM 

rectifier to a grid-connected tidal turbine. The system 

integrates a tidal turbine shaft with a Permanent Magnet 

Generator (PMG) rotor and a full-scale power converter 

connected to the grid via a Permanent Magnet 

Synchronous Generator (PMSG). Three-phase undersea 

cables transmit the 6.6 kV output from the Medium 

Voltage (MV) generator to shore, where an onshore 

transformer typically steps down the voltage to a Low 

Voltage (LV) transmission level (690 V). 

 
TABLE V 

TIDAL GENERATOR MODELLING PARAMETERS 

Parameters  Value 

Pnom  1.5 MW 

Vnom  600 V 

Rs  0.006 

Ldq 
 

 
0.3e-3 

ɸ  1.48 

Ј  35000 

Viscous           

Damping 
 0.01 

Friction  0 

Np  48 

 

 

The tidal generator's reactive power generation and 

active power output, estimated at 1.324 MW, are depicted 

in Figs: 7a and 7b. The simulation shows a significant 

negative undershoot of approximately 69.62%, a minor 

positive undershoot of around 1.055%, and a substantial 

overshoot of 233% during the initial phase. 

 

 
Fig. 7: (a) Active power output from the tidal generator and (b) the 

reactive power generated by the tide generator. 

 

The active and reactive power curves at the load output 

terminals are illustrated in Fig. 8. The active power is 

recorded at 2.5 MW, while the reactive power remains 

near zero (1.865 × VAR). After this period, the response 

stabilizes, maintaining a consistent output of 917 kW. Fig. 

8 displays the active and reactive power exported to the 

grid. The grid-connected inverter is required to supply 

508.4 KVAR of reactive power and approximately 573.9 

kW of active power to the tidal energy system. 
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Fig. 8. Active and Reactive Power 

 

A. Inverter Characteristics 

 

Multilevel voltage-source inverter (VSI) technology is 

commonly utilized in grid-connected tidal energy 

conversion systems (TCS), as illustrated in Fig. 5. Due to 

the inherent buck characteristics of Voltage Source 

Inverters (VSIs), a boost converter is required to elevate 

the DC-link voltage when the VSI is utilized as the power 

conversion circuit in a TCS. 

Fig. 9 illustrates the phase-to-phase voltage of a three-

level inverter, revealing the harmonics introduced by 

inverter switching. These harmonics can substantially 

degrade system efficiency, resulting in transient effects 

and a diminished power factor. To maintain acceptable 

system performance, the total harmonic distortion (THD) 

must be kept below 5% for voltages ranging from 1 to 68 

kV. The current harmonic distortion threshold is set at a 

higher value, with a minimum of 1000 A. 

To reduce the harmonics, an LCL filter is installed 

between the grid and the inverter. Voltage and current 

signals have harmonics that exceed the usual system 

frequency of 50 Hz.  

The output of the LCL filter, illustrating the phase-to-

phase voltages and currents, is also shown in Fig. 9 and 

Fig. 10. 

Phase currents are approximately 1213 A, while 

voltage magnitudes are around 600 V. The phase-to-phase 

voltage has an undershoot of 1.985% and an overshoot of 

0.324%, with a rising time of approximately 5.853 

milliseconds and a fall time of 5.837 milliseconds. 

Similarly, the phase current exhibits rise and fall periods 

of 5.819 and 5.823 milliseconds, with overshoot and 

undershoot values of 1.99%.  These metrics indicate that 

harmonic distortion is effectively reduced by the 

implemented LCL filter, ensuring that performance 

standards are met. 

 

 
Fig. 9.The three-phase voltage before the filter 

 

 
Fig. 10: The three-phase voltage before the filter, Current before the 

filter 

 

The voltage control method utilized in this study 

compares the DC link voltage to a reference voltage set at 

1500 V. The currents 𝐼𝑞and 𝐼𝑞𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 (𝐼𝑑𝑟𝑒𝑓) are 

evaluated through the current PI controller on the q-axis, 

generating the voltage 𝑉𝑞 based on the error between the 

two currents.  

The 𝑉𝑞𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 is maintained at zero,𝐼𝑑𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 

(𝐼𝑑𝑟𝑒𝑓) in Fig. 13e, representing the DC link. Fig. 11d 

illustrates the actual and reference voltages of the DC link. 

The model controls outperform expectations, with little 

difference between the actual and reference signals. 

However, overshoots occur at simulation states 14, 688, 

and 15, after which both voltages normalize.  Fig. 12e 

compares the current. The current (𝐼𝑑) and the current 

reference (𝐼𝑑𝑟𝑒𝑓) are compared in Fig. 13e. 

The current PI controller generates the voltage (𝑉𝑞) on 

the q-axis by comparing the actual and reference 

currents. The Iq reference value is kept close to zero. The 

grid voltage in the dq0 frame is crucial for generating the 

voltage required to detect the modulation signal. The grid 

regulates its reactive power by setting the d-axis voltage 

to 500 V while keeping the q-axis value at zero.  Figs. 13a 

and 13b show the voltages in the dq0 frame (𝐼𝑑 and 𝑉𝑞), 

which help to examine the modulation signal, as well as 

the estimated values for the d and q axes. The modulation 

signal's findings on both axes are calculated with a 

modulation index of 0.7. The modulation signals are then 

transformed from the dq0 frame to the ABC frame and 

delivered to the pulse width modulation (PWM) generator, 

producing the twelve pulses required for operating the 

three-level system. 

   The phase-locked loop (PLL) indicates in Fig.  14 plays 

a crucial role in this process by generating an output signal 

that is synchronized with the phase of the input. The PLL 

employs an internal frequency oscillator to continuously 
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track the frequency and phase of a sinusoidal three-phase 

signal, thereby minimizing phase differences and ensuring 

synchronization. As depicted in Fig. 13, the PLL 

frequency (f) is set to 50 Hz, aligning closely with the grid 

frequency with only minor deviations. The PLL accurately 

detects the grid voltage and phase angle through dq0 frame 

current control synchronization, ensuring optimal 

alignment between the inverter and the grid. 

 

 
Fig. 11: (a) Actual and Reference DC-link voltage, and (b) Vd 

 

 
Fig. 12: (c) Iq and Iq-ref, and (d) VDC, VDC ref  

 

 
Fig 13. Id and IdRef 

 

 
Fig. 14:Phase-locked loop (PLL) frequency 

 

     The inverter has been precisely constructed to generate 

a grid-compatible voltage. This three-level inverter 

maintains a constant voltage level regardless of the control 

and load factors. It efficiently converts the DC-link 

voltage into a three-level AC voltage that oscillates 

between -VDC and +VDC, as shown in Fig. 11 (a) and (b). 

This AC voltage is used as the inverter's output, avoiding 

the requirement for a filtering mechanism. The peak-to-

peak voltage and root mean square (RMS) value are 938 

volts. The waveform reaches approximately 2800 V, with 

maximum and minimum values of +1400 V and -1400 V, 

and it shows pulses of varying widths depending on signal 

amplitude. The fundamental frequency of the waveform is 

exactly 50 Hz, which corresponds to the grid frequency. 

The phase-to-phase voltage has a rising period of 3.841 

milliseconds and a fall time of 3.971. The overshoot and 

undershoot rates are 0.49% and 25.347%, respectively. 

 

 

 
Fig. 15: Inverter phase-to-phase voltage. 

 

The phase-to-phase voltage generated by the three-

level inverter, as shown in Fig. 15, exhibits harmonic 

distortions caused by the switching operations of power 

electronic devices within the inverter. Harmonics in 

offshore tidal systems can degrade power quality, causing 

voltage and current distortion. This leads to increased 

losses, equipment stress, and reduced lifespan. Harmonics 

can also interfere with communication systems, contribute 

to grid instability, and cause regulatory compliance issues. 

Ensuring harmonic mitigation is essential to maintain 

system efficiency and reliability. Specifically, IEEE 519-

2014 demonstrates that the total harmonic distortion 

(THD) for voltages ranging from 1 to 68 kV should not 

exceed 5%, while the allowed THD limit for currents 

greater than 1000 A is 20%. 

Fig. 16 (a) and (b) present the THD analysis before 

filtering, revealing a significant THD of 42.35.38% in the 

phase-to-ground voltage waveform and 11.54% in the 

phase current signal. As indicated in Figs. 15, effective 

filtering procedures significantly reduce THD values to 

0.07% for current and 0.12% for voltage. This reduction 

demonstrates the effectiveness of the filtering approaches 

in lowering harmonic distortions to levels well within the 

IEEE-specified limits. Such measures are critical for 

maintaining compliance with grid connection standards, 

optimizing system performance, and mitigating potential 

negative effects on grid stability and reliability. Future 

developments in inverter design and control strategies will 

continue to prioritize minimizing harmonic content to 
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enhance overall power quality in grid-integrated 

renewable energy systems. 

 

 
(a) 

 

(b) 

Fig. 16.  (a) Voltage, (b) Current Total Harmonics Distortion. 

Two case studies were conducted to evaluate the 

performance of a tidal generation system under different 

load conditions. These studies examined scenarios where 

the load was below or above the system's tidal energy 

output capability. Key parameters such as active and 

reactive power, grid voltage, and current were analyzed 

across various operational modes (see Figs. 18–19). 

In the scenario where the load demand was smaller than 

the tidal energy system's output capacity (Fig. 18), despite 

the system's maximum output of 1.54 MW, a 2.5 MW load 

was connected to the grid-connected tidal power system. 

To meet this demand, an additional 1.23 MW of power 

was imported from the grid using an inverter with 88% 

efficiency. 

Fig. 20 depicts the patterns of active and reactive power 

at the load terminals. The reactive power fluctuated 

around zero (1.865 × VAR), and the active power steadied 

around 2.5 MW. The active power signal showed a 

14.557% overshoot between t = 0 and t = 0.3 s, followed 

by a 1.998% undershoot between t = 0.3 and t = 0.4 s, 

before stabilizing at around 917 kW. In terms of electricity 

exported to the grid (Fig. 18), the tidal energy system 

exported approximately 573.9 kW of active power and 

was expected to create approximately 508.4 KVAR of 

reactive power from the grid-connected inverter. The 

active power signal had a delay of 61.950 milliseconds, 

with 10.92% overshoot and 8.35% undershoot. Reactive 

power showed a delay of about 29.842. 

Fig. 19 displays the phase currents and phase-to-phase 

voltages at the load terminals as pure sinusoidal waves. 

The RMS voltage was set at approximately 600 V, with 

currents expected to be around 874.4 A. The voltage rise 

and fall times were about 5.854 and 5.858 milliseconds, 

respectively, with a 1.983% overshoot and undershoot. 

Current rise and fall times were approximately 5.858 and 

5.855 milliseconds, respectively, with a 0.312% overshoot 

and a 1.984% undershoot. 

 

 

 
Fig.  16: Grid active power and reactive power 

 

 
Fig. 17:  Indicates Load voltage and load current. 

 

 
Fig. 18: Indicates load voltage and load current. 

 
 

 
Fig. 19: Load voltage and Reaction power the grid. 
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Fig. 20: Indicates load voltage and load current. 

 

 
Fig. 21: (a) Grid voltage, and (b) Grid current. 

V. Conclusion 

This research paper has presented a thoroughly 

designed and validated three-level Pulse Width 

Modulation (PWM) rectifier, integrated with an advanced 

voltage-oriented controller (VOC). Through rigorous 

simulations using MATLAB Simulink software, the study 

has focused on high-power applications within the realm 

of grid-connected tidal generation systems. 

The implementation of voltage-oriented control in 

conjunction with Carrier-Based Sinusoidal PWM has 

significantly advanced grid-connected tidal power 

systems. This approach, specifically tailored for high-

power scenarios, proves highly effective for tidal energy 

systems in coastal cities. 

The integration of the proposed system with Carrier-

Based Sinusoidal PWM, along with meticulously 

designed input and output filters, has addressed key 

challenges related to reactive power and unstable active 

currents. The combined operation of the voltage-oriented 

controller (VOC) and the PWM rectifier ensures that 

sinusoidal currents with minimal ripples and distortions 

are maintained at the input side. Additionally, the system 

achieves a unity power factor, with the total harmonic 

distortion of the input current consistently below 5%, 

meeting the stringent IEEE-519 standard requirements. 
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