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ABSTRACT 

  

This study presents a novel approach to harmonic compensation in three-

phase grid-connected voltage source converters (VSCs), addressing challenges 

presented by grid voltage distortion and frequency variations. It introduces an 

advanced simulation method within the MATLAB/Simulink environment that 

accurately replicates the functionality of discrete-time controlled grid-connected 

VSCs. This method employs switched-circuit modeling for simulating the power 

stage in the continuous-time domain, seamlessly integrating with the physical unit 

scale. The control algorithm, formulated in a MATLAB function on a per-unit scale, 

is efficiently convertible into C language for deployment on a 32-bit C2000 DSP 

controller, ensuring uniformity in the parameters of the regulators. Extensive testing 

of this methodology utilized both a hardware-in-the-loop real-time simulator and a 5-

kVA three-phase LCL-filtered grid-connected VSC. This included the application of a 

discrete-time control scheme within the synchronous reference frame. The study 

explores the effectiveness of Proportional-Integral plus Multi-Resonant (PIMR) 

controllers in mitigating high-order harmonic currents by employing harmonic 

 



 D 

compensators at the 6th and 12th harmonic orders. This strategy focuses on 

minimizing grid voltage harmonic orders 5th, 7th, 11th, and 13th, achieving a total 

harmonic distortion (THD) of 4.69%. Implemented on a TMS320F28379D digital 

signal processor, the PIMR controller demonstrated enhanced performance over the 

traditional Multiple Synchronous Reference Frame (PIMSR) controller. It achieved 

significant harmonic rejection in the grid current, with a THD nearing 1% aligning 

with the IEEE 1547 standard and realizing a 35% reduction in computational time. 
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CHAPTER I 

 

INTRODUCTION 

Background and Motivation 

In recent years, research has focused on distributed generation (DG) systems, 

powered by renewable energy sources, such as micro-hydro turbines, hydrogen fuel 

cells, photovoltaics, wind turbines, etc., due to the limited fossil fuels. Meanwhile, 

fossil fuels are the main energy supplier of the worldwide economy, but the 

recognition of them as being a major cause of environmental problems and also 

causing climate change problems is caused by greenhouse gas emissions from 

industry and transportation. Moreover, the increasing demand for energy can create 

problems for the grid, such as grid stability, power quality, and even outages. The 

necessity of producing more energy, combined with the interest in clean technologies, 

yields increased development of power distribution systems using renewable energy 

[1]. 

Furthermore, responding to environmental problems in terms of energy 

consumption, there is a noticeable increase in electric vehicles (EVs), such as plug-in 

hybrid EVs (PHEVs) and battery EVs (BEVs). It needs charging from the grid, which 

will result in increased energy consumption [2, 3]. The voltage source converter 

(VSC) is an important part of bringing different clean energy sources into the power 

grid. It can convert energy from direct current to alternating power or vice versa. For 

example, in an application on battery energy storage systems (BESS), a battery 

inverter can send direct current power from the battery to the grid. On the other hand, 

it can receive the energy from the grid to flow into the battery. With both modes 

operating without any changes in hardware components [4, 5]. 

In Figure 1, a low-voltage power grid system is shown, which consists of a 

distributed transformer connected between the medium-voltage and low-voltage sides. 

The nonlinear loads are connected to the point of common coupling (PCC), which 

injects harmonic current into the grid. Therefore, if the low voltage power grid system 
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has a high harmonic current, it will affect the voltage, resulting in high distortion. 

This effect will be more intense if the position of the nonlinear load is very far from 

the distributed transformer due to the high grid impedance [6, 7]. 

 

Figure 1 The general structure of the VSC used in the low-voltage grid system. 

Together, In the present, the photovoltaic grid-connected inverter is the most 

commonly used distributed power generation systems [8]. It is used as a part in homes 

and offices, including the hybrid inverter, which has a battery for backup power. 

Meanwhile, EVs are becoming increasingly active, resulting in big loads on the power 

grid. Moreover, level 3 charging stations are DC voltage fast mode charging, which 

consumes a lot of power in the power grid system [9]. These have a voltage source 

converter (VSC) as the main component, which can convert power between the power 

grid and load by maintaining the good properties of AC and DC power. 

However, if the power grid has harmonic voltage distortion caused by the 

nonlinear loads injecting harmonic current into the grid [10]. The VSC without 

harmonic compensations (HCs) will create a high-order harmonic current when 

connected to the grid voltage distortion[11]. It is seen in Figure 2. that the grid current 

is significantly distorted by the grid voltage harmonics. The HCs for the VSC under 

distorted grid voltage are still essential for research. In order to improve the quality of 
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the grid current waveform to be consistent with grid standards such as IEEE 1547-

2018 [12] which specifies the limit in each harmonic order.  

The harmonic compensations (HCs) are controlled by a controlled by a 

parallel controller in the current control loop. Some research offers methods to solve 

high-order harmonic current problems. All the same, the aim was to mitigate 

harmonic current while the VSC was connected to the grid voltage. Moreover, the 

injected harmonic current is caused by the dead time in the IGBT or MOSFET switch 

of the VSC [13]. The proportional resonance controller (PR controller) was widely 

used to eliminate harmonic currents [6, 13-18] where the PR controller was used to 

attain zero steady-state error [19]. The PR controllers are used for the control of both 

the single-phase system [20, 21] and the three-phase system [22]. Also, the PR 

controller was used in parallel on the stationary frame ( – axis) [23] and the 

synchronous frame or called rotating referent frame (dq-axis) [14]. Meanwhile, the 

injected harmonic current will be responding to grid frequency adaptability while the 

current control loop contains the HCs. Therefore, the harmonic current has a high-

order harmonic current when the frequency moves away from the nominal grid 

frequency [23]. 

As a result, this study explained the VSC's mitigation harmonic current when 

connected to the grid, as well as analyzed and evaluated the performance of the HCs 

in each technique under grid voltage distortion. Also, to analyze and construct the 

prototype of a two-level three-phase VSC using an LCL filter. The goal is to develop 

a suitable technique for removing harmonic currents. Then this study presented the 

simulation results and experimental results to confirm the concepts. 
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Figure 2 Grid current waveforms under a distorted grid voltage condition. 

Objectives of the study 

1) Design and construction of a two-level voltage source converter connected 

to the grid with an LCL filter. 

2) To develop a grid current control scheme for harmonic mitigation under 

grid voltage distortion. 

3) To evaluate the harmonic compensations (HCs) in each technique under 

grid voltage distortion. 

Scope of the Study 

1) The two-level voltage source converter has the following characteristic as 

Table 1. 

2) The two-level VSC can be maintained when the grid is weak, such as 

harmonic of grid voltage.  

3) The two-level VSC contained harmonic compensations (HCs) in the grid 

current control loop under IEEE 1547-2018 requirement.  

4) The two-level VSC can be controlled the bi-directional power flow. 

Grid voltage, vg

Grid current, ig

id

iq
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5) The diagram scope of the two-level voltage source inverter in this research 

is shown in Figure 3. 

 

Figure 3 Three-phase grid-connected two-level voltage source converter with an 

LCL filter and control scheme. 
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Table 1 The two-level voltage source converter parameter. 

Symbol Parameters Values 

𝑉𝑔 Nominal Grid Voltage 220/380 V 

fn Nominal Grid frequency 50 Hz 

𝑃𝑟𝑎𝑡𝑒𝑑 Rated Power 5 kW 

𝐼𝑔 Rated AC Current 7.59 A 

𝑉𝑑𝑐 Nominal DC Bus Voltage 650 V 

𝑓𝑠𝑤 Switching Frequency 10 kHz 

𝑓𝑠 Sampling Frequency 20 kHz 

 PWM Technique Space Vector PWM 

 Filter type LCL 

Benefits of the Study 

1) The VSC can be maintained when the grid voltage has high distortion, 

while the grid current has low distortion. 

2) In a microgrid system, the grid current distortion remains low even when 

there is a variation in grid frequency. 

3) Active and reactive power can be exchanged from or to the grid according 

to the necessity of the grid voltage.  

4) The grid voltage profile can be improved with the proper injection of 

active power from renewable energy sources or storage devices, or without 

anything. 

5) Implementing an effective control strategy for VSC and LCL parameters 

can significantly reduce grid current and grid voltage ripples. This also 

contributes to enhancing the power factor of the grid. 

6) The current and voltage harmonics have been sufficiently decreased within 

the limitations specified by international standards, resulting in a low total 

harmonic distortion (THD). 

7) The VSC is an important infrastructure of the smart grid system because it 

can control the grid's power flow to ensure proper energy management.  
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CHAPTER II 

 

LITERATURE REVIEW 

Review of related articles 

The VSC is usually controlled to feed currents with low-order harmonics in 

compliance with standards such as IEEE 1547-2018 [12]. However, grid voltage 

harmonics are the disturbances of the VSC’s grid current control loop, which distort 

the VSC currents injected into the grid. Furthermore, the grid current harmonics 

become more pronounced when the frequency deviates from the nominal grid 

frequency [23, 24]. Thus, harmonic current (HC) controllers with a frequency 

adaptation capability are essential for the VSC operated under grid voltage distortion. 

Proportional–integral (PI) regulators implemented on the synchronous reference 

frame are widely employed in the VSC current control thanks to the zero-steady state 

error, power decoupled capability, and adaptation with the inherent grid frequency 

through the axis transformations [15, 17, 25, 26]. However, the grid current 

waveforms distort when the grid voltages contain harmonic components. Therefore, 

integral regulators on the multiple synchronous reference frames at selective harmonic 

frequencies implemented in parallel with the fundamental controller successfully 

attenuate the grid voltage harmonics [27, 28]. This multiple synchronous reference 

frame control is herein called the PIMSR control, which has been reported in the 

active power filter [27, 29-33], grid-forming inverter [34], and grid-connected inverter 

applications [35, 36]. However, the PIMSR control requires a large number of axis 

transformations, which poses a heavy computational burden on a digital signal 

processor (DSP) [27, 35]. Proportional-resonant (PR) regulators implemented on the 

stationary reference frame are also widely employed in the VSC current control loop, 

which provides a zero steady-state error [14, 37-39]. The PR controllers are used for 

the control of both the single-phase system and the three-phase system [6, 14, 23]. 

This stationary frame PR control demands a low computation resource. The PR 

regulator has to be implemented with a damping coefficient to maintain the control 

performance with the variable grid frequency [40]. Therefore, the resonant regulator 
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with the double integrator structure is adopted to adapt the resonant frequency with 

the grid frequency employing the estimated frequency from the phased-locked loop 

(PLL) [41-43]. However, the current components in the stationary frame with the PR 

control lack the instantaneous active and reactive power extraction capability, which 

requires an additional power calculation scheme. Selective harmonic mitigation is 

achieved by adding multiple resonant controllers in parallel with the fundamental 

component controller, which is herein called the proportional-multiple-resonant 

(PMR) controller. A repetitive controller (RC) based on the internal model principle is 

another stationary reference frame controller suitable for periodic signals. The RC 

controller is equivalent to a set of multiple resonant regulators, which has been 

applied for the single-phase and three-phase VSCs [13, 23, 44]. However, frequency 

adaptation capability is the main drawback of the RC regulator. Therefore, 

complicated measures such as multi-rate sampling techniques or using Lagrange 

interpolating-polynomial-based filters have been proposed for the RC regulator [23]. 

Proportional–integral plus multi-resonant (PIMR) controllers implemented on 

the synchronous reference frame were proposed in [14]. The PI controllers in the 𝑑𝑞-

frame regulate the fundamental component currents. Meanwhile, the harmonic 

components (1±ℎ) in the stationary reference frame are translated to orders ±ℎ in the 

synchronous reference frame, where ℎ = 6, 12, ⋅ ⋅ ⋅. Each resonant controller regulates 

the input signal both in the positive and negative sequences. Therefore, the PIMR 

control scheme employs a smaller number of resonant regulators than the PMR 

scheme on the stationary reference frame. Moreover, the power decoupling property 

is preserved due to the implementation in the synchronous reference frame. The 

frequency adaptation capability is also maintained if the resonant controllers are 

implemented with the double-integrator structure. 

Liu et al. have proposed a solution for the weak grid in a micro-grid power 

system, where the background harmonic voltage (BHV) may distort the injected 

currents of the grid-tied inverters. They have presented a single-loop current control 

with the active damping (AD) method, a PR+HC regulator, and a hybrid damper. Liu 

et al. have proposed a solution for the weak grid in a micro-grid power system, where 

the background harmonic voltage (BHV) may distort the injected currents of the grid-

tied inverters. They have presented a single-loop current control with the active 
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damping (AD) method, a PR+HC regulator, and a hybrid damper. This scheme is 

depicted in Figure 4. They have shown their work on single-phase LCL- or LLCL-

filter-based grid-tied inverters. Experiments on a 2-kW prototype [16]. But this 

method is complicated because it adds a notch filter in the current control loop as well 

as an extra damper inserted to keep the system stable. 

 

 

Figure 4 The single-loop current control with active damping (AD) method, 

PR+HC regulator, and a hybrid damper [16]. 

 

 Shen et al., have presented a feedback method for PR current control of LCL-

filter-based grid-connected inverter that measured the currents of two inductors of the 

an LCL-filter and the weighted average value of the currents for the current PR 

regulator. They named this method “the weighted average of the inverter current and 

the grid current” (WAC). Therefore, the control system is reduced from a third-order 

function to a first-order one. A large proportional control-loop gain can be chosen to 

obtain a wide control-loop bandwidth, and the system can be optimized easily for 

minimum current harmonic distortions, as well as system stability. The inverter 

system with the proposed controller is investigated and compared with those using 

traditional control methods. Experimental results on a 5-kW fuel-cell inverter is 

provided [20]. But if used in this method, the current injected into the grid cannot be 

directly regulated because the current control loop will not receive a direct current 

signal from the sensor. Which may cause the current to be highly distorted. 
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Figure 5 The weighted average of the inverter current and the grid current [20]. 

 

 Xin et al. have presented mitigation of grid-current distortion for an LCL-

filtered voltage-source inverter with inverter-current feedback (ICF) control. With 

their system consisting of the HCs used as PR controllers, the inverter-current 

feedback controller is in 𝛼𝛽- frame. The highlight of their work, the capacitor current 

can be measured via capacitor voltage and controlled by the resonant HCs controllers. 

To compensate for the current distortion due to the grid-voltage distortion. It is shown 

in Figure 6. Also, they explained the problems caused by harmonic voltage distortion, 

which causes high current distortion when used grid current feedback control[11]. 

This research is complicated due to not possible to eliminate distorted currents 

directly. Consequently, the grid currents still have minor distortion.  

Milczarek et al. have presented effective and simple control of a grid-

connected three-phase converter operating at a strongly distorted voltage. They have 

proposed ways to mitigate grid current distortions caused by grid-voltage harmonics. 
They used the notch filtered grid voltage as a feedforward to compensate for the 

output of the current control loop at the stationary frame (𝛼𝛽- frame) [45]. The 

scheme of their work has been shown in Figure 7. The following methods can not 
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eliminate harmonic current cleanly. As it does not eliminate the current directly in the 

current control loop. 

 

Figure 6 Three-phase VSC with the capacitor current compensation in the 

resonant HCs controllers[11]. 
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Figure 7 The notch filtered grid voltage feedforward is used to compensate for 

the output of the current control loop at the stationary frame [45]. 

This work evaluates the implementation and control performance of the PIMR 

controllers on the synchronous reference frame for current control of the three-phase 

grid-connected LCL-filtered VSC under grid voltage distortion and grid frequency 

variation, as shown in Figure 3. Controller design, stability analysis, and discrete-time 

implementation are elaborated. The PIMR control scheme was compared with the 

conventional PIMSR control method. The two control schemes were both 

implemented on a 32-bit TMS320F28379D microcontroller. The computational 

burdens of the two control schemes on the TMS320F28379D microcontroller were 

estimated. A hardware-in-the-loop (HiL) real-time simulator and a 5-kVA insulated-

gate bipolar transistor (IGBT) VSC validated the performance of the PIMR and 

PIMSR control systems.  
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CHAPTER III 

 

THREE-PHASE GRID-CONNECTED LCL-FILTERED VSC  

Modeling of the LCL-filtered VSC 

Switched circuit modeling of the power circuit 

Figure 8 displays the equivalent circuit of the VSC. Resistors 𝑅1 and 𝑅2 are the 

winding resistance of the inductors 𝐿1 and 𝐿2. Resistors 𝑅𝑓 are the equivalent series 

resistance of the capacitors 𝐶𝑓 plus the series damping resistance of the LCL filter. 

Resistor 𝑅𝐷 is the effective DC bus capacitance of the DC bus voltage sensor and the 

discharging resistor. The semiconductor switches are represented by switches 𝑆𝑎, 𝑆𝑏, 

and 𝑆𝑐. The status of each switch is represented by “1” for the closed state and “0” for 

the opened state. The complementary switches 𝑆𝑎̅, 𝑆𝑏̅, and 𝑆𝑐̅ operate opposite 𝑆𝑎, 𝑆𝑏, 

and 𝑆𝑐. Therefore, there are 8 possible output states of the VSC. There are 3 reference 

points: 𝑚, 𝑛, and 𝑜. The DC bus current 𝑖𝑜 is supplied or drawn by another converter 

which is positive for the inverting mode and negative for the rectifying mode. 

 

Figure 8 Equivalent circuit of the 3-phase grid-connected VSC with the LCL 

filter. 

 

The grid currents 𝑖𝑔𝑎, 𝑖𝑔𝑏 and 𝑖𝑔𝑐 can be written as follows 
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𝐿2
𝑑𝑖𝑔𝑎

𝑑𝑡
= (𝑣𝐹𝑎,𝑚 + 𝑣𝑚𝑛) − 𝑣𝑔𝑎,𝑛 − 𝑅2𝑖𝑔𝑎

𝐿2
𝑑𝑖𝑔𝑏

𝑑𝑡
= (𝑣𝐹𝑏,𝑚 + 𝑣𝑚𝑛) − 𝑣𝑔𝑏,𝑛 − 𝑅2𝑖𝑔𝑏

𝐿2
𝑑𝑖𝑔𝑐

𝑑𝑡
= (𝑣𝐹𝑐,𝑚 + 𝑣𝑚𝑛) − 𝑣𝑔𝑐,𝑛 − 𝑅2𝑖𝑔𝑐 }

 
 

 
 

 (1) 

where 𝑣𝐹𝑎,𝑚, 𝑣𝐹𝑏,𝑚 and 𝑣𝐹𝑐,𝑚 are the voltages across the filter capacitor 𝐶𝑓 and the 

series resistor 𝑅𝑓 with respect to point 𝑚, which are given by 

𝑣𝐹𝑎,𝑚 = 𝑣𝐶𝑓𝑎 + 𝑅𝑓(𝑖𝑔𝑎 − 𝑖𝐼𝑎)

𝑣𝐹𝑏,𝑚 = 𝑣𝐶𝑓𝑏 + 𝑅𝑓(𝑖𝑔𝑏 − 𝑖𝐼𝑏)

𝑣𝐹𝑐,𝑚 = 𝑣𝐶𝑓𝑐 + 𝑅𝑓(𝑖𝑔𝑐 − 𝑖𝐼𝑐)

} (2) 

The voltages across the filter capacitor 𝐶𝑓, 𝑣𝐶𝑓𝑎, 𝑣𝐶𝑓𝑏 and 𝑣𝐶𝑓𝑐 are determined from 

𝐶𝑓
𝑑𝑣𝐶𝑓𝑎

𝑑𝑡
= 𝑖𝑔𝑎 − 𝑖𝐼𝑎

𝐶𝑓
𝑑𝑣𝐶𝑓𝑏

𝑑𝑡
= 𝑖𝑔𝑏 − 𝑖𝐼𝑏

𝐶𝑓
𝑑𝑣𝐶𝑓𝑐

𝑑𝑡
= 𝑖𝑔𝑐 − 𝑖𝐼𝑐}

 
 

 
 

 (3) 

The VSC currents 𝑖𝐼𝑎, 𝑖𝐼𝑏 and 𝑖𝐼𝑐 are given by 

𝐿1
𝑑𝑖𝐼𝑎
𝑑𝑡

= (𝑣𝐼𝑎,𝑜 + 𝑣𝑜𝑚)⏟        
𝑣𝐼𝑎,𝑚

− 𝑣𝐹𝑎,𝑚 − 𝑅1𝑖𝐼𝑎

𝐿1
𝑑𝑖𝐼𝑏
𝑑𝑡

= (𝑣𝐼𝑏,𝑜 + 𝑣𝑜𝑚)⏟        
𝑣𝐼𝑏,𝑚

− 𝑣𝐹𝑏,𝑚 − 𝑅1𝑖𝐼𝑏

𝐿1
𝑑𝑖𝐼𝑐
𝑑𝑡

= (𝑣𝐼𝑐,𝑜 + 𝑣𝑜𝑚)⏟        
𝑣𝐼𝑐,𝑚

− 𝑣𝐹𝑐,𝑚 − 𝑅1𝑖𝐼𝑐
}
 
 
 
 

 
 
 
 

 (4) 

where the VSC voltages 𝑣𝐼𝑎,𝑜, 𝑣𝐼𝑏,𝑜 and 𝑣𝐼𝑐,𝑜 with respect to point 𝑜 depends on the 

switching states as follows 

𝑣𝐼𝑎,𝑜 = 𝑆𝑎𝑣𝐷
𝑣𝐼𝑏,𝑜 = 𝑆𝑏𝑣𝐷
𝑣𝐼𝑐,𝑜 = 𝑆𝑐𝑣𝐷

} (5) 

For the balanced 3-phase 3-wire system, 𝑣𝑔𝑎,𝑛 + 𝑣𝑔𝑏,𝑛 + 𝑣𝑔𝑐,𝑛 = 0, 𝑣𝐹𝑎,𝑚 + 𝑣𝐹𝑏,𝑚 +

𝑣𝐹𝑐,𝑚 = 0, 𝑖𝑔𝑎 + 𝑖𝑔𝑏 + 𝑖𝑔𝑐 = 0 and 𝑖𝐼𝑎 + 𝑖𝐼𝑏 + 𝑖𝐼𝑐 = 0, which results in 

𝑣𝑚𝑛 = 0 (6) 

Thus, the grid currents can be written as follows 
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𝐿2
𝑑𝑖𝑔𝑎

𝑑𝑡
= 𝑣𝐹𝑎,𝑚 − 𝑣𝑔𝑎,𝑛 − 𝑅2𝑖𝑔𝑎

𝐿2
𝑑𝑖𝑔𝑏

𝑑𝑡
= 𝑣𝐹𝑏,𝑚 − 𝑣𝑔𝑏,𝑛 − 𝑅2𝑖𝑔𝑏

𝐿2
𝑑𝑖𝑔𝑐

𝑑𝑡
= 𝑣𝐹𝑐,𝑚 − 𝑣𝑔𝑐,𝑛 − 𝑅2𝑖𝑔𝑐 }

 
 

 
 

 (7) 

Adding the sub-equations of (4) together, the common mode voltage 𝑣𝑜𝑚 is expressed 

as 

𝑣𝑜𝑚 = −
𝑣𝐷
3
(𝑆𝑎 + 𝑆𝑏 + 𝑆𝑐) (8) 

This common-mode voltage 𝑣𝑜𝑚 intrinsically exists in the 2-level VSC due to limited 

switching states, which creates a leakage current through the parasitic capacitance 

between the DC bus and the neutral points of the system. The VSC currents 𝑖𝐼𝑎, 𝑖𝐼𝑏, 

and 𝑖𝐼𝑐 are driven by the differential mode voltages 𝑣𝐼𝑎,𝑚, 𝑣𝐼𝑏,𝑚, and 𝑣𝐼𝑐,𝑚 between 

the VSC legs and the neutral point 𝑚 of the capacitor bank, which can be written as 

𝐿1
𝑑𝑖𝐼𝑎
𝑑𝑡

= 𝑣𝐷(2𝑆𝑎 − 𝑆𝑏 − 𝑆𝑐)/3⏟              
𝑣𝐼𝑎,𝑚

+ 𝑣𝐹𝑐,𝑚 − 𝑅1𝑖𝐼𝑎

𝐿1
𝑑𝑖𝐼𝑏
𝑑𝑡

= 𝑣𝐷(2𝑆𝑏 − 𝑆𝑎 − 𝑆𝑐)/3⏟              
𝑣𝐼𝑏,𝑚

+ 𝑣𝐹𝑏,𝑚 − 𝑅1𝑖𝐼𝑏

𝐿1
𝑑𝑖𝐼𝑐
𝑑𝑡

= 𝑣𝐷(2𝑆𝑐 − 𝑆𝑎 − 𝑆𝑐)/3⏟            
𝑣𝐼𝑐,𝑚

+ 𝑣𝐹𝑐,𝑚 − 𝑅1𝑖𝐼𝑐
}
 
 
 

 
 
 

. (9) 

The VSC DC current 𝑖𝐷 is written as 

𝑖𝐷 = 𝑖𝐼𝑎𝑆𝑎 + 𝑖𝐼𝑏𝑆𝑏 + 𝑖𝐼𝑐𝑆𝑐. (10) 

If the DC bus is connected to another converter buffered by the DC bus capacitor 𝐶𝐷, 

the DC bus voltage 𝑣𝐷 is then modeled as 

𝐶𝐷
𝑑𝑣𝐷
𝑑𝑡

= 𝑖𝑜 − 𝑖𝐷 −
𝑣𝐷
𝑅𝐷
. (11) 

Figure 9(a) displays the VSC and LCL filter model developed in the 

MATLAB/Simulink environment, where (2), (3), (7), (9), and (10) are implemented. 

This model is valid for the DC bus voltage is greater than the peak value of the line-

to-line grid voltage 𝑉̂𝐿𝐿. The signal 𝐸𝑁 is used for the enable (𝐸𝑁 = 1) and disable 

(𝐸𝑁 = 0) VSC operation. If the VSC is disabled and 𝑣𝐷 ≥ 𝑉̂𝐿𝐿, the VSC currents 𝑖𝐼𝑎, 

𝑖𝐼𝑏, and 𝑖𝐼𝑐 are kept reset at zero. Meanwhile, the grid currents 𝑖𝑔𝑎, 𝑖𝑔𝑏, and 𝑖𝑔𝑐 

circulate through 𝐿2, 𝑅2, 𝐶𝑓, and 𝑅𝑓. At the enable time 𝑡𝐸𝑁, the switching signals 𝑆𝑎, 
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𝑆𝑏, and 𝑆𝑐 are enabled and the VSC is fully operated. Figure 9(b) shows the 

MATLAB/Simulink model of the DC bus voltage 𝑣𝐷 in (11), which is kept reset 

while the VSC is disabled. For the single-stage topology where the VSC is connected 

to a constant voltage source, the DC bus voltage equation in (10) is neglected. 

 

Figure 9 MATLAB/Simulink model: (a) the VSC and LCL filter, (b) the DC bus 

voltage 

 

Averaged circuit modeling  

The frequency response of the LCL filter below its resonant frequency is similar 

to that of the L filter [46]. Moreover, the control bandwidth is selected below the 

resonant frequency of the LCL filter. Thus, the LCL filter can be approximated as the 

L filter for design of the current controller. The grid currents can be simplified as  
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𝐿𝑡
𝑑𝑖𝑔𝑎

𝑑𝑡
+ 𝑅𝑡𝑖𝑔𝑎 = 𝑣𝐼𝑎,𝑛 − 𝑣𝑔𝑎,𝑛

𝐿𝑡
𝑑𝑖𝑔𝑏

𝑑𝑡
+ 𝑅𝑡𝑖𝑔𝑏 = 𝑣𝐼𝑏,𝑛 − 𝑣𝑔𝑏,𝑛

𝐿𝑡
𝑑𝑖𝑔𝑐

𝑑𝑡
+ 𝑅𝑡𝑖𝑔𝑐 = 𝑣𝐼𝑐,𝑛 − 𝑣𝑔𝑐,𝑛 }

 
 

 
 

 (12) 

, where 𝐿𝑡 = 𝐿1 + 𝐿2, 𝑅𝑡 = 𝑅1 + 𝑅2. The VSC voltages are written by 

[

𝑣𝐼𝑎,𝑛
𝑣𝐼𝑏,𝑛
𝑣𝐼𝑐,𝑛

] = [

𝑣𝐼𝑎,𝑚
𝑣𝐼𝑏,𝑚
𝑣𝐼𝑐,𝑚

] + 𝑣𝑚𝑛 (13) 

According to (6) 𝑣𝑚𝑛 = 0, the grid currents in (12) become 

𝐿𝑡
𝑑𝑖𝑔𝑎

𝑑𝑡
+ 𝑅𝑡𝑖𝑔𝑎 = 𝑣𝐼𝑎,𝑚 − 𝑣𝑔𝑎,𝑛

𝐿𝑡
𝑑𝑖𝑔𝑏

𝑑𝑡
+ 𝑅𝑡𝑖𝑔𝑏 = 𝑣𝐼𝑏,𝑚 − 𝑣𝑔𝑏,𝑛

𝐿𝑡
𝑑𝑖𝑔𝑐

𝑑𝑡
+ 𝑅𝑡𝑖𝑔𝑐 = 𝑣𝐼𝑐,𝑚 − 𝑣𝑔𝑐,𝑛 }

 
 

 
 

. (14) 

The variables in (14) are averaged over a sampling period 𝑇𝑠 = 𝑓𝑠  for continuous-

time domain approximation, which becomes 

𝐿𝑡
𝑑〈𝑖𝑔𝑎〉

𝑑𝑡
+ 𝑅𝑡〈𝑖𝑔𝑎〉 = 〈𝑣𝐼𝑎,𝑚〉 − 〈𝑣𝑔𝑎,𝑛〉

𝐿𝑡
𝑑〈𝑖𝑔𝑏〉

𝑑𝑡
+ 𝑅𝑡〈𝑖𝑔𝑏〉 = 〈𝑣𝐼𝑏,𝑚〉 − 〈𝑣𝑔𝑏,𝑛〉

𝐿𝑡
𝑑〈𝑖𝑔𝑐〉

𝑑𝑡
+ 𝑅𝑡〈𝑖𝑔𝑐〉 = 〈𝑣𝐼𝑐,𝑚〉 − 〈𝑣𝑔𝑐,𝑛〉 }

  
 

  
 

 (15) 

where the brackets ‘〈 〉’ represent the variables averaged over 𝑇𝑠. Equation (15) is 

scaled into the per-unit scale using the base voltage 𝑉𝐵 = 𝐼𝐵𝑍𝐵 where 𝐼𝐵 is the base 

current and 𝑍𝐵 is the base impedance, which yields 

𝐿𝑡
′
𝑑〈𝑖𝑔𝑎

′ 〉

𝑑𝑡
+ 𝑅𝑡

′〈𝑖𝑔𝑎
′ 〉 = 〈𝑣𝐼𝑎,𝑚

′ 〉 − 〈𝑣𝑔𝑎,𝑛
′ 〉

𝐿𝑡
′
𝑑〈𝑖𝑔𝑏

′ 〉

𝑑𝑡
+ 𝑅𝑡

′〈𝑖𝑔𝑏
′ 〉 = 〈𝑣𝐼𝑏,𝑚

′ 〉 − 〈𝑣𝑔𝑏,𝑛
′ 〉

𝐿𝑡
′
𝑑〈𝑖𝑔𝑐

′ 〉

𝑑𝑡
+ 𝑅𝑡

′〈𝑖𝑔𝑐
′ 〉 = 〈𝑣𝐼𝑐,𝑚

′ 〉 − 〈𝑣𝑔𝑐,𝑛
′ 〉 }

  
 

  
 

 (16) 
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where symbols ‘ ′ ’ denotes variables in the per-unit scale, and 𝐿𝑡
′ = 𝐿𝑡/𝑍𝐵 and 𝑅𝑡

′ =

𝑅𝑡/𝑍𝐵. The grid currents in (16) are transformed to the synchronous reference frame, 

𝑑𝑞 axes, which results in 

𝐿𝑡
′ 𝑑

〈𝑖𝑔𝑑
′ 〉

𝑑𝑡
+ 𝑅𝑡

′〈𝑖𝑔𝑑
′ 〉 = 〈𝑣𝐼𝑑

′ 〉 − 𝑉̂𝑔
′ + 𝜔𝐿𝑡

′⏟
𝐾𝐹𝑊

〈𝑖𝑔𝑞
′ 〉

𝐿𝑡
′ 𝑑〈𝑖𝑔𝑞

′ 〉

𝑑𝑡
+ 𝑅𝑡

′〈𝑖𝑔𝑞
′ 〉 = 〈𝑣𝐼𝑞

′ 〉 + 𝜔𝐿𝑡
′⏟

𝐾𝐹𝑊

〈𝑖𝑔𝑑
′ 〉

}
 
 

 
 

. (17) 

Figure 10 shows the equivalent control block diagram of the grid current in the 

synchronous reference frame with the per-unit scale. Notes that the cross-coupling 

terms 𝐾𝐹𝑊 = 𝜔𝐿𝑡
′  are due to the Park transformation, which can be decoupled in the 

control scheme. The delay terms 𝑒−𝑠𝑇𝑑 represent the sampling delay caused by the 

digital control scheme and the transport delay caused by the PWM process, where 

𝑇𝑑 = 𝑇𝑠𝑤 for the double update rate PWM shown in Figure 16 [47]. 

 

Figure 10 Equivalent block diagram of the grid current in the synchronous 

reference frame. 
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Analysis of LCL-filter 

The power circuit of a three-phase two-level voltage source converter with an 

LCL filter is shown in Figure 8. The ac side of the converter is connected to the point 

of common coupling (PCC) via an LCL filter. Its equivalent single-phase circuit with 

resistive parasitic is shown in Figure 11(a), where 𝑣𝑐 is the converter voltage, 𝑣𝑝𝑐𝑐 is 

the PCC voltage and 𝑣𝑔 is the grid voltage, 𝑖𝐼 is converter current and 𝑖𝑔 is grid 

current. The converter side inductor 𝐿1, grid side inductor 𝐿2 and filter capacitor 𝐶𝑓 

are components of the LCL filter. Also, 𝑅1, 𝑅2 and 𝑅𝑓  are the parasitic resistance of 

the LCL filter, 𝐿𝑔 and 𝑅𝑔  are the parasitic impedance of the gird, which depends on 

the distance between the converter and the source as well as the cable size has a direct 

effect on the parasitic resistance of the gird. 

 

(a) 

 

(b) 

Figure 11 (a) The single-phase equivalent circuit of the LCL filter. (b) Open-loop 

block diagram of the LCL filter. 
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𝑓𝐿𝐶𝐿 =
1

2𝜋
√
𝐿1 + 𝐿2
𝐿1 + 𝐿2𝐶𝑓

 (20) 

where 𝜔𝐿𝐶𝐿, and 𝑓𝐿𝐶𝐿 are the resonance angular and resonance frequency, 

respectively. From (18) are the transfer functions of the LCL filter from the converter 

voltage to the grid current, which neglect the parasitic resistance and damping 

resistance, and can find the resonance angular and frequency from (19) and (20). And 

if considered, the parasitic resistance and damping resistance can be written as (21) 

𝑖𝑔(𝑠)

𝑣𝐼(𝑠)
=

1 + 𝐶𝑓𝑅𝑓

𝐿1𝐿2
′ 𝐶𝑓𝑠

3 + 𝐶𝑓(𝐿1𝑅2
′ + 𝐿2

′ 𝑅1 + 𝐿𝑡𝑅𝑓)𝑠
2 + (𝐿𝑡 + 𝐶𝑓(𝑅1𝑅2

′ + 𝑅𝑓𝑅𝑡)) 𝑠 + 𝑅𝑡
 (21) 

where 𝑅2
′ = 𝑅2 + 𝑅𝑔, 𝑅𝑡 = 𝑅1 + 𝑅2 + 𝑅𝑔, 𝐿2

′ = 𝐿2 + 𝐿𝑔 and 𝐿𝑡 = 𝐿1 + 𝐿2 + 𝐿𝑔. 

The frequency response of the LCL filter is illustrated in Figure 12. It has 

shown a different LCL parameter with damping (21) and without damping (18). The 

resonance frequency 𝑓𝐿𝐶𝐿 of both is equal, and the high-frequency attenuation slope is 

the same value (−60 dB/dec). But the LCL parameter without damping has a higher 

resonance peak than the LCL parameter with damping, and the slop at low-frequency 

range is different. 

 

 

Figure 12 The frequency response of the LCL filter 
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Figure 13. depicts the behavior of the LCL filter when varying grid resistance 

𝑅𝑔. It directly affects the resonance peak and the resonance frequency is not changing. 

But the high-frequency attenuation slope may change if the grid resistance has a large 

value and the resonance frequency may converge into the unstable region (𝑓𝐿𝐶𝐿 <

𝑓𝑠/6) [21, 48-50], where 𝑓𝑠 is the sampling frequency.  

Meanwhile, when changing the grid inductance of the LCL filter that is shown 

in Figure 14. The high-frequency attenuation slope is unaffected but the resonance 

frequency has changed if the grid inductance has a large value, it will cause the 

resonance frequency may converge into the unstable region (𝑓𝐿𝐶𝐿 < 𝑓𝑠/6). The 

parameter of the LCL filter in Figure 12., Figure 13. and Figure 14. shown in Table 2. 

 

Table 2  The parameter of LCL filter 

 

Parameters Values Parameters Values 

Converter -side inductance, 𝐿1 1.4 mH Winding resistance, 𝑅1 0.11 Ω 

Grid-side inductor, 𝐿2 0.71 mH Winding resistance, 𝑅2 0.042 Ω 

Grid inductance, 𝐿𝑔 1mH Grid resistance, 𝑅𝑔 1 Ω 

filter capacitor, 𝐶𝑓 1.94 µF Series resistance 𝑅𝑓 0.001 Ω 

Resonance frequency, 𝑓𝐿𝐶𝐿 4.95 kHz 𝑓𝐿𝐶𝐿with grid parameter 5.17 kHz 
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Figure 13 Bode plot of LCL-filters under different grid resistance 

 

Figure 14 Bode plot of LCL-filters under different grid inductance 
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𝑣𝑔𝑎(𝑡) = 𝑉̂1 cos 𝜃 +∑𝑉̂𝑘 cos ℎ𝜃

𝑛

ℎ

𝑣𝑔𝑏(𝑡) = 𝑉̂1 cos(𝜃 − 2𝜋/3) +∑𝑉̂𝑘 cos ℎ(𝜃 − 2𝜋/3)

𝑛

ℎ

𝑣𝑔𝑐(𝑡)= 𝑉̂1cos(𝜃 + 2𝜋/3) +∑𝑉̂𝑘 cos ℎ(𝜃 + 2𝜋/3)

𝑛

ℎ }
 
 
 
 

 
 
 
 

 (22) 

where 𝜃 = 𝜔𝑔𝑡 and 𝜔𝑔 is the grid frequency. The three-phase three-wire (3P3W) 

system contains the harmonic orders ℎ = 5,7,11,13,… . Additional information is 

described in Appendix I. A phase-locked loop (PLL) is used to estimate the grid 

voltage angle 𝜃 for the reference frame transformation. Simultaneously, it provides 

the peak value of the grid voltage 𝑉̂𝑔. The grid voltage in the stationary reference 

frame is obtained from 

𝑣⃗𝛼𝛽 = 𝑣𝑔𝛼 + 𝑗𝑣𝑔𝛽 =
2

3
(𝑣𝑔𝑎 + 𝑣𝑔𝑏𝑒

𝑗
2𝜋
3 + 𝑣𝑔𝑏𝑒

−𝑗
2𝜋
3 ). (23) 

Note that the zero sequence is neglected for the balanced system. Substituting (22) 

into (23), the grid voltage can be represented as 

𝑣⃗𝛼𝛽 = 𝑉̂1 + 𝑉̂5𝑒
−𝑗5𝜃 + 𝑉̂7𝑒

𝑗7𝜃 + 𝑉̂11𝑒
−𝑗11𝜃 + 𝑉̂13𝑒

𝑗13𝜃 +⋯ (24) 

Thus, the grid voltage in the synchronous reference frame is given by 

𝑣⃗𝑑𝑞 = 𝑣⃗𝛼𝛽𝑒
−𝑗𝜃 = 𝑉̂1 + 𝑉̂5𝑒

−𝑗6𝜃 + 𝑉̂7𝑒
𝑗6𝜃 + 𝑉̂11𝑒

−𝑗12𝜃 + 𝑉̂13𝑒
𝑗12𝜃 +⋯. (25) 

The voltage harmonic orders ±ℎ = 6,12,⋯ in the synchronous reference frame result 

from the harmonic orders (ℎ ± 1) in the stationary reference frame, which become the 

disturbances of the 𝑑𝑞-axes current control loops. 

 

The control of the VSC in discrete-time domain 

The synchronous reference frame control is shown in Figure 15, which 

illustrates an LCL-filtered three-phase grid-connected voltage source converter. The 

voltages and currents from the power grid, as well as the voltage across DC bus, are 

converted from analog to digital format. Analog-to-digital (A/D) converters provide 
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this conversion. The digital values are modeled in simulations using zero-order hold 

(ZOH) blocks after conversion.  The voltages are adjusted to the per-unit system using 

a scaling factor 𝐾𝑆𝑉, while the currents are adjusted using a scaling factor 𝐾𝑆𝐼.  

The grid currents are converted to the synchronous reference frame, where the 

dq-axes current 𝑖𝑔𝑑
′  and  𝑖𝑔𝑞

′  are controlled by discrete-time current controllers 𝐺𝑐𝑖(𝑧). 

The reference current 𝑖𝑔𝑑,𝑟𝑒𝑓
′  is determined by the active power control loop and/or 

the DC bus voltage control loop, while the reference current 𝑖𝑔𝑞,𝑟𝑒𝑓
′  is derived from 

the reactive power control loop or set to zero for a unity power factor.  

  

Figure 15 Three-phase grid-connected LCL-filtered VSC with the discrete-time 

control scheme in the synchronous reference frame 

The outputs of the 𝑑𝑞-axes current controllers with feedforward of the 

decoupled terms 𝐾𝐹𝑊 form the VSC reference voltages 𝑣𝑑,𝑟𝑒𝑓
′  and 𝑣𝑑,𝑟𝑒𝑓

′  which are 

converted to the stationary reference frame 𝑣𝛼,𝑟𝑒𝑓
′  and 𝑣𝛽,𝑟𝑒𝑓

′  using the inverse Park 

transformation given by 

𝑣⃗𝛼𝛽,𝑟𝑒𝑓
′ = (𝑣𝛼,𝑟𝑒𝑓

′ + 𝑗𝑣𝛽,𝑟𝑒𝑓
′ ) = (𝑣𝑑,𝑟𝑒𝑓

′ + 𝑗𝑣𝑞,𝑟𝑒𝑓
′ ) ∙ 𝑒𝑗𝜃 . (26) 
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The reference voltages 𝑣𝛼,𝑟𝑒𝑓
′  and 𝑣𝛽,𝑟𝑒𝑓

′  are the inputs for the space vector 

modulation (SVM) which calculates the duty ratios 𝑑𝑎, 𝑑𝑏 and 𝑑𝑐 for the compare 

unit to generate the VSC switching commands. The control scheme in Figure 15 is 

normally implemented on a DSP, and it must be executed within an interrupt service 

routine (ISR). Figure 16 illustrates the timing diagram of each ISR, which starts when 

the PWM carrier reaches zeros or the maxima. The analog signal sampling is 

synchronized with the ISR at time instance 𝑘 that occurs in the middle of the 

switching action to avoid switching noise. This requires a small filtering effort for 

each signal, which enhances the control loop bandwidth. The analog-to-digital (A/D) 

conversion and scaling, and the PLL are executed every ISR. If the VSC operation is 

enabled, the other VSC control algorithms are performed; otherwise, they are skipped 

to the end of the ISR. The control scheme is executed within the sampling period 𝑇𝑠, 

and the calculated duty ratios 𝑑𝑎(𝑘), 𝑑𝑏(𝑘), and 𝑑𝑐(𝑘) are updated to the compare 

unit at the next time instance 𝑘 + 1. 
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Figure 16 Timing diagram and control sequence of the VSC discrete-time 

control. 

Simulation Structure 

Figure 17 shows the simulation model developed in the MATLAB/Simulink 

environment. The simulation model emulates the experimental system, which is 

divided into two sections: the continuous-time domain and the discrete-time domain. 

The continuous-time domain represents the three-phase grid and the VSC power 

circuits with the switching signals 𝑆𝑎, 𝑆𝑏, and 𝑆𝑐 as the inputs, where the switched-

circuit model of the VSC and the LCL filter shown in Figure 9a are adopted. The 

single-stage topology is considered in this study, where the DC bus voltage is 

supplied by a constant voltage source 𝑉𝐷. The DC bus model in Figure 7b is 

neglected. 

The discrete-time domain section emulates the control scheme depicted in 

Figure 3. The grid voltages 𝑣𝑔𝑎 and 𝑣𝑔𝑏, and grid currents 𝑖𝑔𝑎 and 𝑖𝑔𝑏 are scaled by 

the base voltage 𝑉𝐵 and base current 𝐼𝐵. Then, they are sampled by the ZOHs at the 

time instance 𝑘 with the period of 𝑇𝑠. This process represents the beginning of each 

ISR as shown in Figure 5. The discrete-time algorithms for PLL, reference frame 

transformations, 𝑑𝑞-axes current control, and the continuous SVM [51] are written in 

a MATLAB m file, which is executed every sampling period 𝑇𝑠 by the interpreted 

MATLAB function block as shown in Figure10. The outputs of this interpreted 

MATLAB function block are the duty ratios 𝑑𝑎(𝑘), 𝑑𝑏(𝑘), and 𝑑𝑐(𝑘), which are 

delayed by 𝑇𝑠. This causes the duty ratios 𝑑𝑎(𝑘), 𝑑𝑏(𝑘), and 𝑑𝑐(𝑘) to be updated at 

the time instance 𝑘 + 1 to compare with the triangular waveform. This waveform has 

the switching period 𝑇𝑠𝑤 similar to that in Figure 5, which emulates the PWM process 

in the DSP. Thus, the controller parameters used in the simulation can be directly 

transferred to the experimental system if they use the same base units. The variable-

step solver ODE45 with the maximum step size of 𝑇𝑠 400⁄ = 125 ns was selected in 

the Simulink setting. The proposed simulation model developed in the 

MATLAB/Simulink 2020b is provided in [52]. 
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Figure 17 MATLAB/Simulink model of the discrete-time controlled 3-phase 

grid-connected VSC. 

Discrete-Time Control Scheme 

Figure 18 shows the Park-based PLL the discrete-time domain used for grid 

synchronization. The grid voltages 𝑣𝑔𝑎
′ , 𝑣𝑔𝑏

′ , and 𝑣𝑔𝑐
′  are transformed to the 𝛼𝛽 axes 

using the Clarke transformation. The Park transformation converts the grid voltages to 

the 𝑑𝑞 axes, 𝑣𝑔𝑑
′  and 𝑣𝑔𝑞

′ , which are cleaned by the low-pass filters with the constant 

𝑇𝑃𝐿𝐿 for the distorted grid voltage. The integrator with a gain of the nominal grid 

frequency 𝜔𝑔𝑛 estimates the grid voltage angle 𝜃 for the Park transformation. The PI 

controller regulates the 𝑞-axis voltage 𝑣𝑔𝑞𝑓
′  toward zero, which forces 𝜃 ≅ 𝜃, 𝜔̂′ ≅

𝜔 𝜔𝑔𝑛⁄  , and 𝑣𝑔𝑑𝑓
′ ≅ 𝑉̂𝑔

′. The loop regulator is designed in the continuous-time domain 

using the symmetrical optimum (SO) method [53]. For simplicity, the low-pass filters 

and the PI regulators are discretized using the backward difference approximation 

because the sampling frequency is much greater than the PLL bandwidth. The 

coefficient for the low-pass filters in the discrete-time domain is given by 
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𝛼𝑃𝐿𝐿 =
𝑇𝑠

𝑇𝑠 + 𝑇𝑃𝐿𝐿
 (27) 

The saturation limit on the PI regulator output with an anti-windup is 

implemented through the correction gain 𝐾𝑐𝑃𝐿𝐿 which is usually twice the integral 

gain 𝐾𝑖𝑃𝐿𝐿 [54]. Meanwhile, the integrator for estimation of the grid voltage angle 𝜃 is 

discretized with the Tustin approximation with the lowest error. The estimated angle 

𝜃 is then used for the axis transformations. 

 

Figure 18 Park-based phase-locked loop in the discrete-time domain for grid 

synchronization. 

Implementations 

Figure 19 illustrates the experimental system. The power circuit was firstly 

modeled in an OPAL-RT OP4510 HiL real-time simulator with a time step of 220 ns 

to validate the discrete-time control scheme, which was implemented on a Texas 

Instruments TMS320F28379D 32-bit DSP controller as shown in Figure 19a. The 

VSC parameters used for hardware-in-the-Loop (HiL) testing are listed in Table 3, 

which are the same parameters used in prototype hardware. The emulated grid 

voltages and currents in the HiL system had identical sensitivities to those used in the 

hardware implementation system, as depicted in Figure 19b. A deadtime of 1 µs in 

each VSC leg was configured in the DSP. The VSC was constructed from Infineon 

IKW25T120 insulated-gate bipolar transistors (IGBTs) with isolated gate drivers from 

Texas Instruments ISO5851. Amorphous C cores (AMCC6.3 equivalence) were used 

for the construction of the inductors 𝐿1 and 𝐿2 of the LCL filter. The VSC was 

connected to a Chroma 61,860 60-kVA grid simulator. The DC bus was supplied to a 

Chroma 62150H-1000S DC power supply, 15 kW 0–1000 V, for the inverter 
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operation. The discrete-time control scheme for the hardware implementation was 

identical to the HiL-based validation system. The ADC voltage range of this DSP is 

between 0 V to 3 V. Hall-effect current sensors, LEM HLSR 10-P/SP33, were used 

for measurement of the grid currents 𝑖𝑔𝑎 and 𝑖𝑔𝑏. The grid voltage sensors were 

constructed from voltage divider circuits with AMC1200 isolation amplifiers. In this 

prototype, the line-to-line voltages 𝑣𝑔𝑎𝑏 and 𝑣𝑔𝑏𝑐 were measured, of which the 

instantaneous voltage vector was shifted by −𝑝𝑖/6 to be in the same angle with the 

instantaneous voltage vector of the phase voltage vector. A voltage reference, 

REF2030, provided a 1.50 V offset voltage for the grid current and grid voltage 

sensors. 

 
(a) 

 

(b) 

Gate Signals 

G1-G6

DSP & Buffer

Simulated 

Voltages and 

Currents

OPAL-RT OP4510 HiL Real-Time Simulator
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Figure 19 Experimental system of the three-phase VSC: (a) HiL-based 

implementation; (b) hardware implementation. 

The measured voltages and currents were scaled into the per-unit system with 

the appropriate scaling factors, as illustrated in Figure 20. In this example, a grid 

current with the peak value of 𝐼𝐵 is measured by a current sensor with the sensitivity 

of 𝐾𝑇𝑖. An offset voltage 𝑉𝑂𝐹,𝑖 is added to the sensor output to accommodate the 0-

𝑉𝐴𝐷𝐶,𝑚𝑎𝑥 input range of the ADC, where 𝑉𝐴𝐷𝐶,𝑚𝑎𝑥 is the maximum input voltage of 

the ADC, normally 3 V or 3.3 V. This translates to decimal values of 0 to (2𝑁𝐴𝐷𝐶 −

1), where 𝑁𝐴𝐷𝐶 is the ADC bit number. The ADC output that is equivalent in decimal 

is then normalized by 2𝑁𝐴𝐷𝐶. The offset is now equivalent to 𝑉𝑂𝐹,𝑖 𝑉𝐴𝐷𝐶,𝑚𝑎𝑥⁄ , which is 

subsequently removed in the software. The normalized signal with offset removal is 

multiplied by a scaling factor to have a unity amplitude at the base value. The 

numerical notation in the DSP can be in the signed fixed-point representation or the 

floating-point format. The scaling of the grid voltage has the same process as the grid 

current. No offset removal is required for the DC bus voltage, while the other 

procedures are similar to those for the grid voltage and current. In general, the signal 

scaling factor is given by 

𝐾𝑠 =
𝑉𝐴𝐷𝐶,𝑚𝑎𝑥 

(𝑆𝑒𝑛𝑠𝑜𝑟 𝑆𝑒𝑛𝑖𝑡𝑖𝑣𝑖𝑡𝑦) × (𝐵𝑎𝑠𝑒 𝑉𝑎𝑙𝑢𝑒)
 (28) 

 

Figure 20 Grid current conversion and scaling process for the experimental 

system. 

The discrete-time control algorithm implemented in the MATLAB m file was 

manually translated to the C language for the DSP with the same controller 
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parameters. Thus, the simulation and the experiment are closely related. However, 

there is a code generation tool for this DSP family with an additional licensing cost. 

The internal signals of the discrete-time control scheme implemented on the DSP 

were converted to 0–3.0 V analog signals via two embedded 12-bit digital-to-analog 

converters (DACs) for monitoring on an oscilloscope. 

 

Table 3 Parameters of the VSC. 

 

Parameters Value 

Nominal grid voltage Three-phase 380 V line-line 50 Hz 

Nominal power 5 kVA 

Nominal DC bus voltage 650 V 

DC bus capacitor, 𝐶𝐷 780 µF 

Switching frequency, 𝑓𝑠𝑤 10 kHz 

Sampling frequency, 𝑓𝑠 20 kHz 

DC bus resistor, 𝑅𝐷 94 kΩ 

Converter-side inductor, 𝐿1 1.4 mH 

Winding resistance of 𝐿1, 𝑅1 0.110 Ω 

Grid-side inductor, 𝐿2 0.7 mH 

Winding resistance of 𝐿2, 𝑅2 0.042 Ω 

Filter capacitor, 𝐶𝑓 1.94 µF 

Series resistor, 𝑅𝑓 0.001 Ω 

Base voltage, 𝑉𝐵 311 V 

Base current, 𝐼𝐵 10.74 A 

Base impedance, 𝑍𝐵 28.88 Ω 

 

Simulation and Experimental Validations 

The DC bus was connected to the Chroma 62150H-1000S DC power supply 

with 𝑣𝐷 = 700 V. The grid voltage waveforms were set to be sinusoidal at the 

nominal phase voltage of 230 V, 50 Hz. The PI controllers for the fundamental 
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component were enabled without the harmonic compensators. The reference currents 

were set to 𝑖𝑔𝑑,𝑟𝑒𝑓
′ = 1.0 p.u. and 𝑖𝑔𝑞,𝑟𝑒𝑓

′  = 0 p.u.. This caused the VSC to inject an 

active power of 5 kW into the grid. A simulation platform 1 of the VSC was 

developed in the Simscape Electrical of the MATLAB/Simulink 2020b, which is 

provided in [52]. Figure 21 and Figure 22 compare the experiment and simulation 

results for the VSC-side currents 𝑖𝐼𝑎, 𝑖𝐼𝑏, and 𝑖𝐼𝑐, and the grid currents 𝑖𝑔𝑎, 𝑖𝑔𝑏, and 

𝑖𝑔𝑐. It can be observed the experimental VSC-side currents 𝑖𝐼𝑎, 𝑖𝐼𝑏, and 𝑖𝐼𝑐 of the HiL 

and hardware implementations have the current envelopes due to the switching in 

close agreement with those of the proposed simulation method and the simulation 

platform 1. This confirms that the switched circuit modeling technique is applicable 

for the proposed platform. The waveforms of the experimental and simulation grid 

currents 𝑖𝑔𝑎, 𝑖𝑔𝑏, and 𝑖𝑔𝑐 are near sinusoidal as the LCL filter absorbs the switching 

current ripples. 

Table 4 Line-neutral voltage harmonics. 

 

𝑽𝟏 𝑽𝟓 𝑽𝟕 𝑽𝟏𝟏 𝑽𝟏𝟑 THD 

220 Vrms 4% 2% 1% 1% 4.69% 

The voltage harmonics listed in Table 4 were added to the fundamental 

component, which resulted in a total harmonic distortion (THD) of 4.69%. Figure 23 

shows the grid voltages and the grid currents without the harmonic compensators 

(HC). The experimental results from the HiL and hardware implementations closely 

agree with the proposed simulation method and simulation platform 1. The grid 

voltage harmonics make the grid currents even more distorted, with a THD of 

10.84%. 
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Figure 21 Simulation and experimental results of the VSC without the harmonic 

compensators under the sinusoidal voltages: Proposed simulation method and 

simulation platform 1. 
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Figure 22 Simulation and experimental results of the VSC without the harmonic 

compensators under the sinusoidal voltages: HiL-based experiment and 

hardware implementation. 
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Figure 23 Simulation and experimental results of the VSC without the harmonic 

compensators under the distorted voltages.  
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CHAPTER IV 

 

HARMONIC COMPENSATION OF VSC 

According to the explanation of the problems that occurred in the previous 

chapter, it can solve the problem of harmonic voltage distortion by using the harmonic 

compensations in the current control loop. The harmonic components of the grid 

current can be represented in the stationary frame or the rotating reference frame. 

Therefore, can be explained the proposed system in two parts. 

Proportional–integral plus multi-resonant (PIMR) controllers 

 

Figure 24 The PIMR controllers is integrated into the control structure. 

This section discusses the control scheme of the PIMR controllers on the 

synchronous reference frame for current control of the three-phase grid-connected 

LCL-filtered VSC under conditions of grid voltage distortion and grid frequency 

variation, as illustrated in Figure 24. The harmonic controllers in each order  𝐺𝑟ℎ are 

connected in parallel to the fundamental current controller. The PIMR controller 

depicted in Figure 25 is adopted for the 𝑑𝑞-axes current regulators [14]. The PIMR 

transfer function in the s-domain is given by 
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𝐺𝑐𝑖(𝑠) = 𝐾𝑝 +
𝐾𝑖1
𝑠
+ ∑

𝐾𝑟ℎ𝑠

𝑠2 + (ℎ𝜔)2
ℎ=6,12,⋯

 (29) 

The proportional-integral (PI) controller regulates the fundamental component 

current, which is the DC quantities in the 𝑑𝑞-axes. The multiple resonant (MR) 

controllers regulate both negative and positive sequence components [40], which can 

be used to attenuate the grid voltage harmonics at the frequencies ±6𝜔,±12𝜔,⋯ in 

the synchronous reference frame [14].  

 

Figure 25 Proportional-integral plus multi-resonant controller. 

The double integrator structure of the resonant controllers uses the estimated 

grid frequency from the PLL for frequency adaptation, as shown in Figure 26. The 

equivalent transfer function of 𝐺𝑐𝑖
𝑠 (𝑠) in the stationary reference frame is determined 

from [40]. The superscript “ s ” denotes the stationary reference frame term. 

𝐺𝑐𝑖
𝑠 (𝑠) = 𝐺𝑐𝑖(𝑠 + 𝑗𝜔) + 𝐺𝑐𝑖(𝑠 − 𝑗𝜔) (30) 

Substitution of (29) into (30) becomes 

𝐺𝑐𝑖(𝑠) = 𝐾𝑝 +
2𝐾𝑖1𝑠

𝑠2 + 𝜔2
+∑

2𝐾𝑖ℎ(𝑠
2 + (1 + ℎ2)𝜔2)𝑠

𝑠4 + 2(1 + ℎ2)𝜔2𝑠2 + (1 − ℎ2)2𝜔4ℎ=6,12,⋯⏟                              
𝐻(𝑠)

 
(31) 
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The harmonic compensators 𝐻(𝑠) in (31) are identical to individual resonant 

controllers 𝑅(𝑠) tuned at frequencies (1 ± ℎ)𝜔 in the stationary reference frame 

which is given by 

𝑅(𝑠) =∑
𝐾𝑖ℎ𝑠

𝑠2 + (1 ± ℎ)2𝜔2ℎ=6,12,⋯
 (32) 

Therefore, the stationary frame equivalence of the synchronous reference frame 

controller 𝐺𝑐𝑖(𝑠) is similar to a proportional-multiple resonant controller implemented 

in the stationary reference frame [14], which is written by 

𝐺𝑐𝑖
𝑠 (𝑠) = 𝐾𝑝 +

2𝐾𝑖1𝑠

𝑠2 + 𝜔2
+∑

𝐾𝑖ℎ𝑠

𝑠2 + (1 ± ℎ)2𝜔2ℎ=6,12,⋯
 (33) 

 

Figure 26 The double integrator structure of resonant controller in continuous 

time-domain. 

Proportional–integral plus multiple synchronous reference frame (PIMSR) 

controllers 

Figure 27 shows the PIMSR control structure, which has the same 

characteristic as the PIMR controller in the stationary frame [14]. The PIMSR scheme 

has a fundamental current controller identical to that of the PIMR control scheme. 

However, the selective HCs are implemented with the integral regulators in the 

synchronous reference frames corresponding to the grid voltage harmonic 

components[27, 29-33]. As seen in Figure 27, the reference currents 𝑖𝑔𝑑,𝑟𝑒𝑓
′  and 

𝑖𝑔𝑞,𝑟𝑒𝑓
′  obtained from the active and reactive power commands, are converted to the 

stationary reference frame by the inverse Park transformation for the harmonic 

compensators. The reference currents ig𝑞,ref
′  is obtained from the reactive power 

control loop or by setting ig𝑞,ref
′ = 0 for a unity power factor. The grid currents 𝑖𝑔𝛼
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and 𝑖𝑔𝛽
′  are determined from two grid current sensors using the Clarke transformation 

as follows ig𝛼
′ = iga

′ , 𝑖𝑔𝛽
′ = (𝑖𝑔𝑎

′ + 2𝑖𝑔𝑏
′ )/√3. Then, the grid current errors in the 𝛼𝛽-

axes are converted into the 𝑑𝑞-axes again using both the positive-sequence and 

negative-sequence transformations at the harmonic orders (1 ± ℎ)using the grid 

angles  (1 ± ℎ)𝜃obtained from PLL. The dc component errors of each order in the 

𝑑𝑞-axes are then compensated by the integral regulators on the multiple synchronous 

reference frames at the selective harmonic frequencies. The integral regulator's 

outputs are transformed to the stationary reference frame using inverse Park 

transformation. Finally, the VSC reference voltage of the harmonic compensators 

𝑣𝐻𝐶𝛼𝛽,𝑟𝑒𝑓
′  are obtained by adding together all the integral regulators given by 

𝑣⃗𝐻𝐶αβ,𝑟𝑒𝑓
′ = ∑ (𝑣ℎα,𝑟𝑒𝑓

′ + 𝑗𝑣ℎβ,𝑟𝑒𝑓
′ )

ℎ=5,7,…

= ∑ (𝑣ℎ𝑑,𝑟𝑒𝑓
′ + 𝑗𝑣ℎ𝑞,𝑟𝑒𝑓

′ )

ℎ=5,7,…

⋅ 𝑒𝑗ℎθ (34) 

The reference voltages in the 𝛼𝛽-frame of the harmonic compensators are then 

combined with those of the fundamental component controller. 

 

Figure 27 The PIMSR controllers is integrated into the control structure. 
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Current controller design 

The PI controller is responsible for regulating the fundamental component current, 

which represents the DC quantities in the dq-axes. The synchronous reference frame 

commonly utilizes proportional-integral (PI) regulators in VSC current control. These 

regulators offer several advantages, including zero-steady state error, power 

decoupling capability, and the ability to adapt to the grid frequency through axis 

transformations [15, 17, 25, 26]. The PI controller function in the s-domain is defined 

in this study as 

𝐺𝑐𝑖(𝑠) = 𝐾𝑝 +
𝐾𝑖1

𝑠
. (35) 

The decoupled terms leave the currents 𝑖𝑔𝑑
′  and 𝑖𝑔𝑞

′  are separately controlled. The PI 

regulator for the fundamental component current is initially designed in the 

continuous-time domain.  The parameters 𝐾𝑟ℎ for the resonant controllers are then 

selected in proportion to the integral gain 𝐾𝑖1. According to the design methodology 

in [47], the PI regulator parameters are selected as follows 

𝐾𝑝 ≈ 𝜔𝑐𝑖,𝑚𝑎𝑥𝐿𝑡
′  (36) 

 

𝐾𝑖1 ≈
𝜔𝑐𝑖,𝑚𝑎𝑥
2

10
𝐿𝑡
′  (37) 

where 𝜔𝑐𝑖,𝑚𝑎𝑥 is the possible maximum cross-over frequency at a given phase margin 

𝜙𝑚𝑖. The cross-over frequency 𝜔𝑐𝑖,𝑚𝑎𝑥 is given by 

𝜔𝑐𝑖,𝑚𝑎𝑥 =
𝜋 2⁄ − 𝜙𝑚𝑖

𝑇𝑑
 (38) 

where 𝑇𝑑 = 2𝑇𝑠 is the sampling and the transport delays caused by the digital control 

process with 𝑇𝑠 as the sampling time. The resonant controllers’ gains of the PIMR 

scheme, orders 6th and 12th, are added to eliminate the voltage harmonics, orders 5th, 

7th, 11th, and 13th, whose resonant gains are set at 𝐾𝑟6 = 𝐾𝑟12 = 𝐾𝑖1/3. The integral 

gains of the PIMSR controller are then set at 𝐾𝑖5 = 𝐾𝑖7 = 𝐾𝑖11 = 𝐾𝑖13 = 𝐾𝑖1/3. 

Therefore, the parameters of the current controller can be found in Table 5. 
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Table 5 Parameters of the current controller. 

 

Parameters Value 

𝐾𝑝 0.4080 

𝐾𝑖1 213.60 

𝐾𝑖5, 𝐾𝑖7, 𝐾𝑖11, 𝐾𝑖13 71.21 

𝐾𝑟6, 𝐾𝑟12 71.21 

𝑎26, 𝑎212 0.003561 

𝑎36 2.495233 

𝑎312 9.980929 

Figure 29 shows the frequency response of the simplified open-loop transfer 

function with the PI controller and the PIMR controller. The target phase margin is set 

at 𝜙𝑚𝑖 = 60
° with the VSC parameter in Table 3, which results in 𝜔𝑐𝑖,𝑚𝑎𝑥 =

2𝜋(1111) rad/s. The PI controller parameters 𝐾𝑝 and 𝐾𝑖1 are determined from (36) 

and (37). The resonant controllers, orders 6th and 12th, are added to compensate the 

voltage harmonics, orders 5th, 7th, 11th, and 13th, whose resonant gains are set at 

𝐾ℎ6 = 𝐾ℎ12 = 𝐾𝑖1/3. For the PI controller, the DC loop gain of 100 dB is large 

enough to track the reference currents with a zero steady-state error. However, the 

loop gains at 300 Hz and 600 Hz are considerably low to reject the voltage harmonic 

disturbances. For the PIMR controller, the DC loop gain and the loop gains at 300 Hz 

and 600 Hz are greater than 100 dB. The phase margin 𝜙𝑚𝑖 = 48
° of the system with 

the PIMR controller is still large enough to guarantee the control stability. The actual 

cross-over frequency 𝜔𝑐𝑖 = 2𝜋(916) rad/s is close to the desired value. 

The current controller is designed based on the simplified model. Stability 

assessment is necessary before implementation. The stationary reference frame 

equivalence of the current controller given in (33) and the transfer function of the 

LCL filter in (18) are used in the open-loop transfer function 𝐺𝑜
𝑠(𝑠) in the stationary 

reference frame which is written as 
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𝐺𝑜
𝑠(𝑠) = 𝐺𝑐𝑖

𝑠 (𝑠)⏟  
𝐶𝑜𝑛𝑡𝑟𝑜𝑙𝑙𝑒𝑟

∙
𝑉𝐷
2
𝑒−𝑠𝑇𝑑

⏟    
∙

𝑉𝑆𝐶&𝑃𝑊𝑀

𝐺𝐿𝐶𝐿(𝑠)⏟    
𝐿𝐶𝐿 𝑓𝑖𝑙𝑡𝑒𝑟

 (39) 

Figure 29 depicts the frequency response of 𝐺𝑜
𝑠(𝑠) in the stationary reference 

frame, where there are three cross-over frequencies 𝜔𝑐1, 𝜔𝑐2, and 𝜔𝑐3. The cross-over 

frequency near the loop bandwidth 𝜔𝑐1 = 2𝜋(892) rad/s slightly shifts from that in 

the synchronous reference frame due to the presence of the 13th-harmonic peak gain. 

The phase margin 𝜙𝑚1 = 42° at 𝜔𝑐1 is still large enough to guarantee control 

stability. The other two cross-over frequencies 𝜔𝑐2 = 2𝜋(4730) rad/s and 𝜔𝑐3 =

2𝜋(5590) rad/s occur around the resonant frequency of the LCL filter 𝜔𝐿𝐶𝐿, of which 

phase margins 𝜙𝑚2 = 83° and 𝜙𝑚3 = 67° satisfy the stability criterion for the 

inherent damping of the LCL filter with grid-current feedback control [55]. 

 

Figure 28 Frequency response of the current control loop: simplified open-loop 

transfer function in synchronous reference frame with the PI controller and the 

PIMR controller. 
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(b) 

Figure 29 Frequency response of the current control loop: open-loop transfer 

function in the stationary reference frame. 

Implementation of the current controllers with HCs 

The PI regulators of the fundamental current controller and the integral 

regulators of the PIMSR controllers were discretized using the backward Euler 

approximation. The resonant controller transfer function of 𝐺𝑟ℎ(𝑠) is constructed 

from the double integrator configuration as shown in Figure 26. For the discrete-time 

transformation of the resonant controller, the forward Euler method 𝑠 = (1 − 𝑧−1)/

𝑇𝑠𝑧
−1 and the backward Euler method 𝑠 = (1 − 𝑧−1)/𝑇𝑠 are used for the forward and 

feedback integrator [56]. Therefore, the control scheme of the multi-resonant 

controllers at the harmonic orders 6th and 12th can be rewritten in the discrete-time 

domain according to Fig. 6 and the discrete-time domain transfer function of the 

resonant controller can be expressed as 

𝐺𝑟ℎ(𝑧) =
𝐾𝑟ℎ𝑇𝑠(𝑧

−1 − 𝑧−2)

1 + (𝑇𝑠2ℎ2𝜔𝑛2 − 2)𝑧−1 + 𝑧−2
. (40) 

The integrator coefficients of each resonant controllers in Figure 31 can be written as 

𝑎2ℎ = 𝐾𝑟ℎ𝑇𝑠, 𝑎3ℎ = (ℎ𝜔𝑛)
2𝑇𝑠/𝐾𝑟ℎ. 

The resonant frequencies at the harmonic orders 6th and 12th are kept tuned 

with the estimated frequency 𝜔 ̂ ′ from PLL for grid frequency adaptation. The 
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fundamental current control has the intrinsic frequency adaptation capability through 

the Park transformation. For programming of the multi-resonant controllers, each HC 

is converted to a simple pseudo-code as described in Figure 30. This code is executed 

each sampling time period of the simulation software or DSP. 

 

%Resonant Controller for Order 6th 

v6(k) = a26*(e(k-1)-y26(k-1)) + v6(k-1); 

y26(k) = a36*v6(k)*wn^2 + y26(k-1); 

e(k-1) = e(k); 

%Resonant Controller for Order 12th 

v12(k) = a212*(e(k-1)-y212(k-1)) + v12(k-1); 

y212(k) = a312*v12(k)*wn^2 + y212(k-1); 

Figure 30 Pseudo-code of the harmonic compensators. 

 

 

Figure 31 Discrete-time implementation of the PIMR controller with frequency 

adaptation. 
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Experimental verification 

The simulation model of the VSC developed in MATLAB/Simulink 2022b is 

provided in [57], which has been presented in previous chapter. Moreover, the 

proposed control technique was verified through the hardware-in-the-loop (HiL) 

implementation and the hardware implementation. Figure 32 depict the experimental 

setup. 
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(a) 

 

(b) 

Figure 32 Experimental setup. (a) HiL configuration (b) Laboratory-scale 

environment. 
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Harmonic mitigation 

The VSC with the PIMR and PIMSR control schemes was evaluated under the 

sinusoidal and distorted grid voltages with a nominal steady state power of 5 kW. The 

harmonic components 𝑉5,  𝑉7,  𝑉11 and 𝑉13 were added to the fundamental grid 

voltage 𝑉1 as shown in Table 4 with a total harmonic distortion (THDv) of 4.69%. 

The grid frequency was tested under the allowable range of the Thailand grid: the 

nominal value of 50 Hz, the minimum value of 47 Hz, and the maximum value of 52 

Hz. Figure 33 compares the current harmonic components of the fundamental 

component controller without the HCs (black) with those of the PIMR (red) and 

PIMSR (blue) control schemes at the nominal grid frequency. The harmonic orders 

5th and 7th of the fundamental component controller exceed the IEEE 1547 standard 

(magenta line) [12]. Moreover, the current harmonic orders 11th and 13th are still 

noticed. On the other hand, the HCs of the PIMR and PIMSR controllers suppress the 

current harmonic orders 5th, 7th, 11th, and 13th close to zero, which complies with 

the IEEE 1547 standard.  

 

Table 6 THD of the grid current at the nominal output power. 

 

Control schemes 
Sinusoidal grid voltages Distorted grid voltages 

47 Hz 50 Hz 52 Hz 47 Hz 50 Hz 52 Hz 

Fundamental component controller 1.21% 1.40% 1.14% 10.97% 10.54% 10.77% 

PIMR without frequency adaptation 1.05% 0.97% 1.11% 7.85% 1.08% 8.92% 

PIMR 0.88% 0.91% 0.81% 0.96% 1.15% 0.90% 

PIMSR 0.93% 0.95% 0.82% 0.93% 1.09% 0.83% 

 

Table 6 summarizes the THDi values of the fundamental component controller, 

the PIMR controller with/without frequency adaptation, and the PIMSR controller 

under the sinusoidal and distorted grid voltages at the frequencies of 47 Hz, 50 Hz, 

and 52 Hz. The PIMR controller without frequency adaptation manages to suppress 

the voltage harmonics at the nominal grid frequency, compared with the fundamental 

component controller under the sinusoidal grid voltages. However, the THDi values 

deteriorate when the grid frequency deviates from the nominal value. The resonant 

frequencies of the PIMR controller updated from PLL keep the THDi values lower 
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1.15%. Meanwhile, the PIMSR controller has an inherent frequency adaptation 

capability, which exhibits a similar harmonic attenuation to the PIMR with frequency 

adaptation. 

 

Figure 33 Grid current harmonic spectrum of the VSC at the nominal power of 5 

kW under the distorted grid voltage. 

Transient performance and power extraction capability  

This section validates the transient performance and the power extraction capability of 

the PIMR and the PIMSR control schemes. Error! Reference source not found. and 

Error! Reference source not found. shows the simulation result of the dynamic 

response of the VSC when the reference current suddenly changes under distorted 
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and the PIMSR schemes at the steady-state conditions are close to the sinusoidal 

waveform. The zoomed areas in Figure 36 and Figure 37 indicate that the PIMR 

controller exhibits a transient response very close to the PIMSR controller because of 

their identical stationary frame transfer function as shown in (33) The simulation 

results, the experimental results of HiL, and the hardware implementations are in 

close agreement. However, there is still a slight difference in the rising edge of the 

grid current step. The oscillation of the grid current during the transient of the 

simulation result is slightly higher than that of the HiL and hardware experimental 

results. This is believed to be due to voltage drops in the IGBTs and the grid 

simulator’s internal impedance, which were neglected in the simulation. The 

instantaneous active and reactive power can be calculated from the 𝑑𝑞-axes currents 

directly. 

 

Figure 34 Simulation of the transient response of the grid current under 

distorted voltage. 
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Figure 35 The HiL prototype investigates the transient behavior of the grid 

current when exposed to distorted voltage. 

 

 

Figure 36 Transient response of the grid current under the distorted voltage.: 
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Figure 37 Transient response of the grid current under the distorted voltage.: 

Hardware prototype with the PIMSR controller 
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frequencies, as illustrated in Figure 39(a). The PIMR scheme without the frequency 

adaptation depicted in Figure 39(b) cannot mitigate the effects of distorted grid 

voltage when the frequency deviates from the nominal value. Meanwhile, the PIMSR 

controller exhibits the inherent frequency adaptation capability through the axis 

transformations The PIMR controller without the frequency adaptation has the THDi 

of 7.85% at 47 Hz and 8.92% at 52 Hz, which exceeds IEEE 1547 standard [12]. On 

the other hand, the PIMR controller with frequency adaptation and the PIMSR 

controller maintain low THDi values at the frequencies of 47 Hz and 52 Hz. The grid 

current has a THDi approximately 1% that complies with the IEEE 1547 standard. 

The experimental results from HiL in Figure 39(a) are very close to those of the 

hardware implementation in Figure 39(b). 

 

Figure  38 Performance of the PIMR control scheme under the sinusoidal grid 

voltages with the changing grid frequency. 

Figure 40 shows the experimental performance of the PIMR and PIMSR 

control schemes under the ±10% sag/swell of the distorted grid voltages. The two 

controllers again exhibit close transient responses, which regulate the grid currents 

back to the reference values within 10 ms. 
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(a) 

 

(b) 

Figure 39 Performance of the PIMR and PIMSR control schemes under the 

distorted grid voltages with the changing grid frequency: (a) HiL system, (b) 

Hardware prototype. 
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Figure 40 Performance of the PIMR and PIMSR control scheme under the grid 

voltage sag and swell from the hardware prototype. 
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computational effort of the PIMSR controller while maintaining the frequency 

adaptation and power extraction capability. Thus, the PIMSR controller is suggested 

for the three-phase VSC current control. Although the reduction in the computation 

time of 2.950 μs with the PIMR scheme seems insignificant when implemented on a 

powerful TMS320F28379D DSP with a sampling frequency of 20 kHz, the PIMR 

control scheme will be more beneficial with higher switching and sampling 

frequencies for wide bandgap devices. For example, the PIMR regulator will be 

helpful for the multi-loop grid-forming control of 

the VSCs in inverter-based electric power systems [58]. Moreover, discretization of 

the resonant controller is crucial for high switching frequency applications with a 

significant computation delay [59]. Multiple resonant regulators in series with a 

fundamental current controller with the deadbeat control have been recently proposed 

in [60]. Meanwhile, in this study, the multiple resonant regulators are placed in 

parallel with the fundamental component PI controller. Thus, it would be interesting 

to compare the harmonic rejection performance and control stability of the parallel 

and series configuration of the harmonic controller. 

 

Table 7 Computational effort of the control schemes 

 

Mathematical operations 
Control methodology 

PIMR PIMSR 

Additions/subtractions 35 49 

Multiplications 198 384 

Trigonometric functions (Sin/Cosine) 78 468 

Saturation limits 14 14 

Execution cycles 325 915 

Execution time (0.005 μs/cycle) 1.625 µs 4.575 µs 
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CHAPTER V 

 

CONCLUSION AND FUTURE WORK 

 

Conclusion 

This in-depth exploration of grid-connected voltage source converters (VSCs) 

featuring selective harmonic mitigation represents a significant leap forward in both 

theoretical insights and applied solutions. The introductory chapter explores the 

essential principles, the challenges encountered, and the consequences of 

incorporating grid inverters into distribution networks affected by severe voltage 

distortions. Subsequent to this, chapter two offers an exhaustive review of the 

literature on the strategies for harmonic mitigation in grid-connected inverters under 

conditions of grid voltage distortion. Chapter three introduces a precise methodology 

for the modeling of VSCs, advancing further with the development and validation of a 

simulation approach using MATLAB/Simulink, and the application of switched-

circuit modeling for the power stage. Additionally, the operation of a grid-connected 

inverter under standard grid voltage conditions was simulated using Hardware in the 

Loop (HiL), yielding simulation outcomes that aligned closely with those from 

MATLAB/Simulink and laboratory-constructed prototypes. Chapter four delves into 

the application of a Proportional-Integral plus Multi-Resonant (PIMR) Controller to 

address issues of grid voltage distortions and frequency variations, conducting a 

comparative analysis with the Proportional-Integral plus Multiple Synchronous 

Reference Frame (PIMSR) controller. The findings indicate that although both 

controllers produced similar results, the PIMR controller exhibited a lower 

computational complexity, rendering it more advantageous for practical 

implementation. 

 

Future Work 

1. Propose a technique for determining a Resonant controller's proper gain value 
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Chapter 4, in subtopic "Current Controller Design," provides a detailed 

explanation of how to determine the gain for a grid current controller using a PI 

controller. However, it does not address the process for determining the resonant 

controller's gain. The researcher relied on trial-and-error methods to identify a suitable 

gain value. For the resonant controller to effectively eliminate harmonic currents, it is 

essential to establish an analytical method to accurately and correctly determine the 

gain values. 

2. Enhanced harmonic mitigation techniques 

Future research could focus on developing adaptive harmonic controllers that 

automatically adjust their parameters in real-time to better handle varying grid 

conditions and load demands. This could involve the integration of machine learning 

algorithms to predict and mitigate harmonic distortions. 

3. Impact of electric vehicle charging stations 

The thesis mentions the increasing presence of electric vehicles (EVs) and 

their charging stations. However, it does not explore in-depth the specific challenges 

and solutions related to harmonic mitigation in the context of high-power, fast-

charging stations for EVs. Research in this area could focus on mitigating harmonics 

specifically introduced by EV charging infrastructure. 

4. High-order harmonic mitigation 

The study addresses harmonic compensation for certain harmonic orders but 

does not extensively cover higher-order harmonics beyond the 12th. Future research 

could investigate methods for effectively mitigating higher-order harmonics and their 

impact on power quality. 

5. Integration with renewable energy sources 

Investigate the performance of the proposed harmonic mitigation techniques in 

hybrid systems that combine multiple renewable energy sources such as wind, solar, 

and hydro. This research could explore how the varying outputs of different 

renewable sources affect harmonic generation and mitigation. 

6. Grid interaction and stability 
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Conduct comprehensive studies on the impact of harmonic mitigation 

techniques on overall grid stability. This can include examining how these techniques 

influence the stability margins of power systems and their interactions with other grid 

stability mechanisms. 

7. Standards and compliance 

As power quality standards evolve, future work should focus on ensuring that 

the proposed techniques comply with the latest regulations and standards. This may 

involve participating in standardization committees and contributing to the 

development of new guidelines. 

8. Real-time monitoring and control 

Develop real-time monitoring systems that continuously assess the harmonic 

levels and automatically adjust the mitigation techniques to ensure optimal 

performance. These systems can leverage IoT technologies for enhanced connectivity 

and data analytics. 

9. Scalability and flexibility 

Explore the scalability of the proposed techniques for different sizes and types 

of grid-connected systems. This can include small-scale residential systems to large-

scale industrial applications.  
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APPENDIX I 

 

HARMONIC IN THREE-PHASE SYSTEM 

 

Harmonics in a three-phase system refer to frequencies that are whole number 

multiples of the fundamental frequency (often 50 Hz or 60 Hz) of the power supply. 

These frequencies have the potential to alter the typical sinusoidal waveforms of 

voltage and current, resulting in a range of issues within the electrical network. Below 

is an analysis of the nature of harmonics in three-phase system. 

Phase sequence of harmonic in a three-phase system 

The phase sequence of harmonics in a three-phase system is a critical aspect 

that influences how harmonics interact with the power system. To gain a deeper 

understanding, it's crucial to explore the determination of the phase sequence and the 

behavior of various harmonic types in relation to their sequence: 

In a three-phase power system, the fundamental frequency follows a specific 

phase sequence, typically A-B-C, which means that phase A reaches its peak first, 

followed by phase B, and then phase C. This sequence results in a clockwise rotation 

of the power system's magnetic field. 

For harmonics, the order of the harmonic (i.e., the multiplier of the 

fundamental frequency) determines its sequence and properties: 

1. Positive Sequence Harmonics 

Harmonics of the form 𝑛 = 1 + 3𝑘  (where 𝑘 is an integer 0, 1, 2,.) are called 

positive sequence harmonics, such as the 1st, 4th, 7th, 10th, etc. These harmonics 

follow the same sequence as the fundamental (A-B-C). They rotate in the same 

direction as the fundamental frequency's magnetic field and add constructively to the 

system's power. 

2. Negative Sequence Harmonics 

Harmonics of the form 𝑛 = 2 + 3𝑘 are called negative sequence harmonics, 

like the 2nd, 5th, 8th, 11th, etc. These harmonics follow the opposite sequence of the 
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fundamental (A-C-B). They rotate in the opposite direction and can lead to destructive 

interference, reducing system efficiency and potentially causing heating and 

mechanical stresses, particularly in rotating machinery. 

3. Zero Sequence Harmonics 

Harmonics of the form 𝑛 = 3 + 3𝑘, such as the 3rd, 6th, 9th, 12th, etc., are 

called zero sequence harmonics. These harmonics do not rotate and are in phase with 

each other across all three phases (A-A-A or B-B-B or C-C-C). In systems with a 

connected neutral, they can generate significant neutral current, resulting in excessive 

heating and neutral overloading. 

 

       (a)       (b)        (c) 

Figure A.1 Phase sequence vector of a balanced three-phase system: (a) 

 Positive Sequence, (b) Negative Sequence and (c) Zero Sequence.  

a

b

c

a
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