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Abstract 

The number of distributed power generation systems (DPGSs), mostly based on photovoltaic 

(PV) energy sources is increasing exponentially. These systems must conform to grid codes to 

ensure appropriate power quality and to contribute to grid stability. A robust and reliable 

synchronization to the grid is an important consideration in such systems. This is due to the fact 

that, fast and accurate detection of the grid voltage parameters is essential in order to implement 

stable control strategies under a broad range of grid conditions. The second-order generalized 

integrator (SOGI) based phase-locked loop (PLL) is widely used for grid synchronization of 

single-phase power converters. This is because it offers a simple, robust and flexible solution 

for grid synchronization. However, the SOGI-PLL is affected by the presence of a dc offset in 

the measured grid voltage. This dc voltage offset is typically introduced by the measurements 

and data conversion process, and causes fundamental-frequency ripple in the estimated 

parameters of the grid voltage (i.e. voltage amplitude, phase angle and frequency). In addition 

to this ripple, the unit amplitude sine and cosine signals of the estimated phase angle (i.e. unit 

vectors), that are used to generate reference signals in the closed-loop control of grid-connected 

PV converters will contain dc offset. This is highly undesirable since it can cause dc current 

injection to the grid, and as a consequence, the quality of the power provided by the DPGSs can 

be degraded. To overcome this drawback, a modified SOGI-PLL with dc offset rejection 

capability is proposed. The steady-state, transient and harmonic attenuation performance of the 

proposed PLL scheme are validated through simulation and experimental tests. The overall 

performance demonstrates the capability of the proposed PLL to fully reject such dc current 

injection as well as to provide a superior harmonic attenuation when compared with the SOGI-

PLL and two other existing offset rejection approaches. It is shown that, the proposed PLL 

scheme can enhance the overall total harmonic distortion (THD%) of the injected power by 

15% when compared to the conventional SOGI-PLL. 

In addition to the synchronization, grid-connected PV systems require a current control scheme 

to regulate the output current. Due to the simple implementation, proportional-integral (PI) 

controllers in the stationary reference frame are commonly used for current controlled inverters. 

However, these PI-controllers exhibit a major drawback of failure to track a sinusoidal reference 
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without steady-state error, which may result in low-order harmonics. This drawback can be 

overcome if the PI-controllers are implemented in direct-quadrature (dq) rotating reference 

frame. In single-phase systems, the common approach is to create a synthesized phase signal 

orthogonal to the fundamental of the real single-phase system so as to obtain dc quantities by 

means of a stationary-to-rotating reference frame. The orthogonal synthesized signal in 

conventional approaches is obtained by phase shifting the real signal by a quarter of the 

fundamental period. The introduction of such delay in the system deteriorates the dynamic 

response, which becomes slower and oscillatory. This thesis proposes an alternative way of 

implementing such PI-controllers in the dq reference frame without the need of creating such 

orthogonal signals. The proposed approach, effectively improves the poor dynamic of the 

conventional approaches while not adding excessive complexity to the controller structure. The 

results show that, in addition to its ability to regulate the current and achieve zero steady-state 

error, the proposed approach shows superior dynamic response when compared with that of 

conventional delay-based approach.  
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CHAPTER 1                     

INTRODUCTION 

1.1 Introduction 

During the last decade, renewable energy sources have attracted most of the attention as a 

promising means to tackle the energy, sustainability and environmental concerns being faced 

today worldwide [1, 2]. Among these energy sources, the photovoltaic (PV) technology has 

been regarded as an environmentally friendly alternative energy source and has advanced 

considerably in recent years. As depicted in Figure. 1.1, over the past decade, the number of 

PV installations with the majority being grid-connected has experienced extraordinary growth. 

For example, the total installed global capacity grew from 177 GW installed in 2014 to reach 

227.1 GW by the end of 2015 [3]. 

 

 
Figure 1.1. The worldwide cumulative installed PV power in MW according to IEA [3] 

Nowadays, and due to the necessity of producing and delivering more reliable, flexible and 

clean energy technologies, the electrical power providers are turning toward distributed power 

generation systems (DPGSs). In such systems, a large number of small-scale electricity 

generation units mostly from renewable energy resources such as, roof-mounted photovoltaic 
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and wind generation systems are integrated into power systems at distribution level [1, 2, 4]. 

Recently, the number of distributed power generation systems (DPGSs) has reached significant 

penetration levels and are expected to become increasingly predominant in the near future [2, 

5-7]. In such systems, the enabling technology of power electronic converters and associated 

control are utilized to perform different tasks. In addition to providing high-quality power to 

the electricity network, these systems should actively contribute to grid stability by supporting 

voltage/frequency under different grid conditions [8-10]. However, the action of interfacing 

such systems to the utility grid, can seriously affect the grid stability, power-quality and safety 

conditions if these systems are not appropriately controlled [2, 7, 11]. This issue has become of 

great concern to electricity supply companies, and as a consequence, new and more stringent 

standards have been in force. This is in respect of how these power sources interact with the 

grid, to ensure the power quality of the network is not compromised [11-14]. Accordingly, more 

attention should be given on ways of advancing the control strategy used in grid-connected 

power converters. Such a control strategy should be able to ensure that power extracted from 

renewable energy sources and transmitted to the grid-side does not  violate the modern grid 

codes and standards [15]. Generally, this control strategy consists of, a synchronization unit to 

ensure fast and precise grid synchronization, and a current controller to enable a high-quality 

current injection [2, 7].  

Synchronization is one of the most important aspects to be considered in the control of power 

converters interfacing renewable energy sources to the utility grid [16-19]. Grid-connected 

converters should be appropriately synchronized with the network and stay actively connected, 

supporting the grid services and maintaining the generation up under many different grid 

conditions [10, 20]. In such conditions, an accurate and fast detection of phase angle, frequency 

and amplitude of the grid voltage is an essential requirement for effective operation and control 

of the grid-connected converters [21]. Thus, grid voltage variables should be continuously 

monitored at the point of common coupling (PCC). This is to confirm the suitability of the 

network state for a correct operation of power converters, also to set the energy transfer between 

the power converter and the utility grid accordingly [11]. In addition to the synchronisation 

issue, regulating the current injected into the utility grid using advanced current control 

strategies is another very important feature to be investigated. Typically, the performance of 

such a current controller relies heavily on the estimated amplitude and phase-angle of the grid 

voltage, thus, it is greatly affected by the response of the synchronization algorithm. As a 
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consequence, the quality of the injected power from renewable energy sources under different 

grid disturbances, can be effectively enhanced by adopting a more robust synchronization 

method. 

1.2 Project Motivation 

This thesis is concerned with research into grid-connected photovoltaic (PV) systems, 

specifically low-power single-phase PV ‘roof-mounted’ systems. In such systems, the 

synchronization is normally performed using phase-locked loop (PLL) algorithms. The PLL as 

a key component in grid-connected systems will impact the power quality, stability and 

reliability of the power conversion system. Accordingly, the PLL used in the synchronization 

of PV inverters with the grid should be carefully designed to achieve optimal steady-state and 

transient response. Most of the previous studies have dealt with the performance developments 

of PLL algorithms under various disturbances in the grid voltage such as harmonics, voltage 

dip, frequency deviations and phase-angle jumps. However, errors generated from the grid 

voltage measurement circuits e.g. DC offset, can seriously affect the response of the PLL, and 

as a consequence, the entire performance of the grid-connected PV system may be degraded. 

For this reason, there is obviously considerable motivation to enhance grid-connected PV 

inverter performance through the use of more robust PLL algorithm that can estimate the grid 

voltage variables more accurately under different grid disturbance conditions including the 

presence of such a dc offset.  

In addition to the synchronization algorithm, grid-connected PV inverter systems generally 

require a current control scheme to regulate their output current as well as to provide a high-

quality power exchange with the utility grid. Owing to their simple structure and digital 

implementation, PI-controllers in the stationary reference frame are considered as the most 

conventional approaches used for current controlled inverters. However, because of the time-

varying nature of the quantity being controlled, these PI-controllers have a major drawback of 

the inability to track a sinusoidal reference without steady-state error [22, 23]. This drawback 

can be overcome if the PI-controller is implemented in the synchronous reference frame (SRF) 

instead. In an SRF, usually referred to as a dq frame, ac (time varying) quantities appear as dc 

(time invariant) quantities. This allows the controller to be designed as would be for dc–dc 

converters, presenting infinite control gain at the steady-state operating point, and leading to 

zero steady-state error [24, 25]. The dq-controller has been very effectively used for the current 
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control of three-phase systems to obtain zero steady-state [25-28]. However, they encounter 

shortcomings when utilized in single-phase systems. In such systems, the use of a dq-controller 

is not possible unless a fictitious quadrature signal is produced to form a two-axis environment 

(i.e.,αβ) [24, 29]. Thus, in this regard, a new way of implementing such PI-controllers in the dq 

reference frame without the need for creating such a fictitious quadrature signal is proposed. 

To assess where photovoltaic system performance can be improved, however, it is necessary to 

understand the typical operation of a grid-connected PV inverter system. This will therefore be 

the focus of the following discussion.  

1.3 Typical Operation of a Grid Connected PV Inverter System  

As illustrated in Figure.1.2, a grid-connected photovoltaic power system can be defined as the 

interface between the PV array and the utility grid system through two power stages. In the first 

stage, a DC/DC boost converter is employed to step up the relatively low PV array output DC 

voltage to a convenient level accepted by the DC/AC inverter. A maximum power point 

tracking (MPPT) controller is normally implemented in this stage, for maximizing the energy 

capture. While in the second stage, a power inverter that operates in a current controlled mode 

is involved to efficiently and reliably inject unity power factor sinusoidal current into the utility 

grid. A low-pass filter (LPF) is placed at the output of the inverter to attenuate any high 

frequency harmonics can be generated by the pulse width modulation (PWM) used to control 

the inverter. Finally, a 50Hz isolation transformer is typically presented at the inverter output 

to primarily provide an isolation barrier between the grid-connected PV inverter and the utility 

grid. It also serves to exclude DC current injection into the grid. It is worth mentioning that, 

different grid-connected PV system configuration such as centralized, string and multi-string 

have been described in the literature [6]. 

Throughout this thesis, the DC link voltage Vdc of the DC/AC converter is assumed to be fixed 

at a desired level, thus, the first power stage described above will not be considered in the real 

time implementation of the grid-connected PV system. Therefore, the main focus of this 

research is more on the AC side of the grid-connected PV inverter system. 
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Figure 1.2.Typical Grid Connected Photovoltaic Inverter System along with its associated control strategy 

where: v, ௠ܸ, ߠ෠ ,i, i* and m are  the measured grid voltage, estimated grid voltage amplitude, 

estimated phase-angle, measured grid current, demand current and modulation index 

respectively. 

1.3.1 The choice of the DC/AC Inverter  

In single-phase grid-connected PV systems, two-level voltage-source inverters (VSIs) are 

commonly used as a key element that converts DC power generated by PV arrays into grid-

synchronized AC power. Typically, VSIs operate with relatively high PWM switching 

frequency, generating voltage waveforms with harmonic content around the switching 

frequency and its multiples. These voltages may lead to undesirable current harmonics flowing 

into the grid. Such harmonics are not desirable because they can increase losses, and disturb 

other sensitive devices/loads connected to the point of common coupling (PCC) of the grid. 

Therefore, it is of paramount importance to connect the output of such inverters to an adequate 

low-pass filter to limit such harmonics to desirable limits specified in [12]. The size of the 

output filter can be effectively minimized if the conventional two-level inverter is replaced by 

a multilevel inverter. This is due to the fact that; multilevel inverters are able to produce a more 

refined staircase wave with reduced harmonic distortion. Over the last years, several different 

multilevel converter topologies have been reported in the technical literature [30-35]. The most 
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established topologies are, the neutral point clamped (NPC) or diode clamped [36], the flying 

capacitor (FC) or capacitor clamped [37], and the cascaded H-bridge (CHB) [38]. Among these, 

the diode-clamped and cascaded-H-bridge are widely used in renewable energy applications 

due to their structure [39-42]. Accordingly, in this thesis, a five-level diode-clamped inverter is 

chosen as a part of the proposed single-phase grid-connected PV system shown in Figure. 1.2. 

The main objective is to investigate the possibility of reducing the passive filter requirements 

by adopting such an inverter. As it will be demonstrated, adopting the five-level inverter can 

reduce the size of the output filter by approximately four times when compared to that of the 

two-level inverter. In the following section, an overview of the five-level inverter structure, 

operation, and modulation strategy used will be briefly introduced. Further details on the five-

level inverter can be found in Appendix A.     

1.3.1.1 Five-level Diode-clamped Inverter  

The circuit diagram of the five-level diode-clamped inverter used in the proposed single-phase 

grid-connected PV system is shown in Figure. 1.3. The inverter consists of eight active switches 

with four series-connected dc capacitors. For simplicity, it is assumed throughout this thesis 

that, the DC-link capacitor voltage Vdc is fixed at a desired level and equally divided by the dc 

capacitors. This means that, the voltage across each dc capacitor is equal to Vdc/4, and the 

voltage stress of each switching device will be limited to one capacitor voltage level Vdc/4 

through clamping diodes (d1-d6).  Practically, this can be achieved by connecting in series four 

independent ideal DC power supplies as described in Chapter 6. 

 
Figure 1.3. Single-phase five-level diode-clamped inverter used in the proposed grid-connected PV system   
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The relationship between switch operating status and the inverter terminal voltage Van is 

summarized in Table 1-1. Note that, the gate signal is of binary nature, where ‘0’ indicates that 

an active switch is OFF, while ‘1’ signifies that the switch is ON. There are five switch 

combinations where only four consecutive switches are always switched on simultaneously to 

synthesize five different voltage levels across the AC output of the inverter (i.e., a and n). For 

instance, when the top four switches are turned on (S1-S4), Van = Vdc/2, whereas the conduction 

of the bottom four switches (S1′-S4′) results in Van = -Vdc/2. 

Table 1-1 Switching state and magnitude of output voltage of a five-level diode-clamped inverter 

Switching 

State 

Number 

Switching States 
Output voltage 

Van (V) S1 S2 S3 S4 S1′ S2′ S3′ S4′ 

1 1 1 1 1 0 0 0 0 Vdc/2 

2 0 1 1 1 1 0 0 0 Vdc/4 

3 0 0 1 1 1 1 0 0 0 

4 0 0 0 1 1 1 1 0 - Vdc/4 

5 0 0 0 0 1 1 1 1 - Vdc/2 

In addition, it is important to notice that, although each active switch is required to block only 

a voltage equal to that of the capacitor voltage i.e., Vdc/4, the clamping diodes are required to 

have different voltage ratings for inverse blocking voltage. For example, when the bottom 

switches (S1
′-S4

′) are turned on, d2 needs to block three capacitor voltages, i.e., 3Vdc/4. 

Similarly, d3 and d4 need to block 2Vdc/4, and d5 needs to block 3Vdc/4. However, in practice the 

voltage rating for all the clamping diodes is typically selected to be exactly as the active device 

switches. As a consequence, the number of diodes required for each phase will be equal to (m-

1) (m-2), where m is the number of the required levels [31, 43]. In the case with five-level 

inverter, the number of diodes required will be 12 as shown if Figure. 1.3. 

In order to demonstrate the advantages of adopting the single-phase five-level inverter over the 

conventional two-level inverter, the output voltage waveforms of both inverters are compared 

in Figure. 1.4. It is obvious that, the inverter output voltage enhances its quality as the number 

of levels increases. This leads to a large reduction in the total harmonic distortion (THD) of the 
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output waveform as shown in Figure. 1.5, consequently, allowing the possibility of use of a 

smaller size filter. 

 
Figure 1.4. Single-phase inverter output voltage waveforms: (a) two-level, (b) five-level 

 
Figure 1.5. Unfiltered inverter output voltage harmonics at 20 kHz switching frequency for two and      

five-level inverters 

Since the five-level inverter is able to switch its output voltage between five different dc voltage 

levels, there is an obvious reduction in its switching frequency harmonic magnitude when 

compared to the two-level inverter. In addition, it is clear that the ratio of the filter cut-off 

frequencies to attenuate the switching frequency harmonics to the same magnitude is around 

3.5:1. This means, the cut-off frequency for the low-pass filter (LPF) used in conjunction with 

the five-level inverter, can be increased to be approximately three and a half times higher than 

that used with a two-level inverter. Increasing the cut-off frequency of the LPF can allow the 

closed loop control system to achieve a higher bandwidth response. Alternatively, the size of 
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the LPF connected to the five-level inverter can be made approximately 3.5 times smaller than 

that necessary for the two-level inverter. 

In addition to the filter size reduction advantage, there are further merits in using the five-level 

inverter over the conventional two-level inverter. For example, the reverse blocking voltage of 

the switch devices is lowered from full to a quarter of the total DC link voltage. For instance, 

both two-level and five-level inverters require a voltage of around 760 V dc link to synthesize 

230 Vac at the inverters output. This impacts on the semiconductor devices used in the inverter; 

1200 V IGBTs would be needed in the case of two-level inverter, as opposed to 250 V MOSFET 

devices in the five-level [44]. This means, adopting five-level inverter would require each 

device to block only quarter of the DC link voltage compared with a conventional two-level 

where each device has to block the total DC voltage. This is not really an issue in low-power 

applications but it will become more important as system voltage levels increases in high 

voltage applications. In addition to the above merits, utilizing the five-level inverter allows the 

possibility of earthing the midpoint of the PV array. By earthing the mid-point, the capacitive 

earth currents and their negative influence on the electromagnetic compatibility (EMC) of the 

circuit will be eliminated. As a consequence, generation of common mode voltages can be 

avoided.  

From the above discussed advantages, the five-level diode-clamped inverter is chosen over 

the conventional two-level inverter to perform as a power inverter in this thesis. 

In the following section, the power switching strategies used for the five-level diode-clamped 

inverter will be briefly introduced. 

1.3.1.2 PWM Switching Strategies  

Various modulation techniques and control strategies have been developed and used for 

multilevel converters such as, multi-carrier based pulse width modulation (SPWM) [45, 46], 

selective harmonic elimination (SHE-PWM) [46, 47], and multilevel space vector modulation 

(SVM) [48, 49]. Among these switching techniques, the SPWM scheme which can be generally 

classified into two categories; phase-shifted and level-shifted modulations. These schemes are 

considered to be the most widely adopted, owing to their inherently simple implementation and 

lower computational requirements [43].  

The multi-carrier level-shifted PWM (LS-PWM) strategy presented in [50], is considered to be 

the most widely adopted switching method for diode-clamped inverters. This is because each 
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carrier signal can be easily related to two power devices in the inverter [34, 35, 51]. For an m-

level diode-clamped inverter using LS-PWM, (m–1) triangular carriers are required, all having 

the same frequency and amplitude. These triangular carriers are vertically arranged such that 

the bands they occupy are in contact [35, 51]. In order to determine the switched output voltages 

for the inverter, these carriers are continuously compared with a single sinusoidal reference. If 

the reference is greater than the carrier then the device corresponding to that carrier is turned 

on and vice versa [35, 50, 51]. Typically, there are three schemes for the LS-PWM: (a) in-phase 

disposition (IPD), where all carrier signals are in phase with each other; (b) phase opposition 

disposition (POD), where all carriers above the zero reference are in phase with each other but 

in opposite phase with those below the zero reference.; and (c) alternative phase opposition 

disposition (APOD), where carrier signals in adjacent bands are phase-shifted by 180° [35, 43, 

50, 51]. An example of these arrangements for a five-level inverter (hence four carriers) is given 

in Appendix A.  

It should be pointed out that, the IPD modulation scheme offers the best harmonic profile of all 

three modulation schemes, since all the carriers are in phase compared to the other two schemes 

[35, 50, 51]. Therefore, in what follows throughout the thesis, only the IPD modulation scheme 

will be used and implemented as the switching strategy for the five-level diode-clamped 

inverter. Different simulated waveforms of the five-level inverter when the IPD-PWM scheme 

is used are provided in Appendix A. 

1.3.2 Low-pass Filter 

As it has been underlined earlier, a low-pass filter is required to be connected at the output of 

the grid-connected inverter, to filter out unwanted switching frequency harmonics to a level 

that complies with the grid interconnection standards. In the technical literature, the L-filter, 

LC-filter and LCL-filter, are the most commonly used topologies for grid-connected inverters. 

Among these topologies, the third-order LCL filters have received much attention owing to 

their ability to provide higher harmonic attenuation capability around the switching frequency 

at smaller size and cost when compared to other topologies. Another advantage of the LCL 

filter is that the presence of the supply-side inductor inhibits the filter capacitor acting as a low 

impedance to supply generated harmonics. Considering the significant of these two advantages, 

an LCL filter is adopted for the experimental inverter set-up described in this thesis. A step-by-

step design procedure of the LCL filter used in this thesis is provided in Appendix B. The 
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resultant LCL-filter parameters demonstrate that the size of the filter is approximately four 

times smaller than that of two-level inverter for the same system. 

1.4 Grid Requirements for PV  

The objective of grid-connected inverter systems is not only to convert power, but also to 

integrate distributed energy sources such as PV into the utility grid. Thus, these PV systems as 

an important source of distributed power generation are required to fulfil other necessary grid 

requirements. This includes safety, stability, smooth transfer of the electrical energy to the grid 

and most of all is to fully maximize the benefits of the integration such PV systems into the 

grid. Some of the most relevant grid requirements are briefly described below. 

1.4.1 Response to Abnormal Grid Conditions 

Abnormal conditions in terms of voltage amplitude and frequency can arise on the utility grid. 

In the event of such a case, the regulations require fast disconnection of the PV inverter system 

from the utility grid. This response is primarily required to guarantee the safety of utility 

maintenance personnel and the general public as well as to avoid damage to the photovoltaic 

system itself [11]. According to the standards IEEE 1547 [12], and IEC 61727 [13], the 

boundaries of operation with respect to grid voltage amplitude and frequency are given in Table 

1-2, and Table 1-3 respectively, in which continuous normal operation areas are defined. It 

should be pointed out that, the voltages in (RMS) are measured at the point of common coupling 

(PCC), and the disconnection time specifies the time between the irregular condition happening 

and the inverter ceasing to energize the grid line [11].  

Table 1-2: Disconnection time for voltage variations 

IEEE 1547  IEC 61727 

Voltage range 
(%) 

Disconnection 
time (sec) 

Voltage range 
(%) 

Disconnection 
time (sec) 

V < 50 0.16 V < 50 0.1 

50 ≤ V < 88 2.00 50 ≤ V < 85 2.00 

88 ≤ V ≤ 110 Normal operation 85 ≤ V ≤ 110 Normal operation

110 < V < 120 1.00 110 < V < 135 2.00 

V ≥ 120 0.16 V ≥ 135 0.05 
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Table 1-3: Disconnection time for frequency variations 

IEEE 1547  IEC 61727 

Frequency range 

(%) 

Disconnection 

time (sec) 

Frequency range 

(%) 

Disconnection 

time (sec) 

60.5 < f < 59.3 0.16 51 < f < 49 0.2 

59.3 ≤  f ≤  60.5 Normal operation 49 ≤  f  ≤ 51 Normal operation 

 

These standards reveal that most demanding requirement is when the maximum disconnection 

time is 0.05s for a grid voltage amplitude deviation above 135% (Table 1-2). Consequently, a 

precise and fast grid voltage detection system is essential in order to fulfil these requirements. 

Note that, after a trip caused by irregular utility voltage or frequency conditions, the inverter 

can be reconnected only when the conditions given in Table 1-4 are met. 

Table 1-4: Conditions for reconnection after trip 

IEEE 1547  IEC 61727 

88 ≤ V ≤ 110 (%) AND 

59.3 ≤  f ≤  60.5 (Hz) 

85 ≤ V ≤ 110 (%) AND 

49 ≤  f  ≤ 51 (Hz) 

1.4.2 Power Quality Issues 

One of the most significant issues facing the widespread integration of distributed power 

generation systems (DPGSs) is that of power quality. Since the PV systems are considered to 

be an important source of distributed power generation, the quality of the power provided by 

them is ruled by series of strict standards on voltage, frequency and harmonics. Variation from 

these predefined regulations represents out-of-bounds situations and may require disconnection 

of the PV system from the utility grid [11]. 

1.4.2.1 DC Current Injection 

DC current injection into the utility grid has been considered a particularly serious power 

quality issue in the new generation of transformer-less PV inverters. The injection of such a 

current into the utility grid can cause various problems, including malfunction of protection 

devices and saturation of the distribution transformers, leading to overheating and trips [51]. 

Thus, more attention is required in this matter by providing adequate means to suppress, or fully 
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eliminate the DC current components before connection to the utility grid is made. For the 

conventional PV systems on the other hand, the DC current component is typically removed by 

coupling the inverter output to the mains supply via a 50Hz isolation transformer [11, 51]. The 

relevant international standards on DC current injection are outlined in Table 1-5. Note that, 

the measured DC component should be below the limit for different loading conditions. 

Table 1-5: DC current injection limitation  

IEEE 1547  IEC 61727 

Idc < 0.5 (%) 

of the rated RMS current 

Idc < 1 (%) 

of the rated RMS current 

1.4.2.2 Current Harmonics 

Another major power quality issue associated with the integration of PV systems into the utility 

grid is the harmonics in the injected grid current. The generated harmonics can be separated 

according to their frequencies into lower and higher-order. Low-order harmonics can occur as 

a result of both intrinsic and extrinsic effects. Distortion generated intrinsically arises primarily 

from deficiencies in the inverter control loop, dead time effects, measurement inaccuracies, and 

lack of stiffness in the dc link. Moreover, extrinsic sources of low-order harmonics consist of 

the effect of connecting to a weak and polluted utility grid. The attenuation of such low-order 

harmonics (in the sub 1 kHz), is commonly performed using the inverter current control-loop 

[52, 53]. High-order harmonics on the other hand, which are mainly associated with the inverter 

switching frequency (in the kHz range), occur as multiples of the PWM switching frequency. 

These high-order harmonics can generally be suppressed by the addition of a cost-effective low-

pass filter at the inverter output as it has been highlighted earlier [14, 54].   

To ensure that the PV system output current contains low current distortion levels, stringent 

regulations have been put into place. These regulations require the overall total harmonic 

distortion (THD) of injected currents to be maintained less than 5%, whilst the amplitude of 

any single harmonic varies as presented in Table 1-6.   
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Table 1-6: Maximum current harmonics 

IEEE 1547 and IEC 61727 

Individual 
harmonic order 
(odd harmonics) 

3≤h<11 11≤h<17 17≤h<23 23≤h<35 35≤h
Total harmonic 

distortion 
THD% 

(%) 4.0 2.0 1.5 0.6 0.3 5.0 

Even harmonics are limited to 25% of the odd harmonic limits listed above 

 

1.4.2.3 Electromagnetic Interface (EMI) 

Modern power converters operating at high switching frequency with very short rise and fall 

times of voltages and currents can lead to significant EMI problems. This issue which 

propagates by conduction and/or radiation is severe mainly when the dc link midpoint cannot 

be earthed, resulting in the dc-link voltage switching at high frequency relative to earth [54, 

55]. A promising candidate for low EMI is multilevel inverter technology, in which the mid-

point can be grounded as demonstrated earlier with the five-level inverter [40].  

1.4.3 Anti-Islanding Protection  

Islanding for grid-connected PV systems occurs when a PV inverter does not disconnect from 

the grid when irregularity in the electrical supply network is detected. This means that the PV 

inverter continues to feed power to a grid that has lost power [11]. Typically, this can occur in 

the case of loss of mains due to electrical fault on the network or when the supply network is 

deliberately switched off for maintenance. In both cases, if the PV inverter does not disconnect, 

the following consequences may take place. A safety hazard for persons working on the utility 

line is likely, and also sensitive equipment being connected to the network may be subject to 

damage due to an out-of-phase closure. Therefore, in order to avoid these serious consequences, 

islanding must be detected and the PV inverter involved must be disconnected from the grid. 

This is referred to as anti-islanding (AI) [11, 14, 54]. Several Islanding detection schemes have 

been proposed, which can be classified into passive methods, and active methods. Details of 

these methods are out of the scope of this these and can be found in [56-59] 
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1.5 Grid Connected Photovoltaic System Review  

The review presented in this chapter shows there is a clear need for continued research into 

improving the power quality of grid connected PV inverter systems. Mainly two areas have 

been highlighted in which it is believed significant improvements can be made. These are: 

 The rejection of the DC offset associated with the grid voltage measurement circuits by 

modifying the structure of conventional Second-order Generalized Integrator (SOGI) 

PLL. As a result, the total harmonic content is reduced, and thus, the power quality of 

the current injected into the grid is improved. 

 The use of a dq current controller for the purpose of eliminating the steady-state error 

associated with the conventional PI-current controller. 

This thesis is devoted to addressing these two specific issues. 
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1.6 Thesis Overview 

The thesis consists of nine chapters. The first chapter comprises of a general discussion on grid-

connected photovoltaic systems. In this chapter, a five-level diode-clamped inverter is chosen 

for the purpose of reducing the output passive filter size requirements. A brief description of 

the other chapter’s content is given below. 

Chapter 2 introduces the basis of the synchronization issue and some of the most relevant state 

of the art structures for synchronization methods used in single-phase PV systems. A deep 

analysis of the conventional power-based phase-locked loop (pPLL) as the preferred tool for 

synchronization in single-phase systems is given. Practical limitations of the use of the pPLL 

are identified, and different previously reported solutions are discussed.  

Chapter 3 considers the use of second-order generalized integrator based PLL (SOGI-PLL) as 

the most promising candidate for grid synchronisation in single-phase grid-connected power 

converters. An overview of the SOGI-PLL along with its structure and principle of operation 

are presented. Furthermore, the small signal linearized model for SOGI-PLL structure is 

derived. This is followed by step-by-step design guidelines to fine-tune its parameters ensuring 

a robust performance of the PLL. The performance of the proposed design method is then 

evaluated through extensive simulation tests, considering several utility grid disturbances. The 

major disadvantages associated with this method are highlighted and solved. 

Chapter 4 aims to provide a comprehensive analysis of the effect of the dc offset based on the 

PLL in the synchronous reference frame (SRF). Two different existing offset rejection 

approaches based on the orthogonal signal generator (OSG) SOGI algorithm are discussed in 

detail. A novel method to tackle this issue is proposed, and its effectiveness is verified through 

simulation results. 

Chapter 5 proposes a new alternative approach for the current regulation of single-phase 

voltage-source converters (VSCs) in the synchronous reference frame (dq frame). The proposed 

dq-current controller is able to eliminate the steady-state error associated with conventional PI-

controllers in the stationary reference frame (StRF). Two different approaches for the dq current 

regulation are introduced and mathematically analysed. A performance evaluation of these 

approaches is provided at the end of this thesis.   
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Chapter 6 describes the implementation of a grid-connected PV inverter system for the 

experimental phase of the research work. An overview of the experimental hardware is 

presented, followed by a detailed description of the individual components and the 

microcontroller platform.  

Chapter 7 presents the real-time experimental results for the PLL algorithm proposed in 

Chapter 4, when compared with those of the conventional SOGI-PLL and two other alternative 

dc rejection methods. Both steady-state and dynamic performance of the proposed PLL are 

examined. 

Chapter 8 experimentally evaluates the performance of the simplified and the delay-based dq 

current control algorithms proposed in Chapter 5. In addition, a further experimental 

investigation is carried out to verify the impact of the proposed PLL on the power quality of the 

grid connected PV system. To highlight the effectiveness of the proposed PLL, the same 

investigation is conducted when the conventional SOGI PLL is used.  

Finally, Chapter 9 summarises the research work performed in this thesis, including a 

discussion on the degree to which the project aims have been met and possible areas of further 

research. 
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CHAPTER 2                                     

Grid Synchronisation in Single-Phase 

PV Systems 

2.1 Introduction 

This chapter introduces the basis of the synchronization issue in single-phase PV systems and 

some of the most relevant state of the art structures of synchronization methods used in single-

phase networks. Among several synchronization techniques, phase locked loop (PLL)-based 

algorithms have found a lot of interest, mainly due to their simplicity, robustness and 

effectiveness. Thus, thorough analysis of the conventional power-based PLL (pPLL) as the 

preferred tool for synchronization in single-phase systems is given. In this PLL, a sinusoidal 

multiplier is used as a phase detector (PD) by multiplying the grid voltage by the sine of the 

estimated phase angle. A result of this multiplication is a double-frequency term, which 

produces a high amplitude second-order harmonic in the estimated quantities by the pPLL. 

Among the various previously reported solutions, the orthogonal signal generation (OSG)-

based PDs is set to be the best candidate in avoiding such a double-frequency ripple in the PLL 

estimated quantities. Therefore, a review of different orthogonal signal generator methods 

widely available in the literature is then carried out. This is followed by a full discussion on the 

appropriateness of each technique, in which the major benefits and drawbacks associated with 

each method are highlighted. Among the large number of reported OSG-PLLs, second order 

generalized integrator (SOGI-PLL) has become the most commonly used single-phase PLL, 

owing to its simple digital implementation, low computational burden, insensitivity to 

frequency variations and relatively high filtering capability. For these reasons, the possibility 

of using the SOGI-based PLL as a grid synchronisation unit in this project will be investigated 

in the forthcoming chapters.   
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2.2 Background 

Due to the restriction of large and centralized power generation facilities, distributed power 

generation systems (DPGSs), mostly based on eco- friendly renewable energy sources, has 

gained a lot of attention during recent years worldwide [2, 60-62]. Small-scale DPG units, such 

as micro-turbines, roof-mounted photovoltaic, wind turbine systems, and fuel cells, are being 

employed at the distribution level [9]. In a DPGS, voltage source inverters (VSIs) are typically 

adopted to provide a controlled and high-quality power exchange with the single-phase grid or 

local loads [9, 60, 63].  

The number of DPGSs connected to the utility network has now reached significant penetration 

levels. On one hand, these grid-connected DPGS can actively contribute in supporting the grid 

services (voltage /frequency), and maintaining generation even if the voltage at the point of 

common coupling (PCC) is distorted. This is primarily when high levels of power are 

considered for their power converters. On the other hand, this implies that the power quality, 

safety conditions and stability of the power system can be extremely affected [11, 64]. For this 

reason, the integration of such sources into the power grid must satisfy modern strict grid codes 

[11, 12, 65]. According to these regulations, a high quality current is to be injected by the 

DPGSs under normal and distorted grid voltage. That is, the current injected into the utility grid 

has to be properly synchronized to the utility voltage with high power quality. Therefore, the 

control strategies of the distributed power generation systems should be designed to meet the 

modern requirements for grid interconnection. Typically this control is based on a 

synchronization unit to ensure fast and accurate grid synchronization, and a current control 

strategy to enable an appropriate and high-quality current injection [63, 64]. It is essential to 

point out that, the successful performance of any current controller of grid-connected DPGS 

directly depends on the accurate response of the synchronization method used. Therefore, the 

performance of the synchronization method is crucial for a proper operation of the entire grid-

connected DPGSs [2, 21].  

In grid-connected applications, phase-locked loops (PLLs) are the most widely used technique 

for synchronization. This is because they are simple to implement digitally and if correctly 

tuned offer a robust performance. In recent years, several single-phase PLL techniques have 

been proposed [2, 7, 11, 66-68]. In the following, an overview of the most widely used 

synchronization methods, including Zero-crossing detection (ZCD) and phase-locked loop 
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(PLL), will be presented and discussed. The application of a conventional PLL scheme for 

synchronizing with the utility grid will provide evidence of the need to improve its structure by 

using an orthogonal signal generator (OSG). 

It is worth mentioning that there are also PLL methods in the frequency-domain. These 

approaches usually obtain the grid voltage parameters via a discrete Fourier transform (DFT) 

[69]. Despite the high precision that can be achieved, the intensive computational effort 

prevents them from reaching high transient performance [70, 71]. Therefore, they are not 

considered in this thesis.  

2.3 Zero-crossing detection (ZCD) technique 

One of the simplest methods of obtaining the phase and frequency information is to detect the 

zero-crossing point of the grid voltage so that the generated signal can be synchronised with the 

grid voltage [2, 7]. This method, as presented in Figure 2.1, is based on using a comparator for 

detecting the changes in the polarity of the grid voltage waveform. A digital counter is used to 

measure the period of the square waveforms produced by the comparator. If it is assumed that 

the period of the current cycle is equal to that of the last cycle, then the interval between the 

two zero-crossings is added with the previous stored interval to obtain the period T of the signal. 

The frequency of the fundamental ߱ෝ can then be calculated. The phase-angle of the grid voltage 

 .෠ can now be obtained by integrating the estimated frequency [14]ߠ

Comparator
ZCD

Digital 
Counter ÷

×
T

2π 

∫
Grid 

voltage

̂̂

 
Figure 2.1. Block diagram of zero crossing detection 

Despite the simplicity of implementation, the ZCD technique suffers from two major 

drawbacks. Firstly, due to the fact that system frequency information is only updated twice per 

power cycle, and is assumed to be constant in at least one half cycles, which is not always the 

case. Thus this method is very vulnerable to phase jumps and variations in the grid frequency, 

resulting in a poor phase tracking performance [67, 70, 72]. In order to mitigate this issue, a 

modified method based on multiple level crossing detection has been proposed in [73]. 

However, the complexity of the ZCD technique is increased. Additionally, the accuracy of this 

detection technique is not guaranteed under noisy and harmonically distorted conditions which 
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are common in the modern power electronic environment [7, 71]. Furthermore, these 

weaknesses are even more troublesome in the event of weak grid, where the voltage waveform 

becomes notably distorted by the harmonics [74]. To overcome this drawback, a simple low 

pass filter can be used. However, a major drawback of this method is the inherent phase lag of 

the filtered signal. Methods based on adaptive/predictive digital filtering algorithms have been 

proposed in the technical literature for cancelling delays in zero-crossing detection and 

attenuating the adverse effects resulting from the noise and switching notches of the grid voltage 

[74-77]. Some of these techniques are relatively complex and their performance is not 

completely acceptable when the grid voltage is affected by low-frequency harmonics or 

remarkable frequency variations [11]. 

2.4 Phase-Locked Loop (PLL) technique 

In grid-connected applications, the PLLs are the most widely accepted synchronization 

techniques, mainly due to their ease of digital implementation, robustness, and effectiveness 

[11, 16, 66, 78]. A PLL is a nonlinear closed-loop system that measures the instantaneous values 

of its input signal i.e., grid voltage, in order to detect the phase of its fundamental frequency 

components and then synchronizes its output signal with respect to its input, so that the phase 

error between both input and output phases is minimum [17, 18, 78]  

2.4.1 Basic structure of a Phase-Locked Loop (PLL) 

Despite their differences, normally all PLL techniques are composed of three fundamental units 

[79], as illustrated in the block diagram of Figure. 2.2:  

 The phase detector (PD): This unit compares the phase angle of the reference input 

signal ݒ, against the phase angle of the internally created signal ݒො; the output signal of 

the PD (i.e., ߝ௉஽) is a measure of the phase error between its inputs. High-frequency AC 

components may appear together with the DC phase-angle error signal depending on 

the PD type. 

 The loop filter (LF): This unit can be as simple as a first-order low-pass filter or a PI 

controller, thus it presents a low-pass filtering behaviour. This block is used to suppress 

the noise and high-frequency signal components from the PD output and to provide a 

DC-controlled signal component for the VCO.  
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 The voltage-controlled oscillator (VCO): This unit uses the LF output signal to 

synthesise a sinusoid with the phase and frequency to that of the input signal.  

PD
ɛPD vLFLF VCO

v
v̂

 

Figure 2.2. Basic structure of a PLL 

In most cases, PLL algorithms differ from each other just in the way that the PD block is 

implemented. Since the PD is required to output the phase error quickly and precisely, its 

performance is the most critical piece in the PLL system design [70].  

In the following, a brief review of the conventional PLL topology, which is referred to as a 

power-based PLL (pPLL) will be provided. The main drawbacks related to its implementation, 

and some previously reported solutions will be also discussed in this section. 

2.4.2 Conventional power-based pPLL 

Typically, the conventional single-phase pPLL uses a sinusoidal multiplier PD system which 

simply relies on the product of two signals at two different frequencies (i.e., the reference and 

estimated frequencies), to produce a signal at the difference and sum of the two input 

frequencies [16, 68, 80]. These PLLs are based on the instantaneous active power theory for 

single-phase systems. Thus, they are generally referred to as the power-based PLL (pPLL) [16, 

17, 81].  

Figure 2.3 displays the block diagram of the single-phase pPLL, in which the LF is based on a 

simple PI-controller and the VCO consists of a sinusoidal function supplied by a linear 

integrator. Note that, the feedforward term ߱௙௙ defines the central frequency around which the 

PLL will lock to, and it is added to improve the initial dynamic performance of the PLL system 

[16, 82]. 
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Figure 2.3. Block diagram of the single-phase pPLL 

In the following, equations describing the behaviour of the single-phase pPLL will be 

developed. For the sake of simplicity, the input voltage signal applied to this system is assumed 

to be a pure sinusoid and is given by 

࢜  ൌ ࢓ࢂ  (2.1) ࣂ࢙࢕ࢉ

where: ௠ܸ, and θ are the input voltage amplitude, and phase-angle, respectively. 

Note that, the analogy with active electric power can be used in order to understand the 

behaviour of the pPLL more easily [82]. If the PD block output signal (i.e.,	ߝ௉஽) is zero, then 

the signal generated by the VCO, ݒො and the fundamental input voltage signal, ݒ will be in 

quadrature relative to each other [16]. Consequently, the estimated phase angle ߠ෠ is equal to the 

real phase angle ߠ. The signal generated by the VCO can be expressed as 

ෝ࢜  ൌ  ෡ (2.2)ࣂ࢔࢏࢙

Based on Figure.2.3, the phase error signal at the output of the multiplier PD can be expressed 

as 

ࡰࡼࢿ				  ൌ ࢓ࢂ ࣂܛܗ܋ . ෡ࣂ࢔࢏࢙ ൌ
࢓ࢂ
૛
቎࢔࢏࢙൫ࣂ െ ෡൯ᇣᇧᇧᇤᇧᇧᇥࣂ

ࢉࢊ ࢓࢘ࢋ࢚

൅ ࣂ൫࢔࢏࢙ ൅ ෡൯ᇣᇧᇧᇤᇧᇧᇥࣂ
࢓࢘ࢋ࢚	࢟ࢉ࢔ࢋ࢛ࢗࢋ࢘ࢌିࢋ࢒࢈࢛࢕ࢊ

቏ (2.3) 

When the frequency of the VCO is well tuned to the input signal frequency, i.e. ෝ߱ ൎ ߱, and  

for a small phase error ൫ߠ െ  ෠൯, (2.3) can be divided into two parts: a dc term that has theߠ

information on the phase angle error, and a high-amplitude double-frequency disturbance term 

that must be removed prior to the signal being fed into the LF to keep the perturbation on the 

utility grid phase angle within a satisfactory range [17, 83]. Although in theory the double-

frequency component of the PD error signal is assumed to be filtered out by the LF, complete 

cancellation of this component by the LF is not possible in practice. Often a ripple at twice the 

fundamental frequency is present in the estimated quantities (i.e., ෝ߱	and	ߠ෠) which contributes 
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to the degradation of the pPLL performance [54]. Figure 2.4 shows some representative 

simulation results describing the performance of the pPLL depicted in Figure 2.3 where the 

input grid signal ݒ is affected by a frequency step changes (from 50 to 45 Hz) at time = 0.15s. 

The PLL parameters kp, ki were calculated according to [11] to achieve two different settling 

times ݐ௦	with a damping factor 0.707 = ߦ. It can be observed from Figure. 2.4 that, a high-

amplitude steady-state oscillation error is made in the estimation of the frequency and phase 

angle of the input voltage ݒ. This error is a consequence of the double-frequency term existing 

at the output of the multiplier PD (i.e.,	ߝ௉஽) as underlined earlier in (2.3). Also, it is clear that 

the amplitude of this undesired error can be reduced by setting a longer settling time for the 

PLL (i.e.,	ݐ௦=200ms) , which is equivalent to decreasing the bandwidth of the system to the 

half. Although reducing the bandwidth of the pPLL system could alleviate this problem; 

however, the transient response of the pPLL system will be significantly degraded.  

 
Figure 2.4.Response of the pPLL when the input voltage undergoes a frequency step change at two 

different settling times: (a) estimated frequency, and (b) estimated phase-angle error 

As pointed out earlier in (2.3) and Figure. 2.4, there is a strong drawback associated with the 

pPLL technique: the product of the input voltage signal ݒ and its orthogonal component ݒො yields 

a second-order harmonic component in the PD output signal which significantly affects the 

estimated quantities of phase/frequency, and limits the bandwidth of the PLL [70]. In order to 

overcome this drawback, a low-pass filter with a low cut-off frequency can be added [17]. 
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However, using a LPF with a low cut-off frequency significantly degrades the transient 

response of the PLL system. Nevertheless, this drawback can be minimized if the filter order is 

increased concurrently to its cut-off frequency; however, in addition to stability issues, using a 

high-order LPF imposes a high computational effort on the control system [16, 17]. A band-

reject (notch) filter tuned at twice the input voltage fundamental frequency can be used to 

attenuate twice the grid frequency components as proposed in [84]. However, due to the 

variations of the grid frequency, the notch filter should be adaptive, which increases the system 

cost and complexity [78]. 

Recently, an effective method based on peak voltage detection (PVD) has been proposed in 

[72] to deal with the aforementioned problem of the pPLL without adding LPFs. This approach 

is referred to as the modified mixer PD (MMPD). Under steady-state phase/frequency-locked 

conditions, the low-frequency oscillations in the estimated quantities by the PLL are 

considerably suppressed by placing a PVD scheme at the input of the PLL so that a unity value 

of the input voltage amplitude is assumed, and adding a simple difference of product term 

generated by the estimated phase angle to the standard mixer PD, as presented in Figure. 2.5 

[17, 68]. Despite exhibiting some improvements over the conventional pPLL technique, 

MMPD suffers from a major drawback; the accurate and fast estimation of the input voltage 

amplitude may not always be guaranteed [17, 85]. In this case, the PLL performance can be 

significantly degraded as demonstrated in Figure. 2.6. 

ɛPD
v PVD

cos θ
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∑ 
+

-
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Figure 2.5. Modified mixer PD (MMPD)-based PLL [72]  

From Figure.2.6, it is obvious that, although the proposed MMPD has successfully eliminated 

the ripple noise appearing in the estimated phase/ frequency quantities without the use of LPFs, 

however, regardless the cost and complexity forced by the PVD, its sensitivity to the grid 

voltage variations is high, since the voltage amplitude detected by the PVD technique may not 

always be rapid and precise. 
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Figure 2.6. Response of the MMPD-based PLL when the amplitude of input voltage undergoes voltage sag 

of 0.1p.u: (a) grid voltage, (b) estimated frequency, and (c) estimated phase-angle error 

Another approach using a double-frequency and amplitude compensation (DFAC) method is 

proposed in [17, 71]. Actually, the DFAC approach is equivalent to an adaptive notch filter/low-

pass filter in the rotating reference frame, which entirely eliminates the unwanted double-

frequency component caused by the PD [86]. 

Another effective approach to avoid the double-frequency ripple in the PLL estimated quantities 

is to use the transformation-based PDs (T-PDs) instead of simple multiplier PD. The T-PDs are 

commonly used in three-phase systems, with the synchronous reference frame (SRF), being 

most widely used due to its simplicity and effectiveness [78, 87]. For a single-phase application, 

however, the implementation of the rotational coordinate transformation is more complicated 

due to the reduced number of input signals available [15, 17, 66, 88, 89]. The common approach 

in single-phase systems is to develop techniques that are able to create a fast and accurate 

fictitious signal orthogonal to the original single-phase signal. This makes it possible to 

represent the single-phase system as a pseudo two-phase (αβ) system [78]. Performing the Park 

transformation on the two-phase (αβ) system, yields phase error information with high precision 

and zero steady-state error. These PLLs which are often called the orthogonal signal generation-
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based PLLs (OSG-PLLs), are the most popular synchronisation technique in single-phase 

systems [66]. It should be pointed out that the main differences among various ways of realizing 

an OSG-based technique typically are based on how the fictitious orthogonal signal is created 

[90]. 

In the following, more comprehensive discussions on the implementation of the OSG-PLLs in 

single-phase systems using the OSG techniques will be provided. 

2.4.3 PLL based on OSG (OSG-PLL) 

In order to completely solve the second-order harmonic problem which is prevalent in the 

conventional pPLL technique without affecting the stability and the transient performance of 

the PLL; an OSG-based PD technique as shown in Figure.2.7 can be adopted. Again, for the 

sake of simplicity, the input voltage signal is assumed to be a clean sin wave, i.e.,	ݒ ൌ ௠ܸ ݏ݋ܿ  ߠ

and the SOG, to be able to generate a set of in-quadrature signals without introducing any delay 

at any frequency from a given input signal.  

The operating principle of the PLL based OSG structure consists in cancelling the undesired 

double-frequency components of the PD block output signal (i.e.,	ߝ௉஽) when fictitious currents 

݅ఈ and ݅ఉ are in quadrature with respective voltages ݒఈ and ݒఉ [11, 81]. 

The two orthogonal voltage signals (ݒఈ ,ݒఉ), the fictitious currents (݅ఈ ,݅ఉ), and the phase-angle 

error ߝ௉஽ resulting from the PLL based-OSG are defined by  

 		൞

ࢻ࢜ ൌ ࢜ ൌ ࢓ࢂ ࣂ࢙࢕ࢉ ࢊ࢔ࢇ ࢼ࢜ ൌ ࢓ࢂ ࣂ࢔࢏࢙

ࢻ࢏ ൌ 	 								෡ࣂ࢔࢏࢙ ࢼ࢏							ࢊ࢔ࢇ	 ൌ 	െࣂ࢙࢕ࢉ෡								

ࡰࡼࢿ ൌ ෡ࣂ൫࢔࢏࢙࢓ࢂ െ ൯ࣂ

			 (2.4) 

According to (2.4), assuming that the PLL is well tuned, i.e. ෝ߱ ൎ ߱, as expected the T-PD does 

not generate any steady-state oscillatory term. 
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Figure 2.7. Block diagram of single-phase PLL based-OSG-PD 

A review of the trigonometric expression of (2.4) reveals that this is a part of the Park 

transformation, which is defined by the equation (2.5). Therefore, the diagram of Figure 2.7 can 

be redrawn as shown in Figure 2.8 which represents the SRF-PLL system. 
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Figure 2.8. Block diagram of single-phase PLL in the rotating reference frame (SRF-PLL) 

 ൤
ࢊ࢜
൨ࢗ࢜ ൌ ቈ

෡൯ࣂ൫࢙࢕ࢉ ෡൯ࣂ൫࢔࢏࢙

െ࢔࢏࢙൫ࣂ෡൯ ෡൯ࣂ൫࢙࢕ࢉ
቉ ൤
ࢻ࢜
൨ (2.5)ࢼ࢜

By substituting ݒఈ and ݒఉ from (2.4) into (2.5) the output of the PD of Figure.2.8 is given by 

the voltage vector of the following equation of (2.6).  This equation will be free of oscillations 

if the PLL is well tuned to the input frequency, i.e. when ߱ ൎ ෝ߱. 
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ሻࢗࢊሺ࢜  ൌ ൤
ࢊ࢜
൨ࢗ࢜ ൌ ࢓ࢂ ቈ

෡ࣂ൫࢙࢕ࢉ െ ൯ࣂ

෡ࣂ൫࢔࢏࢙ െ ൯ࣂ
቉ (2.6) 

When the PLL is perfectly locked, and according to Figure 2.8, the PI-controller of the LF will 

set the angular position of the dq reference frame to make ݒ௤ = 0 in the steady state, which 

means that the input voltage vector ݒ will rotate orthogonally to the q axis of the rotating 

reference frame. In such a case, the ݒௗ signal will provide the amplitude of the input voltage 

vector and the phase-angle detected by the PLL will be in-phase with the sinusoidal input 

voltage [11]. 

2.4.4 Overview of different PLLs based on OSG 

Taking into account the importance of the OSG in the design of OSG-PLLs applied to 

synchronize with single-phase grids; several relevant techniques for generating the orthogonal 

voltage signal from a single-phase system have been described in the technical literature. The 

transfer delay [86, 91, 92], all-pass filter [9, 93], Hilbert transform [94, 95], Kalman filter [96], 

second-order generalized integrator [63, 68, 97], the derivative [98, 99], and inverse Park 

technique [16, 100] are the most common methods to create the orthogonal signal. Some of 

these OSG techniques will be briefly presented in the following. 

2.4.4.1 Transfer Delay-based OSG 

The delay method is regarded as the earliest method and its performance analysis can be found 

in [91, 92]. Due to its simple structure as presented in Figure. 2.9, this method can be easily 

implemented to generate the orthogonal signal by storing the past one-quarter of the number of 

samples contained in one fundamental frequency period in the memory of the DSP [11].  

 
Figure 2.9. Transport delay-based OSG 
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This technique offers a reasonable performance if the grid voltage is a purely sinusoidal 

waveform at its rated grid frequency value. However, under off-nominal grid frequencies, the 

phase shift caused by the transfer delay unit, will not be perfectly 90°. This lack of 

orthogonality, as it will be shown in Figure.2.10, results in double-frequency steady-state errors 

in the estimated quantities by the OSG-PLL [86, 90]. To deal with this issue, various approaches 

have been proposed in the technical literature in recent years [86, 90, 101]. 

 
Figure 2.10. Response of the OSG-PLL transport delay-based under sudden frequency step of 5Hz 

Another drawback associated with this technique is its lack of filtering capability, consequently 

if the single-phase input voltage is corrupted by harmonic components, which is nearly always 

the case, the generated orthogonal signals will not be orthogonal, since each of the frequency 

components of the input voltage signal had to be postponed by a quarter cycle of its fundamental 

period, resulting in oscillation ripple in the detected quantities by the PLL as it will be shown 

in Figure. 2.11. Consequently, this technique is definitely not a proper choice under distorted 

grid conditions [11, 89]. 
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Figure 2.11. Response of the OSG-PLL transport delay-based when the input voltage undergoes an 8% 

THD 

2.4.4.2 Derivative-based OSG 

In order to overcome the long delay associated with the quarter-cycle delay method,  references 

[98] and [99] uses the differential operation to create the orthogonal signal as shown in 

Figure.2.12. Although the dynamic response of the system can be improved, however, with 

high sampling frequency; the differential operation will introduce high frequency random noise 

and numerical errors [88]. Moreover, in the conditions where the grid frequency deviates from 

its nominal or when the grid voltage contains harmonics, the noise amplification caused by 

derivative function can significantly deteriorate the system performance as will be illustrated in 

Figures. 2.13 and 2.14 respectively. Therefore, this approach is rarely used in practical 

applications where the utility grid is highly distorted [66, 78].  

 
Figure 2.12. Derivative-based OSG 
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Figure 2.13. Response of the OSG-PLL derivative-based under sudden frequency step of 5Hz 

 
Figure 2.14.Response of the OSG-PLL derivative -based when the input voltage undergoes an 8% THD  

2.4.4.3 Inverse Park Transform-based OSG 

Figure.2.15 displays a schematic diagram of the inverse Park-based OSG introduced in [16, 66, 

68, 100, 102]. As it can be seen, the required orthogonal signal (i.e., ݒఉ) is internally generated 

by applying the inverse Park transformation to the filtered synchronous components, i.e., ݒௗ
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and ݒ௤ି. It should be noted that, the PLL transient behaviour generally depends on the 

characteristics of the two LPFs used to attenuate the possible harmonics/noises from the Park 

transformation output signals i.e., ݒௗ and ݒ௤. Thus, these LPFs must be adequately tuned in 

order to guarantee the performance of the single-phase PLL [16, 102]. Further details on the 

analysis and design of this method can be found in [11, 16, 68]. This method has some distinct 

merits over the previous mentioned methods, such as relatively high filtering capability and a 

frequency adaptive performance. However, due to the presence of the two interdependent 

nonlinear loops, the fine-tuning of the PLL’s PI-controllers and the choice of the LPFs cut-off 

frequencies is a challenging task when compared with the other OSG algorithms [16, 100]. 

Additionally, the OSG output signals will never be in-quadrature unless the PLL is 

synchronized, which delays the transient process [70]. 

 

Figure 2.15. Inverse Park Transform-based OSG 

2.4.4.4 Other OSG techniques 

2.4.4.4.1 Hilbert-transform  

Also called a ‘quadrature filter’, while this approach works well under ideal operation 

conditions, it has some shortcomings; high sensitivity to the grid frequency variations [103] and 

high real-time computation on the control system [100].  

2.4.4.4.2 All-pass filter  

Despite this approach not being affected by the grid frequency variations, it does not provide 

any filtering capability, thus the performance can be degraded with line-frequency harmonics 

[68]. 
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2.4.4.4.3 Kalman filter  

Despite the advantage it offers under frequency variation conditions, this technique however, 

suffers from high complexity and computational load [68, 104]. 

2.4.4.5 Second-Order Generalized Integrator-based OSG 

The current state-of-the-art in OSGs is based on the second-order generalised integrator (SOGI) 

topology, which proves to have a very good performance, easy to design and digitally 

implement, low computational burden, insensitivity to frequency variations, and high filtering 

capability without delay [11, 68, 105]. Therefore, the OSG-PLL structure based on the SOGI 

has been chosen as the most promising candidate for the single-phase grid voltage 

synchronisation in this thesis. A more comprehensive study of the theory, the design, the 

implementation and the operation of the OSG-SOGI are presented and verified in the next 

chapters by both simulations and experiments. In addition, more improvements will be added 

to tackle issues such as dc offset. 

2.5 Summary 

Synchronisation is very important for grid-connected power converters and for controlling the 

power flow. In this chapter, several common synchronisation methods suitable for single-phase 

applications have been discussed. The issue of the high-amplitude double-frequency 

oscillations that appear at the estimated quantities by the conventional pPLL in steady-state 

conditions has been discussed in detail, and some of the previously reported solutions have been 

examined. One of most promising candidates for successfully solving the aforementioned 

problem associated with the pPLL without affecting the stability and the transient performance 

is to make use of the OSG-based PLL. Therefore, several techniques for orthogonal signal 

generation (OSG) have been presented and compared in terms of dynamic performance. Among 

various OSG techniques, the second-order generalized integrator SOGI proves to be the best, 

since it is easy to be digitally implemented, has perfect filtering capability and it is adaptive to 

frequency changes. Thus, SOGI-based PLL has been chosen to be used to perform the 

synchronisation unit required for this project. The theory, design, implementation and operation 

of the OSG-SOGI will be presented and verified in the forthcoming chapters by both 

simulations and experiments.  
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CHAPTER 3                                 

Second Order Generalized Integrator- 

PLL (SOGI-PLL)  

3.1 Introduction 

This chapter considers the use of the SOGI-PLL as one of the advanced phase-locked loop 

(PLL) techniques that have been recently proposed for grid synchronisation in single-phase 

grid-connected PV systems. Despite the wide acceptance and use of this PLL, no complete 

design guidelines to fine-tune its parameters has been reported yet. Thus, in this chapter, an 

overview of the SOGI-PLL along with its structure and principle of operation are firstly 

presented. A small signal linearized model for SOGI-PLL structure is then derived, where the 

model significantly simplifies the stability analysis and the parameter design. This is followed 

by comprehensive design guidelines to fine-tune the PLL parameters ensuring a fast transient 

response, a high disturbance rejection capability, and a robust performance. Finally, the 

effectiveness of the proposed design method is evaluated through extensive simulation tests, 

considering several utility grid disturbances. This leads to a full discussion on the suitability of 

this technique, in which the major advantages and disadvantages associated with this method 

are highlighted. This will serve as a background to the research carried out in later chapters. 

3.2 Overview of the SOGI-PLL structure 

The basic configuration of the SOGI-PLL proposed in [97], is depicted in Figure. 3.1 (a), in 

which v is the input voltage, ෝ߱ and ߠ෠ are the estimated frequency and angle, respectively, and 

ωff is the feed-forward nominal frequency. The implementation of the SOGI block is shown in 

Figure. 3.1(b), and the Park (αβ → dq) transformation is defined as follows 

 ቂ
ௗݒ
௤ቃݒ ൌ ቈ

෠൯ߠ൫ݏ݋ܿ ෠൯ߠ൫݊݅ݏ

െ݊݅ݏ൫ߠ෠൯ ෠൯ߠ൫ݏ݋ܿ
቉ ൤
ఈݒ
 ఉ൨ (3.1)ݒ
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Figure 3.1. SOGI-PLL: (a) Basic structure and (b) SOGI block. 

From the adaptive filtering structure shown in Figure.3.1 (b), the characteristic transfer 

functions of the SOGI block can be defined as 

ሻݏௌைீூሺܩ  ൌ
ఈݒ
௩ߝ݇

ሺݏሻ ൌ
ෝ߱ݏ

ଶݏ ൅ ෝ߱ଶ
 (3.2) 

 
ሻݏఈሺܩ ൌ

ఈݒ
ݒ
ሺݏሻ ൌ

݇ ෝ߱ݏ
ଶݏ ൅ ݇ ෝ߱ݏ ൅ ෝ߱ଶ

 (3.3) 

 
ሻݏఉሺܩ ൌ

ఉݒ
ݒ
ሺݏሻ ൌ ൬

ෝ߱
ݏ
൰
ఈݒ
ݒ
ሺݏሻ ൌ

݇ ෝ߱ଶ

ଶݏ ൅ ݇ ෝ߱ݏ ൅ ෝ߱ଶ
 (3.4) 

where: 

k =2	ߦ: is a real positive constant gain, and commonly referred to as the SOGI damping factor, 

and, ෝ߱: is the centre frequency of the SOGI provided by the PLL.  

Figure. 3.2 (a) and (b) shows the frequency response of transfer functions (3.3) and (3.4), 

respectively, for three different values of the damping factor k and for  ෝ߱ = 2π.50 rad/s.  
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Figure 3.2. Frequency response of the characteristic transfer functions of the SOGI block                                      
for different values of gain k: (a) ࢻࡳሺ࢙ሻ and (b) ࢼࡳሺ࢙ሻ. 
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Based on these plots, the following can be concluded. 

1) The transfer function ܩఈሺݏሻ exhibits a band-pass filtering characteristic with a centre 

frequency of ෝ߱. The sharpness (or bandwidth) of the passband is not a function of the centre 

frequency ෝ߱ but it is only determined by the gain k. In addition, it can be observed that, a lower 

k leads to a narrower bandwidth, and hence, better filtering capability [11, 97]. However, with 

a very low value of k, the dynamic performance of the PLL will be significantly degraded. 

Furthermore, If the estimated frequency ෝ߱ somehow arranged to matches the input frequency 

߱, then the in-phase signal ݒఈ will have the same amplitude as the fundamental component of 

the input voltage ݒ, with no phase shift. 

2) The transfer function ܩఉሺݏሻ exhibits a low-pass filtering characteristic. It offers better 

filtering characteristics for the high-frequency harmonics when compared with ܩఈሺݏሻ, (i.e., 

 ሻ decays with a rate of -20 dB/dec at highݏఈሺܩ ሻ decays at rate of -50 dB/dec whileݏఉሺܩ

frequencies). However, the filtering characteristic of ܩఉሺݏሻ at low-frequencies, (i.e., sub-

harmonics from zero to 50Hz) is extremely degraded. On the contrary to ܩఈሺݏሻ, the transfer 

function ܩఉሺݏሻ  suffers from a nonzero dc offset when the input signal contains a dc component. 

The amplitude of this offset is equal to the gain k times that of the input dc component. Again, 

if ෝ߱ ൌ ߱, then ݒఉ will match the input voltage fundamental component amplitude but with a 

90° phase shift. 

To evaluate the time response of the SOGI of Figure.3.1 (b), let us assume that ݒ ൌ ௠ܸ ݏ݋ܿ  .ߠ

Hence, under a frequency-locked condition (i.e., ෝ߱ ൌ ߱) and for 0 ≤ k < 2, the mathematical 

expressions for the output signals of the SOGI defined by the transfer functions (3.3) and (3.4) 

when the input voltage ݒ is suddenly applied are given by 

ሻݐఈሺݒ  ൌ ௠ܸ ݏ݋ܿ ߠ ൅ ఈ݁ܣ
ି௞ఠଶ ௧ (3.5) 

ሻݐఉሺݒ  ൌ ௠ܸ ݊݅ݏ ߠ ൅ ఉ݁ܣ
ି௞ఠଶ ௧ (3.6) 

where: 

௠ܸ , ω, and θ are the input voltage amplitude, angular frequency, and phase-angle, respectively. 

,ఈܣ   ఉ , ߶ఈ and ߶ఉ are functions of ௠ܸ and ݇, which can be expressed asܣ
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 (3.7) 

As expected, in steady-state, ݒఈ and ݒఉ are in-phase and quadrature-phase with the input voltage 

  .respectively ,ݒ

The estimated settling time ݐ௦ for a step response of ܩఈሺݏሻ and ܩఉሺݏሻ to stabilise within a 

tolerance band of (2%) can be determined for different values of gain ݇  from the derived step 

response expressions shown in Appendix C. Figure.3.3 illustrates the settling time versus ݇ 

when and ෝ߱ ൌ ߱ =2π.50 rad/s. 

  

Figure 3.3 Settling time ts versus gain k 

It can be observed from Figure. 3.3 that the variation of the settling time versus ݇ is not smooth 

and has jumps, and a small change in ݇ will not always result in a proportional change in the 

settling time. In addition, it can be deduced that minimum settling time for both ܩఈሺݏሻ and 

݇ ሻ occurs whenݏఉሺܩ ൎ 1.56. Thus, by setting the gain ݇ at its optimal value of 1.56, the 

transients due to the SOGI block can die out faster than other values. 
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Figure.3.4. shows the waveforms of (3.5) and (3.6) for three different values of k, (i.e., k =1, k 

=1.56 and k =2) and when ෝ߱ ൌ ߱ =2π.50 rad/s. As it can be observed that the minimum settling 

time occurs for k =1.56. These results roughly match the value obtained from Figure.3.3. It is 

worth noting that the lower the factor k is, the higher is the disturbance rejection capability, and 

hence, the better is the filtering property, but at the expense of the system dynamic response. 

 

Figure 3.4. Response of the SOGI-OSG for different values of gain k: (a) (k=1), (b) (k=1.56) and (c) (k=2). 

A unitary step response of the transfer function of (3.3) and (3.4) for three different values of 

k, (i.e., k =1, k =1.56 and k =2) and in the case where ෝ߱ = 2π.50 rad/s, is shown in Figure. 3.5. 

It can be observed that the settling time almost agrees with the values obtained from Figure.3.3 

and Figure.3.4.  
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Figure 3.5. Step response of the characteristic transfer functions of the SOGI block for different values of 
gain k: (a) ࢻࡳሺ࢙ሻ and (b) ࢼࡳሺ࢙ሻ. 

Now, by applying Park’s transformation matrix (3.1) to (3.5) and (3.6) yields ݒௗ and ݒ௤ signals 

as expressed in  

ሻݐௗሺݒ  ൌ ௠ܸ ௘ሻߠሺݏ݋ܿ ൅ ఈܣൣ cos ෠ߠ ൅ܣఉ sin ෠൧ߠ ൈ ݁ି
௞ఠ
ଶ ௧ (3.8) 

ሻݐ௤ሺݒ  ൌ ௠ܸ ௘ሻߠሺ݊݅ݏ െ ఈܣൣ sin ෠ߠ െܣఉ cos ෠൧ߠ ൈ ݁
ି௞ఠଶ ௧ (3.9) 

where  ߠ௘ ൌ ߠ െ  ෠ߠ

(a
) 

(b
) 
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From (3.8) and (3.9), it can be seen that in steady-state conditions, the fluctuating terms on the 

right-hand side, decay to zero with a time constant of ߬௣ ൌ 2/݇߱. Besides, ݒௗሺݐሻ converges to 

௠ܸ  ሻ converges toݐ௤ሺݒ ௘ሻ which yields an estimation of the input voltage amplitude, andߠሺݏ݋ܿ

௠ܸ   .௘ሻ which represents the steady-state phase error informationߠሺ݊݅ݏ

Now, to further attenuate the high-frequency noise which may exist in the input voltage ݒ, the 

PD output signal, i.e., ݒ௤, is passed through the LF (here, a proportional–integral controller). 

To reduce the control effort and accelerate the initial lock-in process, the feedforward 

fundamental frequency ωff is then added to the PI-controller output signal. The resulting 

estimated frequency ෝ߱ is then integrated afterward, to generate the estimated phase angle ߠ෠. 

The PI-controller’s gains are designed so that in steady-state conditions ݒ௤ is regulated to zero 

and the estimated frequency is locked on the system frequency (i.e., ω = ෝ߱). As a result and for 

a small difference between the real and estimated phase angles ߠ௘, the term ݊݅ݏሺߠ௘ሻ can be 

approximated by ݊݅ݏሺߠ௘ሻ ≅  ௘. Thus, the PLL can be treated as a liner control system with theߠ

input voltage amplitude ௠ܸ appearing as a gain in the forward path. A linearized model will be 

developed in the next section.  

3.3 Linearized Small Signal Model  

In this section, a generic linearized model for SOGI-PLL is presented. It is worth noting that, 

since the bandwidth of the PLL is much lower than its sampling frequency, the s-domain 

analysis/tuning can provide accuracy as good as that achievable in the z-domain. Besides, from 

the analysis/tuning point of you, using the Laplace domain is more convenient and straight 

forward than that in the z-domain [66]. For these reasons, the analysis/tuning of the linearized 

model of the PLL will be performed in the s-domain. 

 To derive the linearized model, the following assumptions are considered. 

1) The estimated frequency is almost equal to the input frequency (i.e., ω = ෝ߱). 

2) There is a small difference between the real and estimated phase angles; thus, sin	ሺߠ௘ሻ ≅  ,௘ߠ

and cos	ሺߠ௘) ൎ 1. 

3) The input voltage ݒ is considered to be harmonic polluted (i.e., as a result of the propagation 

of non-linear loads in power systems), and is represented by  
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ݒ  ൌ ௠ܸ ݏ݋ܿ ᇣᇧᇤᇧᇥߠ
୊୳୬ୢୟ୫ୣ୬୲ୟ୪	ୡ୭୫୮୭୬ୣ୬୲

൅ ෍ ௛ܸ ݏ݋ܿ ௛ߠ
௛ୀଷ,ହ,଻,…..ᇣᇧᇧᇧᇧᇤᇧᇧᇧᇧᇥ
ୌୟ୰୫୭୬୧ୡ ୡ୭୫୮୭୬ୣ୬୲ୱ

 (3.10) 

where ௛ܸ, and ߠ௛ represent the amplitude, and phase angle of the hth harmonic component, 

respectively. 

Initially, the harmonic components are neglected and only the fundamental component of (3.10) 

is considered as the input voltage. In this case, the PD output signal (i.e., vq) is as stated in 

(3.11). Note that, in (3.11), the oscillating terms decay to zero with a time constant of ߬௣ ൌ

2/݇߱ and vq converges to ௠ܸߠ௘. Thus, for a sudden phase change, the PD output signal, i.e., 

 ௤, can be approximated in the s domain asݒ

ሻݏ௤ሺݒ  ≅
௠ܸ

߬௣ݏ ൅ 1
 ሻ (3.11)ݏ௘ሺߠ

Now, once the PD response to the fundamental component is determined, the next step is to 

take into consideration the steady-state effect of the harmonics on the variables estimated by 

the PLL. It is important to notice that, in the steady-state condition, each input harmonic 

component of order h and amplitude of ௛ܸ produces two different components of orders h±1 in 

the PD output signal, i.e., ݒ௤, with amplitudes of ୦ܸଵ and ୦ܸଶ [17, 68]. This can be 

mathematically expressed as  

ሻݐ௤ሺݒ  ൌ ୦ܸଵ ௛ߠൣݏ݋ܿ െ ෠ߠ ൅ ௛ఉ൧ߠ െ ୦ܸଶ ௛ߠൣݏ݋ܿ ൅ ෠ߠ ൅  ௛ఉ൧ (3.12)ߠ

where 

୦ܸଵ and ୦ܸଶ are the amplitudes of the two produced harmonic components, which can be 

expressed as 

 ൞
୦ܸଵ ൌ

௛ܸఉ ௛ܸ

2
ሺ݄ ൅ 1ሻ

୦ܸଶ ൌ
௛ܸఉ ௛ܸ

2
ሺ݄ െ 1ሻ

 (3.13) 

and ௛ܸఉ and ߠ௛ఉ denote the magnitude and the phase angle of the transfer function ܩఉሺݏሻ in 

(3.4), respectively, for ݏ ൌ ݆݄߱. Consequently, the PD output signal, i.e., ݒ௤, for a small angle 

difference ࢋߠ, when the input voltage consists of fundamental component and harmonic 

components, can be approximated as follows: 
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ሻݏ௤ሺݒ					 ≅ ቊ ௠ܸ

߬௣ݏ ൅ 1
ሻቋݏሺࢋߠ ൅  ሻݏሺܦ

(3.14) 

where, ܦሺݏሻ is the Laplace transform of the harmonic function ݃ሺ2߱, 4߱, 6߱,……), which 

appears as a disturbance input to the SOGI-PLL linearized model. 

Based on the above analysis, a generic block diagram of the linearized model of the SOGI-PLL 

can be obtained as shown in Figure. 3.6, where kp and ki are the gains associated with the PI 

regulator. It is worth mentioning here that the derived linearized model is strongly accurate for 

a k within the range of 0 ൑ ݇ ൏2. It is reported that, outside this range, the precision of the 

model starts to decline [68]. 

ki/s
D(s)

PI

+

kp

+
+vq (s)+

PD VCO

+

-

Vm 
τps+1 

1
s

̂ e

 

Figure 3.6. Linearized model of the SOGI-PLL 

3.4 Design Guidelines 

In this section, an efficient design method to fine-tune the PLL parameters (i.e., kp, ki, and τp) is 

introduced, such that the system stability is guaranteed, and in addition to an appropriate 

transient performance, and high disturbance rejection capability.  

Notice that, in the linearized model shown in Figure.3.6, the amplitude of the input voltage ௠ܸ, 

contributes as a gain term in the forward path. Thus, under voltage sag conditions, there will be 

a gain loss significantly affecting the PLL stability and dynamic performance. This undesirable 

effect can be alleviated by compensating the PD output signal, i.e., ݒ௤, before it is fed into the 

LF with an amplitude estimation method, as reported in [17]. A block diagram of the suggested 

amplitude compensation scheme is depicted in Figure.3.7. As shown, by dividing ݒ௤ by the 

estimated amplitude Vm, the input voltage amplitude can be guaranteed to be always unity 

during the steady-state condition. In addition, to avoid instability issues, the estimated 
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amplitude ௠ܸ is limited by a saturation block with upper and lower limits tuned according to 

the allowable range of input voltage amplitude variations [17].  

22
qd vv 


 'qv

dv

qv
 

Figure 3.7. An amplitude compensation block  

Based on the above discussion, a modified linearized model with unity input voltage amplitude 

௠ܸ and with D′(s) as a disturbance input to the linearized model, is illustrated in Figure.3.8, 

where D′(s)= D(s)/Vm . In this case, (3.14) becomes (3.15).  

 
௤ᇱݒ					 ሺݏሻ ≅ ቊ

1
߬௣ݏ ൅ 1

ሻቋݏሺࢋߠ ൅  ሻݏᇱሺܦ
(3.15) 

 

ki/s
Dʹ (s)

PI

+

kp

+
+vʹq (s)+

PD VCO

+

-

1
τps+1 

1
s

̂ e

 
Figure 3.8. Modified linearized model 

3.4.1 Stability 

In the recent literature, several methods for designing the PI-controller parameters have been 

presented [106]. In this section, a systematic approach based on the symmetrical optimum 

method (SO) is proposed to fine-tune the PLL parameters. The idea behind this method is to 

optimize the phase margin (PM) to obtain its maximum at a given crossover frequency [107, 

108].  
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From Figure.3.8, bearing in mind ߬௜ ൌ ሺ݇௣/݇௜ሻ, the open-loop transfer function of the PLL can 

be expressed as 

 

ሻݏ௢௟ሺܩ ൌ
ሻݏ෠ሺߠ
ሻݏ௘ሺߠ

ቤ
஽ᇲሺ௦ሻୀ଴

ൌ ቆ
1

߬௣ݏ ൅ 1
ቇ ൬
݇௣ݏ ൅ ݇௜

ݏ
൰ ൬
1
ݏ
൰ 					

ൌ
݇௣ݏ ൅ ݇௜

ݏଶሺ߬௣ݏ ൅ 1ሻ
ൌ
݇௜ሺ1 ൅ ߬௜ݏሻ
ݏଶሺ߬௣ݏ ൅ 1ሻ

 

(3.16) 

From (3.16), the amplitude and phase, frequency characteristics can be simply obtained as  

|௢௟ሺ݆߱ሻܩ|  ൌ
݇௜
߱ଶ ඨ

ሺ߬௜߱ሻଶ ൅ 1

൫߬௣߱൯
ଶ
൅ 1

 (3.17) 

௢௟ሺ݆߱ሻܩ∡  ൌ ଵሺ߬௜߱ሻି݊ܽݐ െ 180° െ  ଵ൫߬௣߱൯ (3.18)ି݊ܽݐ

Therefore, the maximum PM can be expressed as 

 
௠௔௫ܯܲ ൌ ௢௟ሺ݆߱௖ሻܩ∡ ൅ 180° ൌ ଵሺ߬௜߱௖ሻᇣᇧᇧᇧᇤᇧᇧᇧᇥି݊ܽݐ

థ೔

൅ ଵ൫߬௣߱௖൯ᇣᇧᇧᇧᇤᇧᇧᇧᇥି݊ܽݐ
థ೛

 
(3.19)

where ߱௖ is the crossover frequency which is determined by differentiating (3.19) with respect 

to ߱௖, i.e., ߲ሺܲܯሻ/߲ሺ߱௖ሻ and equating the result to zero, yields  

 ߱௖ ൌ
1

ඥ߬௜߬௣
 (3.20) 

From (3.20), and supposing that, ߬௜ ൌ ൬
ଵ

ఠ೎
మఛ೛
൰ ൌ  is a constant term, the following ߣ ଶ߬௣ whereߣ	

can be obtained  

 

ە
ۖ
۔

ۖ
ۓ
߬௜ ߬௣ൗ ൌ ଶߣ

߬௜߱௖ ൌ ߣ

߬௣߱௖ ൌ
1
ߣ

 (3.21) 

Substituting (3.21) into (3.19), ܲܯ௠௔௫ can be rewritten as  
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௠௔௫ܯܲ ൌ ሻߣଵሺି݊ܽݐ െ ଵି݊ܽݐ ൬

1
ߣ
൰ ൌ ଵି݊ܽݐ ቆ

ଶߣ െ 1
ߣ2

ቇ (3.22) 

Based on (3.22), the relationship between the factor ߣ and the phase margin PM is displayed in 

Figure.3.9. It can be seen that the higher the factor ߣ is, the higher is the phase margin, and 

hence, a more stable operation. 

 
Figure 3.9. Phase margin versus factor ૃ 

Typically, for a good stability a PM within the range of 30°< PM <60° is recommended [109]. 

To meet this, λ is required to be within the range of 1.732 < λ < 3.732 as highlighted in 

Figure.3.9. 

Now, the PI-regulator parameters (i.e., kp, ki) are determined as a function of the factor λ and 

the time constant τp, by considering (3.20) and (3.21). By equating (3.17) to 1 when ߱ ൌ ߱௖, 

then the following equations are obtained 

 

ە
ۖ
۔

ۖ
ۓ ݇௜ ൌ

1
ଷ߬௣ଶߣ

݇௣ ൌ ߬௜݇௜ ൌ
1
௣߬ߣ

ൌ ߱௖

 (3.23) 

From (3.23), it can be observed that, both kp and ki are functions of λ and τp. Furthermore, it can 

be concluded that, for given values of τi and τp, the PM of the PLL is maximized when the 

proportional gain kp is equal to the crossover frequency ωc. This can be observed graphically 

from the Bode-plot of the PLL open-loop transfer function as shown in Figure.3.10. 



 SOGI-PLL                                                                                                     Chapter 3 

48 

 

 

Figure 3.10. Logarithmic plot of the open-loop transfer function  

Figure.3.11 illustrates the Bode-plot of the open-loop transfer function (3.16) for two different 

values of λ and for a given crossover frequency ߱௖ =100rad/s, confirming the same PM values 

obtained from Figure.3.9.   

 

Figure 3.11. Bode-plot of the open-loop transfer for two different values of λ 
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Now, once the PI parameters kp and ki are obtained as a function of λ and τp, the next step is to 

determine the value of λ and τp. The selection of these parameters will be discussed in the next 

two sub-sections. 

3.4.2 Transient Performance 

The main emphasis of this sub-section is to optimize the PLL transient performance so that the 

settling time in response to both phase and frequency step changes is minimized. 

Substituting (3.23) into (3.16), the open-loop transfer function Gol (s) can be rewritten as  

ሻݏ௢௟ሺܩ  ൌ
ሻݏ෠ሺߠ
ሻݏ௘ሺߠ

ቤ
஽ᇲሺ௦ሻୀ଴

ൌ
ݏ௖ଶ߱ߣ ൅ ߱௖ଷ

ݏଶሺݏ ൅ ௖ሻ߱ߣ
 (3.24) 

It can be seen that (3.24) is a typical open-loop transfer function of a type-II system (i.e., there 

are two poles at the origin). Thus, the PLL tracks both phase jump (step input) and frequency 

jump (ramp input) with guaranteed zero steady-state error [110]. 

From Figure. 3.8, the phase error transfer function relating the phase error ߶௘ to the phase input 

߶ can be derived as 

ሻݏ௘ሺܩ  ൌ
ሻݏ௘ሺߠ
ሻݏሺߠ

ฬ
஽ᇲሺ௦ሻୀ଴

ൌ 1 െ
ሻݏ෠ሺߠ
ሻݏሺߠ

ቤ
஽ᇲሺ௦ሻୀ଴

ൌ ൬
1

1 ൅ ሻݏ௢௟ሺܩ
൰ (3.25) 

Substituting (3.24) into (3.25), and after some mathematical simplifications, yields 

 

ሻݏ௘ሺܩ ൌ
ݏଶሺݏ ൅ ௖ሻ߱ߣ

ݏଶሺݏ ൅ ௖ሻ߱ߣ ൅ ݏ௖ଶ߱ߣ ൅ ߱௖ଷ
												

ൌ
ݏଶሺݏ ൅ ௖ሻ߱ߣ

ሺݏ ൅ ߱௖ሻሺݏଶ ൅ ሺߣ െ 1ሻ߱௖ݏ ൅ ߱௖ଶሻ
 

(3.26) 

and (3.26) can be rewritten in a normalised way as 

ሻݏ௘ሺܩ  ൌ
ݏଶሺݏ ൅ ሺ2ߦ ൅ 1ሻ߱௡ሻ

ሺݏ ൅ ߱௡ሻሺݏଶ ൅ ݏ௡߱ߦ2 ൅ ߱௡ଶሻ
 (3.27) 

where: ߱௡ ൌ ߱௖ is the natural frequency and ߦ ൌ ሺߣ െ 1ሻ/2, is the PLL damping factor. 



 SOGI-PLL                                                                                                     Chapter 3 

50 

 

Using (3.27), the Laplace transforms of the phase error ߠ௘ሺݏሻ ൌ  ሻ, resulting fromݏሺߠሻݏ௘ሺܩ

phase Δ߶ and frequency Δ߱ jump changes, can be simply obtained as expressed in (3.28) and 

(3.29), respectively 

௘ߠ 
୼థሺݏሻ ൌ

Δ߶
ݏ
ሻݏ௘ሺܩ ൌ

ݏሺݏ ൅ ሺ2ߦ ൅ 1ሻ߱௡ሻΔ߶
ሺݏ ൅ ߱௡ሻሺݏଶ ൅ ݏ௡߱ߦ2 ൅ ߱௡ଶሻ

 (3.28) 

ሻݏ௘୼ఠሺߠ  ൌ
Δ߱
ଶݏ

ሻݏ௘ሺܩ ൌ
ሺݏ ൅ ሺ2ߦ ൅ 1ሻ߱௡ሻΔ߱

ሺݏ ൅ ߱௡ሻሺݏଶ ൅ ݏ௡߱ߦ2 ൅ ߱௡ଶሻ
 (3.29) 

Taking the inverse Laplace transform of (3.28) and (3.29), yields (3.30) and (3.31) which are 

the time-domain tracking errors for phase ߠ௘
୼థሺݐሻ and frequency ߠ௘୼ఠሺݐሻ jumps, respectively. 

௘ߠ
୼థሺݐሻ ൌ

ە
ۖ
۔

ۖ
ۓ

Δ߶
ߦ െ 1

ቂି݁ߦఠ೙௧ െ ݁ିకఠ೙௧ܿݏ݋ ቀ߱௡ݐඥ1 െ ଶቁቃߦ , ߦ		 ൏ 	1

	Δ߶	݁ିఠ೙௧	ሺ1 ൅ ߱௡ݐ െ ߱௡ଶݐଶሻ,																																																											ߦ ൌ 	1
Δ߶
ߦ െ 1

൤ି݁ߦఠ೙௧ െ
1
2
݁ିቀకିඥక

మିଵቁఠ೙௧ െ
1
2
݁ିሺకାඥకమିଵሻఠ೙௧൨ , ߦ			 ൐ 	1

 (3.30) 

ሻݐ௘୼ఠሺߠ ൌ

ە
ۖ
ۖ
ۖ
ۖ
۔

ۖ
ۖ
ۖ
ۖ
ۓ Δ߱
ሺߦ െ 1ሻ߱௡

቎ି݁ߦఠ೙௧ ൅ ݁ିకఠ೙௧ ቐ
െݏ݋ܿߦ ቀ߱௡ݐඥ1 െ ଶቁߦ ൅

ඥ1 െ ݊݅ݏଶߦ ቀ߱௡ݐඥ1 െ ଶቁߦ
ቑ቏ , ߦ ൏ 	1

	
Δ߱
߱௡

݁ିఠ೙௧	ሺ߱௡ݐ ൅ ߱௡ଶݐଶሻ,																																																																			ߦ ൌ 	1

Δ߱
ሺߦ െ 1ሻ߱௡

ۏ
ێ
ێ
ێ
ఠ೙௧ି݁ߦۍ െ

ߦ ൅ ඥߦଶ െ 1
2

݁ିቀకିඥక
మିଵቁఠ೙௧

െ
ߦ െ ඥߦଶ െ 1

2
݁ିቀకାඥక

మିଵቁఠ೙௧
ے
ۑ
ۑ
ۑ
ې

ߦ																, ൐ 	1

 (3.31) 

From (3.30) and (3.31), it is evident that, for both phase and frequency jumps and for all values 

of ζ, the PLL transient behaviour can be improved by increasing the natural frequency ߱௡ (i.e., 

ts is proportional to ߱௡). Thus, to achieve a faster transient response, ߱௡ should be chosen as 

high as possible. However, a high value of ߱௡ reduces the disturbance rejection capability of 

the PLL. Hence, a well-balanced trade-off between system dynamics and rejection of harmonic 

components must be met.  

Since the appropriate operation of the PLL in terms of stability requires 1.732 < 3.732 > ߣ and, 

hence, 0.366 < 1.366 > ߦ, and for a given value of ߱௡=135.86rad/s, the relationship between 
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the damping factor ߦ, and the disturbance rejection capability at twice the fundamental 

frequency can be shown in Figure.3.12. It is clear that, for this range of variation, ߦ has a rather 

small effect on the disturbance rejection capability of the PLL. Therefore, ߱௡ should be chosen 

to meet the required disturbance rejection of the PLL, and ߦ should be selected according to the 

transient response and the stability margin requirements of the PLL. 

 

Figure 3.12. Attenuation versus damping factor ࣈ 

Now, the next step is to select the damping factor ߦ which provides a fast transient response as 

well as a stable operation for both phase and frequency step changes. Figure.3.13 illustrates the 

simulated settling time (which has been normalized by a factor of ߱௡) as a function of ߦ, for 

both phase and frequency jumps. Obviously, for underdamped conditions (i.e., ζ < 1), both 

phase and frequency jumps have almost identical settling times. However, for overdamped 

conditions (i.e., ζ > 1), a longer settling time is observed for the frequency jump. As highlighted 

in Figure. 3.13, the minimum settling time for both phase and frequency jumps occurs almost 

at ζ = 0.7. Thus, in terms of settling time, ζ = 0.7 is recommended as the optimum value of 

damping factor. 

From (3.22), it is clear that the phase margin is only reliant on the factor ߣ and hence ζ. 

Therefore, it is important to confirm that the selected value of the damping factor ζ = 0.7, is 

also a good choice in terms of stability. Substituting ζ = 0.7, which corresponds to 2.4 = ߣ into 

(3.22), yields  

 
కୀ଴.଻|ܯܲ ൌ 44.76° 

(3.32) 
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Figure 3.13. Normalized settling time versus damping factor ζ  for both  phase and frequency jumps. 

Since the PM is within the recommended range (30°< PM <60°), the PLL stability is 

guaranteed. In addition, the Bode-plot of the open-loop transfer function (3.24) for three 

different values of natural frequency ߱ ௡ and when ζ =0.7 is depicted in Figure.3.14, and clearly 

confirms that the PM is within the desired range. 

 

Figure 3.14. Bode-plot of the open-loop transfer function as a function of natural frequency ࣓࢔ 
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3.4.3  Disturbance Rejection 

As underlined earlier, the odd harmonics (i.e., 3rd, 5th, 7th, etc.) which are present in the input 

voltage, will appear to the PLL linearized model as disturbance inputs in the form of even 

harmonics (i.e., 2nd, 4th, 6th, etc.) as shown in Figure. 3.8. Accordingly, it is essential to select 

the natural frequency ωn in such a way that a sufficient attenuation at all concerned disturbance 

frequencies is provided.  

From Figure. 3.8, and remembering that ܦᇱሺݏሻ ൌ ሻݏሺܦ ௠ܸ⁄ , the disturbance transfer function 

relating the estimated phase ߠ෠ to the disturbance input ܦᇱሺݏሻ can be simply expressed as 

 
ሻݏ஽ᇲሺܩ ൌ

ሻݏ෠ሺߠ
ሻݏᇱሺܦ

ቤ
ఏሺ௦ሻୀ଴

ൌ ቆ
ሻݏ௢௟ሺܩ

1 ൅ ሻݏ௢௟ሺܩ
ቇ 											

ൌ
ሺ2ߦ ൅ 1ሻ߱௡ଶݏ ൅ ߱௡ଷ

ሺݏ ൅ ߱௡ሻሺݏଶ ൅ ݏ௡߱ߦ2 ൅ ߱௡ଶሻ
 

(3.33) 

Figure.3.15 illustrates the Bode-plot of the transfer function (3.33) for three different values of 

the natural frequency ωn, and when ζ = 0.7. As shown, the transfer function (3.33) reveals a 

low-pass filtering features. The lower the natural frequency, the higher the attenuation at the 

disturbance frequencies is; and hence, the better the filtering capability, but at the expense of 

the system dynamic response. 

 

Figure 3.15. Bode-plot of the disturbance transfer function as a function of the natural frequency ωn. 
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Owing to the low-pass filtering features of the PLL, provision an adequate attenuation at the 

lowest disturbance frequency (here, twice the input voltage fundamental frequency i.e., 2ω), 

ensures a high disturbance rejection capability at other frequencies. Based on (3.17), 

Figure.3.16 displays the attenuation provided by the PLL at twice the fundamental frequency, 

as a function of the natural frequency ωn, for ζ = 0.7. In this work, the desired attenuation to be 

achieved is chosen to be -20dB, which generally depends on the input voltage distortion level 

and also on the application where the PLL is used. The selected attenuation requires the natural 

frequency ωn (and thus the crossover frequency ωc) to be equals to 135.86 rad/s (i.e., 21.62Hz) 

as depicted in Figure.3.16. 

 

Figure 3.16. PLL attenuation at 2ω versus the natural frequency ωn 

Considering ωc = 135.86 rad/s, and λ = 2.4, the PLL parameters kp , ki , and τp can be obtained 

as 
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From the designed time constant ߬௣, the gain k of the SOGI can be simply determined as 
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With the designated PLL parameters given in (3.34), the Bode-plots for the open-loop transfer 

function (OLTF) corresponding to (3.24) and the closed-loop transfer function (CLTF) 

corresponding to (3.33) are depicted in Figure. 3.17. This confirms that the desired attenuation 

of -20dB at 100Hz is achieved when the crossover frequency is selected to be 21.62Hz. Also, 

for the same parameters given in (3.34), a step response of (3.33) is depicted in Figure.3.18 

with a settling time of (ts=45ms). 

 
Figure 3.17. Bode-plots of the open-loop (OLTF) and closed loop (CLTF) transfer functions based on the 

PLL parameters of (3.34)  
 

 

Figure 3.18. PLL response to input step disturbance  
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accurate enough. Thus, the SOGI-PLL shown in Figure.3.1 and its linearized model are 

simulated using Matlab/Simulink with the PLL parameters of (3.34). The obtained results under 

a phase jump and a frequency step change are compared to each other. The corresponding 

simulation results are illustrated in Figure. 3.19. It can be observed that the derived model can 

well predict the transient behaviour of the SOGI-PLL system. 

 

Figure 3.19. Accuracy assessment of the small-signal model of the SOGI-PLL  
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3.5 Performance Evaluation 

In this section, the performance of the proposed design procedure of the SOGI-PLL under 

different grid scenarios is evaluated through extensive simulations tests carried out in a Matlab 

/ Simulink environment. The simulation model in Simulink environment used for the evaluation 

is illustrated in Appendix C, and the SOGI-PLL parameters used are found in Table 3-1.  

Table 3-1 SOGI-PLL parameters 

Parameter Symbol Value (unit) 
SOGI-OSG gain k 2 
Crossover frequency  ωc 135.86 rad/s 
PLL damping factor  ξ 0.7 
Phase margin PM 44.8° 
PLL Proportional gain kp 135.86 
PLL Integral gain ki 7690 
Settling time  ts 0.045s 
Nominal frequency ω 2.π.50 rad/s 
Input voltage amplitude Vm 1 p.u 

3.5.1 Frequency Variation 

Figure.3.20 shows the response of the SOGI-PLL depicted in Figure.3.1 where the input signal 

v undergoes frequency step changes (alternating between 45 and 55 Hz) at time =0.1s.  In this 

simulation, the SOGI-OSG gain was set according to (3.35) at k =2, which in theory implies a 

settling time of roughly 20ms for the SOGI as highlithed earlier in Figures.3.4 and 3.5. The 

PLL parameters kp and ki were calculated according to (3.34) to achieve a settling time of 45ms 

in the PLL as depicted in Figure.3.18. As shown in Figure.3.20, the SOGI-OSG and the PLL 

interact with each other and the resulting response is a combination of the action of both 

systems. This is due to the fact that, in the SOGI-PLL there are two variables ෝ߱, ߠ෠ involved in 

the synchronization procedure, i.e. the SOGI-OSG tuned by using the detected frequency, ෝ߱, 

while the PLL is locked to the input phase-angle ߠ෠. Figure.3.20 (b), shows the two orthogonal 

signals generated by the SOGI-OSG. As expected, the transient response is extended until the 

grid frequency is newly tuned. Figure. 3.20 (c) shows the output variables of the Park transform. 

The ݒௗ signal is equal to the amplitude of the input voltage v and the ݒ௤ signal is equaled to 

zero in the steady state by the action of the PLL. In Figure.3.20 (d), the estimated frequency 

locked to the rated frequecy with zero steady-state error in about 45 ms, i.e., less than 2.5 cycles 

of the fundamental frequency. In addition, and as shown in Figures.3.20 (e), and (f), a deviation 
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in the supply frequency will cause the phase angle error ߠ௘ to increase. The PI-controller 

naturally works to bring this error back to zero. The phase-error peak is about 10º when the 

frequency step is 5Hz and 22 º when the step increases to 10Hz. 

 

0 0.05 0.1 0.15 0.2 0.25 0.3

-1

-0.5

0

0.5

1

0 0.05 0.1 0.15 0.2 0.25 0.3

-1

-0.5

0

0.5

1

1.5 v v

Time (s)
0 0.05 0.1 0.15 0.2 0.25 0.3

0

0.5

1

1.5
v

q
v

d



 SOGI-PLL                                                                                                     Chapter 3 

59 

 

 
Figure 3.20.  Response of the SOGI-PLL when the input voltage undergoes frequency step changes: (a) 

Input voltage, (b) orthogonal signals generated by the SOGI-OSG, (c) signals in the synchronous reference 
frame, (d) estimated frequency, (e) estimated phase-angle and (f) estimated phase-angle error. 
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3.5.2 Phase Jump 

Figure. 3.21 depicts the simulation results, when a phase jump of 40° occurs in the input voltage 

v, at time =0.1s. It can be observed that the phase angle error decays to zero in about 45 ms (i.e., 

less than 2.5 cycles), and the overshoot is limited to 15◦. It is worth mentioning here that, due 

to the PLL being an underdamped system (i.e. ξ = 0.7), and as expected, the frequency-step and 

phase-jump tranisent times are almost equivalent. 
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Figure 3.21. Response of the SOGI-PLL when the input voltage undergoes a phase jump of 40°: (a) Input 
voltage, (b) orthogonal signals generated by the SOGI-OSG, (c) signals in the synchronous reference 

frame, (d) estimated frequency, (e) estimated phase-angle and (f) estimated phase-angle error. 

Because the frequency and phase angle are estimated within a single loop as shown in both 

Figure.3.1 and Figure.3.8, a large frequency transient is experienced during phase jumps. The 

propagation of the large frequency transient makes the produced signals ݒఈ and ݒఉ oscillatory, 

which is reflected back on the SRF-PLL stage. To avoid this issue, the PI controller with smaller 

kp and ki is often designed at the expense of slower dynamic response in SOGI-PLL [63].
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3.5.3 Voltage Sag and Swell 

Voltage sags and swells are the most severe condtions that may cause deterioration to the power 

quality in the utility grid [111]. Voltage sags are momentary in nature, and are produced mainly 

by the starting of large induction motors, line-to-ground faults, and sudden load changes or 

heavy loads. Whereas, the voltage swell is the opposite of the voltage sag, which is also 

transitory and occurs when an excessive load turns off in the power systems [111, 112]. During 

these disturbances, the amplitude compensation block of Figure 3.7, takes a fast action by 

quickly estimating the input voltage amplitude Vm, making the proposed design of the SOGI-

PLL insensitive to the grid voltage amplitude variations during the steady-state condition.  

To find the tranisent response of the proposed design, Figure. 3.22 shows the SOGI-PLL 

response, when the amplitude of the input voltage v, undergoes a voltage sag of 30%, at time = 

0.1s, and a voltage swell of 20% at time = 0.2s. It is evident that with almost no overshoot, the 

amplitude attains the new steady-state value of 0.7 p.u within approximately one fundamental 

period. In the estimation of frequency, there is a deviation of 4 Hz for a period of 35 ms. The 

phase error settling time is lees than two cycles. During the transient, the peak-to-peak value of 

the phase error is limited to 4°. It is worth noting that, since the input frequency is kept constant 

in this test, the settling time for the detection of the input voltage amplitude is mainly 

determined by the SOGI-OSG dynamics as shown in Figure.3.22.(c). 

3.5.4 Harmonic Distortion 

Figure. 3.23 illustrates the response of the PLL system when a 15% third harmonic component 

is injected into the input voltage v, after 0.1s. It is evident in Figure.3.23(c), that the third 

harmonic distortion creates two different frequency components of 2ω and 4ω in the PD output 

signal, ݒ௤. Besides, and because of the presence of harmonic distortion in the input voltage v, a 

noticable ripple of 3Hz in the estimated frequency and an oscillation of about 2° peak-to-peak 

phase estimation error in steady-state are obseved in Figures. 3.23 (d-f), respectively. It is worth 

mentioning that, this ripple and error can be further reduced by selecting a lower crossover 

frequency ωc. This results in a higher attenuation at the disturbance frequencies, but at the cost 

of degrading the transient response of the PLL. 
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Figure 3.22. Response of the SOGI-PLL when the input voltage undergoes voltage sag of 30% and voltage 
swell of 50%: (a) Input voltage, (b) orthogonal signals generated by the SOGI-OSG, (c) signals in the 

synchronous reference frame, (d) estimated frequency, (e) estimated phase-angle and (f) estimated phase-
angle error. 
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Figure 3.23. Response of the SOGI-PLL when the input voltage undergoes a 15% third-harmonic 
injection: (a) Input voltage, (b) orthogonal signals generated by the SOGI-OSG, (c) signals in the 

synchronous reference frame, (d) estimated frequency, (e) estimated phase-angle and (f) estimated phase-
angle error.  
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3.5.5 DC offset 

One critical concern that needs to be addressed here is the existence of a dc component in the 

measured input voltage v, which may be intrinsically present or may be generated due to grid 

faults, A/D conversion process, or saturation in current transformers [113, 114]. The presence 

of such a component in the PLL input causes undesirable periodic oscillatory errors in the 

estimated frequency, phase and amplitude [115-117]. 

Figure.3.24 shows the responses of the PLL when a sudden dc offset of 0.05 p.u occurs in the 

input voltage v after 0.1s. It is obvious from Figure.3.24 (b) that the orthogonal component ݒఉ 

is directly affected by the presence of any voltage offset. This leads to fundamental frequency 

oscillations in the PLL estimated quantities that are difficult to filter, as shown in Figures.3.24 

(c-f).  

3.5.6 Sub-harmonics 

One more important issue that needs to be considered is the presence of sub-harmonic voltage 

fluctuations. Sub-harmonics can be produced by nonlinear loads such as variable speed drives, 

rectifiers supplying repeated loads and wind generators that supply low frequency power due 

to wind speed deviations [118]. Typically the frequency of these subharmonics can be very low 

and create visual flicker in the range between 0.5Hz and 30Hz [119].  

To evaluate this problem, Figure. 3.25 illustrates the performance of the SOGI-PLL in the 

presence of 10% subharmonic oscillations at a very low frequency (1 Hz). As seen in 

Figure.3.25 (b), oscillations caused by the presence of subharmonics in the input voltage v have 

a direct impact on the orthogonal component ݒఉ due to the flat response of ܩఉ for frequencies 

below the fundamental frequency as shown earlier in Figure.3.2 (b). As a consequence, the sub-

harmonic distortion in the PD output produces ripple in the estimated quantities as shown 

Figures.3.25 (c-f). 
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Figure 3.24. Response of the SOGI-PLL when the input voltage undergoes a 5% dc offset: (a) Input 
voltage, (b) orthogonal signals generated by the SOGI-OSG, (c) signals in the synchronous reference 

frame, (d) estimated frequency, (e) estimated phase-angle and (f) estimated phase-angle error 
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Figure 3.25. Response of the SOGI-PLL when the input voltage undergoes a 10% of 1Hz subharmonic: (a) 
Input voltage, (b) orthogonal signals generated by the SOGI-OSG, (c) signals in the synchronous reference 

frame, (d) estimated frequency, (e) estimated phase-angle and (f) estimated phase-angle error 
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3.6 Summary 

An advanced and effective single-phase PLL structure, known as SOGI-PLL has been 

thoroughly analysed in this chapter. Through a comprehensive mathematical analysis, a 

linearized model for the SOGI-PLL has been developed. Then, a systematic design procedure 

to fine-tune the PLL parameters has been proposed. The proposed design selects the PLL 

parameters such that a desired attenuation of -20dB at the lowest disturbance frequency (here, 

100Hz), and a fast dynamic response are achieved. To verify the effectiveness of proposed 

design method, extensive simulation studies have been provided considering various utility grid 

disturbances. The simulation results confirm that, the desired settling time and attenuation were 

both achieved when the PLL damping factor and crossover frequency were selected to be 0.7 

and 21.62Hz respectively. In addition, these results show that, a higher attenuation at the 

disturbance frequencies can be attained by selecting a lower crossover frequency, but at the cost 

of degrading the transient response of the PLL. However, the results reveal the high sensitivity 

of the SOGI quadrature-phase output to input dc offset voltage and subharmonics. Such 

components produce errors in the estimated quantities by the PLL, which can result in dc current 

injection to the grid which is highly undesirable. To overcome this drawback associated with 

the SOGI-PLL, the next chapter addresses in details these issues with effective solutions. 
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CHAPTER 4                                 

DC Component Rejection in        

SOGI-PLL Algorithm 

4.1 Introduction 

It has been pointed out in the previous chapter, that one important issue must be addressed is 

the presence of dc offset in the input signal of PLLs. The presence of such a component causes 

undesirable fundamental-frequency oscillations in their estimated quantities (i.e., utility voltage 

amplitude, phase and frequency). Consequently, the performance of the power conversion 

system may be degraded. The elimination of such oscillatory errors is a challenging problem 

because of their low frequency. Thus, this chapter aims to provide a comprehensive analysis of 

the effect of the dc offset based on the PLL in the synchronous reference frame (SRF). Two 

different existing offset rejection approaches based on the SOGI-OSG algorithm are discussed 

in detail. Design aspects of these methods are presented, and their advantages and disadvantages 

are evaluated. A novel method to tackle this issue is proposed in this chapter. This completely 

rejects the error caused by the dc component and demonstrates superior harmonic disturbance 

attenuation performance when compared with the other two alternative methods. The 

effectiveness of this approach is verified through digital computer simulation and will be 

validated by experimental results presented in the forthcoming chapters. 
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4.2 Overview of DC Component in PLL 

The single-phase grid-connected converter (SPGC) is a key-enabling technology for renewable 

energy systems such as photovoltaic, fuel cells, and batteries, especially in residential 

applications [6, 120]. A precise and fast detection of phase angle, frequency and amplitude of 

the grid voltage is an essential requirement for effective operation and control of the grid-

connected converters [21].  

In three-phase systems, due to its simplicity and effectiveness, the synchronous reference frame 

phase-locked loop (SRF-PLL) is the most widely used technique for extracting these grid 

parameters [121]. In single-phase systems, however, designing SRF-PLLs is more complicated 

than in three-phase PLLs, due to the lack of multiple independent input signals [122]. To deal 

with the aforementioned problem, it is of paramount importance to develop proper techniques 

that are able to create a second signal in-quadrature with the fundamental single-phase signal, 

such that the original and the synthesized components together form the stationary reference 

frame. These PLLs are often called the orthogonal signal generation-based PLLs (OSG-PLLs) 

[78, 123].  

Typically, these (OSG-PLLs) topologies differ from each other just in the technique they use 

for creating the fictitious orthogonal voltage signal. In the technical literature, there are a 

number of techniques for generating the orthogonal voltage system for a single-phase system. 

Some of the available methods make use of the transport delay block, Hilbert transformation 

and first-order differentiating method as presented in [86, 88, 100]. Nevertheless, these methods 

have one or more of the following shortcomings: frequency dependency, high complexity, 

nonlinearity, poor or no harmonic filtering capability [89]. In recent years, the second-order 

generalized integrator (SOGI) has been extensively used as a building block for orthogonal 

signal generation (OSG), owing to its simple structure, relatively fast transient response, high 

filtering capability without delays and desired frequency adaptive performance [89, 105].  

Despite the wide use of the SOGI-OSG in several applications, such as frequency estimation 

(i.e., SOGI-FLL) [124], harmonic extraction (i.e., MSOGI-OSG) [20], and grid synchronization 

(i.e., SOGI-PLL) [89, 105], the SOGI-OSG is highly sensitive to the presence of dc and/or 

subharmonic components in its input signal. Such components produces errors on the 

quadrature signal [113, 114], which can cause failures of the systems implemented with the 

SOGI-OSG [117, 125].  
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This dc component can be generated by grid faults, measurement devices (i.e., due to saturation 

in a current transformer), A/D conversion process in fixed and floating-point digital signal 

processors, or dc injection by grid-connected power converters [117, 125-127]. The occurrence 

of this component in the input of the PLL produces fundamental frequency ripple in the 

estimated quantities by the PLL (i.e., phase-angle, frequency, and amplitude). In addition to 

these low frequency oscillatory errors, the PLL unit vector (sine and cosine of the phase-angle 

estimated by the PLL) which is usually used for creating reference current in the grid-connected 

converters, will inevitably contain some offset error, resulting in dc current injection to the grid 

which is highly undesirable [113, 114, 117, 126, 128]. The international standards, however, 

have defined stringent limits on the maximum allowable dc current injection of the grid-

connected converters. For example, the standard IEC61727 [13] limits the dc current injection 

by the grid-connected photovoltaic inverters to less than 1% of their rated output current, while 

the standard IEEE 1547-2003 [12] states that the dc injection by the distributed resources should 

not exceed 0.5% of their rated output current. These strict limits confirm the importance of the 

dc offset rejection capability for PLLs in the grid-connected applications. Therefore, special 

attention should be paid when designing PLLs with the presence of the dc offset in their input.  

To remedy this drawback of PLL algorithms, several methods have been proposed in the 

literature. In [127, 129], employing a band-pass filter (BPF) before the PLL input is suggested. 

The BPF successfully blocks the dc offset, but at the cost of degrading the PLL transient 

response and also causing phase and magnitude errors in the PLL input when the grid frequency 

deviates from its nominal value. The influence of these errors can be avoided by utilizing a 

frequency adaptive BPF as proposed in [125], which indeed adds some complexity and 

computation requirements for the digital controller used. In [115], a method of dc offset 

compensation in the single-phase SRF-PLLs is proposed. In this technique, the dc offset error 

can be readily estimated by separately integrating the input signal of the PLL loop-filter over 

two half-cycles according to the estimated phase-angle. Then, the integrated results are 

subtracted from each other and passed across a simple proportional-integral (PI) controller. By 

subtracting the output of the PI controller, which is an estimation of the input dc component 

from the PLL input signal, the resultant signal will be free of any dc component. A detailed 

study of five other techniques to deal with the problem of a dc component in the input signal 

can be found in [117]. Concentrating on the SOGI-OSG, an approach based on adding SOGI-

OSGs as pre-filters is proposed in [125]. Although this method exhibits satisfactory 
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performance at both low-and high- frequency, it may be suboptimal since its parameters are 

assumed equal for simplicity. An alternative dc offset rejection method based on using a low-

pass filter is proposed in [113]. Another modified SOGI-OSG method is reported in [114], in 

which an integrator is added to the SOGI-OSG structure to deal with the problem of dc offset. 

A simple yet effective approach to overcome the drawback of the dc offset in single-phase PLLs 

based SOGI is proposed in this chapter. The key feature of this method is that, the orthogonal 

signal will be generated using a two-stage cascaded low-pass filter (CLPF). The input of the 

CLPF is taken directly from the in-phase signal ݒఈ generated by the conventional SOGI-OSG 

taking advantage of it being free of any dc offset. This will ensure that the generated orthogonal 

signal ݒఉ is not affected by any dc offset appearing in the input signal ݒ. The resultant PLL 

structure is called (CLPF-SOGI-PLL). The PLL with the proposed algorithm which is 

characteristically suitable for digital implementation of single-phase grid-connected converters 

controller, has resulted in good steady-state and dynamic performance when compared with 

other methods reported in [113] and [114]. 

4.3 Effects of a DC Component in Grid Voltage Measurements 

A. System Description 

Figure.4.1 describes the general structure of the SPGC including power circuit and control 

algorithm, which is later, used to test the proposed method.  

Figure.4.2 shows the block diagram of a conventional single-phase OSG-PLL, in which ݒ, is 

the input voltage, ෝ߱, ߠ෠ are the estimated frequency and angle respectively, and ߱௙௙ is the feed-

forward nominal frequency. As illustrated in Figure. 4.1 and 4.2, the PLL is employed to 

synchronize the output current of the SPGC (i.e.,i) with the grid voltage (i.e., ݒ), so that 

effective control and operation can be attained. In this thesis so far, the orthogonal signal 

generator required by the single-phase PLL is built using a second-order generalized integrator 

(SOGI) as discussed in Chapter 3.  
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Figure 4.1. System configuration of SPGCs 
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Figure 4.2. Block diagram of single-phase OSG-PLL 

 

 

Figure 4.3. Grid voltage measurement circuit 
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B. Effect of DC Offset Error 

In this section, the effect of the dc offset is mathematically analysed based on the SOGI-OSG-

PLL shown in Figure. 4.2.  

Ideally, the grid voltage without any dc offset can be defined as 

࢜  ൌ ࢓ࢂ  (4.1) ࣂ࢙࢕ࢉ

where: ௠ܸ and θ are the input voltage amplitude and phase-angle, respectively. 

The measured grid voltage typically digitalized through an interface circuit which performs 

voltage sensing, filtering using low-pass filter, and A/D conversion as represented in Figure. 

4.3. The non-linear characteristics of voltage sensors, A/D conversion process, and the thermal 

drift of analogue components (i.e., LPF), may cause a dc offset in the measured grid voltage, 

even if the grid interface circuit is well designed [115]. Consequently, the measured grid voltage 

including the dc offset error can be expressed as 

࢜  ൌ ࢓ࢂ ሻࣂሺ࢙࢕ࢉ ൅  (4.2) ࢉࢊ∆

where: ∆ௗ௖ is the amplitude of the dc offset error. 

Taking into account ∆ௗ௖, the orthogonal signals which will be generated by the SOGI-OSG can 

then be written as  

൜
ࢻ࢜ ൌ ࢓ࢂ ሻࣂሺ࢙࢕ࢉ

ࢼ࢜ 		ൌ ࢓ࢂ ሻࣂሺ࢔࢏࢙ ൅ ࢉࢊ∆
 (4.3) 

Notice that ݒఈ will possess no dc offset as the ݒఉ does and that is due to SOGI characteristics 

as it will be emphasised in the next section.  

Now, applying Park’s transformation matrix to (4.3) yields ݒௗ and ݒ௤ signals as expressed in 

(4.4) 

 

൤
ࢊ࢜
൨ࢗ࢜ ൌ ቈ

෡൯ࣂ൫࢙࢕ࢉ ෡൯ࣂ൫࢔࢏࢙

െ࢔࢏࢙൫ࣂ෡൯ ෡൯ࣂ൫࢙࢕ࢉ
቉ ൤
ࢻ࢜
൨ࢼ࢜

ൌ ቈ
෡൯ࣂ൫࢔࢏࢙	෡൯ࣂ൫࢙࢕ࢉ

െ࢔࢏࢙൫ࣂ෡൯		 ෡൯ࣂ൫࢙࢕ࢉ
቉ ൤

࢓ࢂ ሻࣂሺ࢙࢕ࢉ
࢓ࢂ ሻࣂሺ࢔࢏࢙ ൅ ࢉࢊ∆

൨

 (4.4) 

where ߠ෠ is the estimated grid angle and ߠ is the real grid angle. 

After some mathematical manipulations, the synchronous dq-axis voltages including the dc 

offset error can be rewritten as  
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ቊ
ࢊ࢜ ൌ ࢓ࢂ ࣂ൫࢙࢕ࢉ െ ෡൯ࣂ ൅ ࢉࢊ∆ ෡ࣂܖܑܛ

ࢗ࢜ ൌ ࢓ࢂ ࣂ൫࢔࢏࢙ െ ෡൯ࣂ ൅ ࢉࢊ∆ ෡ࣂܛܗ܋
 (4.5) 

Under frequency-locked condition (i.e.,߱ ൎ ෝ߱), and when the phase error is very small, 

(i.e.,ߠ ൌ ෠ߠ → ௘ߠ ൎ 0,	), (4.5) can be approximated as 

ቊ
ࢊ࢜ ൌ ࢓ࢂ ൅ ෡൯ࣂ൫࢔࢏࢙ࢉࢊ∆

ࢗ࢜ ൌ ࢉࢊ∆ ෡൯ࣂ൫࢙࢕ࢉ
 (4.6) 

It is evident from (4.6) that due to the dc offset error, the synchronous dq-axis voltages have 

the same frequency components compared with the grid frequency. Furthermore, the oscillatory 

errors in the dq-axis voltages are mainly determined by sine and cosine terms with the estimated 

grid frequency and the dc offset error. Especially, the oscillatory error in the input signal of the 

PLL loop-filter (i.e.,	ݒ௤) causes distortion in the frequency and phase-angle estimated by the 

PLL. Moreover, the ripple components in the ݒௗ voltage cause the estimated grid voltage 

amplitude to be distorted. It is worth mentioning here that, the estimated grid voltage amplitude 

only relates to the feed-forward term at the output of the current controller and has no effect on 

the PLL performance [130]. Therefore, the dc offset error must be rejected so that the ripple 

components of the synchronous dq-axis voltages are suppressed and the distortion of the 

estimated grid angle, frequency and voltage amplitude is cleared. 

4.4 Proposed DC Offset Rejection Technique  

Based on the mathematical analysis conducted in section 4.3, it has been proved that, in the 

presence of such a component in the input signal, the loop filter suffers from a disturbance in 

its input at the fundamental frequency. Mitigating such a low-frequency error by further 

reducing the bandwidth of the embedded SRF-PLL is undesirable since it degrades the system 

dynamic response [67]. Consequently, this dc offset and other subharmonic components must 

be removed in a stage prior to the loop filter by modifying the SOGI structure in a way that the 

orthogonal signal does not contain any dc offset.  
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4.4.1 Review of Conventional SOGI- OSG 

Figure.4.4 depicts the basic structure of the conventional SOGI-OSG which has been 

comprehensively discussed in Chapter 3. Its characteristics transfer functions are given in (4.7), 

while its frequency response is illustrated in Figure.4.5 

 

ە
ۖ
۔

ۖ
ሻݏఈሺܩۓ ൌ

ఈݒ
ݒ
ሺݏሻ ൌ

݇ ෝ߱ݏ
ଶݏ ൅ ݇ ෝ߱ݏ ൅ ሺ ෝ߱ሻଶ

ሻݏఉሺܩ ൌ
ఉݒ
ݒ
ሺݏሻ ൌ

݇ሺ ෝ߱ሻଶ

ଶݏ ൅ ݇ ෝ߱ݏ ൅ ሺ ෝ߱ሻଶ

 (4.7) 
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Figure 4.4. Basic structure of Conventional SOGI-OSG 

 

Figure 4.5. Bode-plots of ࢻࡳሺ࢙ሻ and ࢼࡳሺ࢙ሻfor k=1 and when ෝ࣓  = 2π.50 rad/s. 
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From Figure.4.5, it is clear that the output ݒఈ is a band-pass filtered version of the input ݒ with 

a unity gain and no phase shift at a frequency of ෝ߱. In contrast, the output ݒఉ is a low-pass-

filtered version of the input ݒ with a unity gain and 90° phase shift at a frequency of ෝ߱. It is 

very important to notice that, although the output ݒఉ exhibits better filtering features for high 

frequencies as compared with ݒఈ, it is directly affected by the presence of dc and other 

subharmonic components in the input signal, since it behaves as LPF. The magnitude of the 

offset in the orthogonal signal is k times that of the input dc component. 

To evaluate this problem, Figure. 4.6(a) shows the SOGI-OSG responses when the input signal 

 undergoes a dc offset of 0.2 p.u at t= 0.05s, while Figure. 4.6(b) represents the SOGI-OSG ݒ

response to subharmonic of 1Hz and 20% of ݒ amplitude at t=0.05s.  

As expected, the generated orthogonal signal ݒఉ becomes biased when the input signal has a dc 

component as shown in Figure.4.6 (a). The magnitude of the dc offset in ݒఉ is equal to 0.2p.u, 

since k=1. Likewise, the orthogonal signal ݒఉ is directly affected by the presence of 

subharmonic components in the input signal as displayed in Figure.4.6 (b). Accordingly, and 

as it has been stressed earlier in (4.3) and (4.6), this undesired ripple generated in the orthogonal 

signal will be transferred to the loop-filter of the embedded SRF-PLL in the form of a low-

frequency error affecting the accuracy of the estimated quantities by the PLL. In contrast to ܩఉ, 

the transfer function ܩఈ apparently offers better filtering features at low-frequencies, (i.e., 

subharmonics from zero to 50Hz) as apparent from Figure 4.5. As a result, the in-phase signal 

 .ఈ will carry neither dc offset nor subharmonics as clearly shown in Figures.4.6 (a) and (b)ݒ
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Figure 4.6. SOGI-OSG responses when the input signal v at time = 0.05s undergoes  

(a) a dc offset of 0.2 p.u.  (b) a 1Hz subharmonic and 20% of Vm
 . (Vm=1p.u, k=1 and ω = 2π.50 rad/s) 

Based on the fact that ݒఈ is insensitive to input dc offset and other sub-harmonic components 

as it has been revealed in Figures 4.5 and 4.6, a proposed method for rejecting these components 

from the orthogonal signal will be introduced next. 
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4.4.2 Proposed CLPF-SOGI-OSG 

The proposed solution to tackle the problem of dc offset and subharmonic components 

associated with the conventional SOGI-OSG is shown in Figure.4.7. The key point of this 

method is based on connecting a conventional SOGI-OSG in series with a simple two-stage 

cascaded low-pass filter (CLPF). The input signal ݒ is fed into the conventional SOGI-OSG 

block, and its in-phase output signal ݒఈ is used as an input signal of the CLPF. Since ݒఈ is 

insensitive to any dc offset in the input signal ݒ, the CLPF which behaves as an OSG will be 

able to generate an orthogonal signal ݒఉ஼௅௉ி free of any dc offset. Since both orthogonal signals 

(i.e., ݒఈ and ݒఉ஼௅௉ி) behave like a band -pass-filtered version of the input signal ݒ. 

Consequently, neither ݒఈ nor ݒఉ஼௅௉ி will possess any dc offset or sub-harmonic components, 

and since they are fed into the embedded SRF-PLL structure, thus the PLL operation no longer 

suffers from the presence of such component. For the sake of brevity, this technique is referred 

to as the CLPF-SOG-OSG. 

It is worthwhile mentioning here, that since both SOGI-OSG and CLPF are adaptively tuned 

using the fundamental frequency provided by the embedded SRF-PLL (i.e., ෝ߱), the proposed 

structure will not be affected by the frequency changes. Furthermore, the generated orthogonal 

signal will be filtered without any delays due to resonance at the fundamental frequency as will 

be explained in the design procedure next. 

LPF1 LPF2SOGI
-OSG vα

KT vβCLPFv

vα

CLPF

̂
 

Figure 4.7. General structure of the proposed CLPF-SOGI-OSG 

Consider a low-pass filter with transfer characteristic as 

ሻݏሺܩ  ൌ
1

ݏ߬ ൅ 1
 (4.8) 

where: τ is the time constant of the filter. 

From (4.8), the gain (i.e., attenuation), and the phase lag frequency characteristics can be 

written, respectively, as 
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|ሺ݆߱ሻܩ|  ൌ
1

ඥ1 ൅ ሺ߬߱ሻଶ
 (4.9) 

 ߶ ൌ ሺ݆߱ሻܩ	∡ ൌ ଵሺ߬߱ሻି݊ܽݐ (4.10) 

where: ߱ ൌ ෝ߱ is the frequency of the input signal (i.e., 2.π.50 rad/s). 

Traditional single-stage low-pass filters can be used to generate the orthogonal signal; however, 

they have to be designed with a very large time constant (i.e., τ) in order to obtain the desired 

90° shifted signal, inevitably making the dynamic response of the system very poor. This issue 

however can be effectively solved if a single-stage LPF is reconstructed using a number of 

cascaded LPFs with smaller time constants, thus the decay time can be reduced significantly, 

and correspondingly the dynamic performance can be improved as can be seen from Figures 

4.8 and 4.9, respectively. 

 
Figure 4.8. Bode-plots of (4.8) for creating ࢼ࢜ using single-stage LPF, and two-cascaded LPF 

 

Figure 4.9. Step response of (4.8) for creating ࢼ࢜ using a single-stage LPF, and Two-cascaded LPF  
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For simplicity, cascading only two identical LPFs (i.e.,߬ଵ ൌ ߬ଶ ൌ ߬) is considered in this 

investigation. When two LPFs are cascaded as shown in Figure.4.7, the total gain ்ܩ and the 

total phase angle lag ߶், can be expressed as in (4.11) and (4.12), respectively 

 ߶் ൌ ߶ଵ ൅ ߶ଶ ൌ ଵሺ߬ଵି݊ܽݐ ෝ߱ሻ ൅ ଵሺ߬ଶି݊ܽݐ ෝ߱ሻ ൌ ଵሺ߬ି݊ܽݐ2 ෝ߱ሻ (4.11) 

ሺ݆ܩ|  ෝ߱ሻ|் ൌ ሺ݆ܩ| ෝ߱ሻ|ଵ|ܩሺ݆ ෝ߱ሻ|ଶ ൌ
1

ඥ1 ൅ ሺ߬ଵ ෝ߱ሻଶ
.

1

ඥ1 ൅ ሺ߬ଶ ෝ߱ሻଶ
ൌ

1

ඥሾ1 ൅ ሺ߬ ෝ߱ሻଶሿଶ
 (4.12) 

The generated signal ݒఉ is required to have a unity gain (i.e., 0dB), and 90° phase-lag at a the 

fundamental frequency ෝ߱. Therefore, in order to achieve this, it is very important to determine 

the time constant ߬ so that the generated phase-lag ߶் = 90°, also to introduce a compensation 

gain ்ܭ so that a unity gain (i.e., the output signal has the same magnitude as that of the input 

signal), is guaranteed.  

Based on (4.11), with ߶் ൌ 90°  the time constant ߬ can be given, as 

 ߬ଵ ൌ ߬ଶ ൌ ߬ ൌ 1
ෝ߱ൗ  (4.13) 

Thus, the compensation gain ்ܭ ൌ .ଵܭ  ଶ can be expressed asܭ

்ܭ  ൌ 1
ൗ்ܩ ൌ ඥሾ1 ൅ ሺ߬ ෝ߱ሻଶሿଶ ൌ 2 (4.14) 

For a cascaded filter of (n) stages, (4.11) and (4.12) can be rewritten as 

 

߬ ൌ
tan ቀ90݊ ቁ

ෝ߱
 (4.15) 

்ܭ  ൌ ඥሾ1 ൅ ሺ߬ ෝ߱ሻଶሿ௡ (4.16) 

So, the input-to-output characteristics transfer function describing the dynamics of the two-

CLPF can be expressed as 

 
ሻݏଶ஼௅௉ிሺܩ ൌ

ఉ஼௅௉ிݒ
ఈݒ

ሺݏሻ ൌ ൬
1

߬ଵݏ ൅ 1
൰ ൬

1
߬ଶݏ ൅ 1

൰ ሺ்ܭሻ ൌ ቌ
2

ଶݏ
ෝ߱ଶ ൅

ݏ2
ෝ߱ ൅ 1

ቍ (4.17)
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From (4.7) and (4.17), and based on the general structure of the proposed CLPF-SOGI-OSG 

shown in Figure.4.7, the transfer function relating the input signal ݒ to the orthogonal output 

signal ݒఉ஼௅௉ி can be derived as 

ሻݏఉ஼௅௉ிሺܩ  ൌ
ఉ஼௅௉ிݒ
ݒ

ሺݏሻ ൌ .ሻݏఈሺܩ ሻݏଶ஼௅௉ிሺܩ

ൌ ൬
݇ ෝ߱ݏ

ଶݏ ൅ ݇ ෝ߱ݏ ൅ ߱^ଶ
൰ቌ

2
ଶݏ
ෝ߱ଶ ൅

ݏ2
ෝ߱ ൅ 1

ቍ ൌ ቆ
2݇ ෝ߱ଷݏ
∆஼௅௉ிሺݏሻ

ቇ 
(4.18)

where: ∆஼௅௉ிሺݏሻ ൌ ସݏ ൅ ෝ߱ݏଷሺ2 ൅ ݇ሻ ൅ ෝ߱ଶݏଶ	ሺ2 ൅ 2݇ሻ ൅ ෝ߱ଷݏሺ2 ൅ ݇ሻ ൅ ෝ߱ସ 

Since ∆஼௅௉ிሺ݆ ෝ߱ሻ ൌ െ2݇ ෝ߱ସ,  it is concluded that ݒఉ஼௅௉ி is a bandpass-filtered version of the 

input with 90° phase shift.  

The frequency response of the transfer function (4.18) when it is compared with that of the 

conventional SOGI-OSG (4.7) is shown in Figure 4.10. In comparison to the conventional 

SOGI-OSG, the dc gain of ܩఉ஼௅௉ி (i.e., at s=0) is zero. Hence, no dc offset transfers to the 

orthogonal signal ݒఉ஼௅௉ி. Since the dc gain of both inputs to the embeded SRF-PLL (ݒఈ and 

 ఉ஼௅௉ி) is zero, consequently, the CLPF-SOGI-PLL will perform without any errors even if theݒ

input signal ݒ contains dc offset or/and subharmonic components. 

 

Figure 4.10. Bode plots of Gβ and GβCLPF for k=1 and when ෝ࣓ = 2π.50 rad/s. 
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A sample simulation result evaluating the response of the proposed CLPF-SOGI-OSG is shown 

in Figure. 4.11. As expected, the proposed technique continues to estimate an accurate 

orthogonal signal ݒఉ஼௅௉ி in spite of the deliberate disturbances in the input signal ݒ such as dc 

offset and sub-harmonics. 

 
Figure 4.11. CLPF-SOGI-OSG responses when the input signal v at time = 0.05s undergoes  

(a) a dc offset of 0.2 p.u.  (b) a 1Hz subharmonic and 20% of Vm
 . (Vm=1p.u, k=1 and ෝ࣓ = 2π.50 rad/s) 
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4.4.3 Other Alternative Methods 

To highlight the effectiveness proposed CLPF-SOGI-PLL, two different existing approaches 

that have been recently used to address the problem of dc offset in the SOGI-PLL algorithm are 

discussed in details.  

A. Ciobotaru’s method [113] 

A dc offset compensation method based on modifying the structure of the conventional SOGI-

OSG is proposed in [113] . As shown in Figure. 4.12, if the input signal ݒ contains any dc offset, 

the error signal (ߝ௩ ൌ ݒ െ  .ఈ does not contain any dc componentݒ ఈ) will carry that offset sinceݒ

The amplified error signal ݇ߝ௩ is passed through a first-order LPF to filter out any harmonics 

that the input signal ݒ may contain. The output of the LPF (i.e., ∆1), which is an estimation of 

the input dc component, is then subtracted from the conventional orthogonal signal ݒఉ, that 

possess the same dc components. The resultant signal ݒఉଵ will be free of any dc component. 
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vα+  ∫ 

 ∫ 

-
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-v ɛv

k
kɛv
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+
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Figure 4.12. Structure of Ciobotaru’s method [113]  

Notice that, the alternative method of Figure. 4.12 has the same transfer function as that of the 

conventional SOGI method as far as ݒఈ is concerned. On the other hand, the transfer function 

from the input ݒ to the new orthogonal signal ݒఉଵ is given by  

ሻݏఉଵሺܩ  ൌ
ఉଵݒ
ݒ
ሺݏሻ ൌ

݇ ෝ߱ଶ

ଶݏ ൅ ݇ ෝ߱ݏ ൅ ෝ߱ଶ
െ ݇

ଶݏ ൅ ෝ߱ଶ

ଶݏ ൅ ݇ ෝ߱ݏ ൅ ෝ߱ଶ
൬

߱௖௧

ݏ ൅ ߱௖௧
൰ (4.19) 

where: ߱௖௧ ൌ 2. .ߨ ௖݂, is the cut-off frequency of the first-order LPF which must properly 

selected to attenuate higher order harmonics without degrading the dynamic response of the 

PLL. The Bode-plot representation and the step response of the transfer function (4.19) for three 

different values of ௖݂ are illustrated in Figures. 4.13(a) and (b) respectively. Noticeably, this 

alternative method offers good filtering characteristics at low-frequencies, by effectively 

rejecting any dc or subharmonic components; however, it seriously degrades the high-
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frequency harmonic filtering behaviour of the PLL system. One can select the lowest cut-off 

frequency, for example fc=10Hz or less in order to improve the high-frequency filtering 

behaviour, but this is not acceptable since it seriously degrades the dynamic performance as 

shown in Figure. 4.13(b). Therefore, a trade-off between the high-frequency filtering capability 

and the PLL transient response must be properly made.  

 
 

 

Figure 4.13. Bode-plot (a) and step response (b) of ࢼࡳ૚ሺ࢙ሻ at different values of fc and when k=1 
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B. Karimi’s method [114] 

Another method based on adding a third integrator inside the conventional SOGI-OSG for 

removing the dc component from the orthogonal signal is reported in [114]. In this method, 

which is shown in Figure.4.14, the difference between the input signal ݒ and the extracted 

fundamental component (ݒఈଶ ൅ ∆ଶሻ is passed through an integrator. The output of the integrator 

(i.e., ∆2), which is an estimation of the dc component of the input signal, is then subtracted from 

the PLL input signal ݒ to remove this unwanted component. Thus, the PLL operation no longer 

suffers from the presence of such component.  

vα2+  ∫ 

 ∫ 

-
+

-v ɛv
k

kɛv

+

vβ2

ko  ∫ 
Δ2

+

̂

 
Figure 4.14. Structure of Karimi’s method [114] 

The characteristic transfer functions that describe this algorithm are defined as follows 

 

ە
ۖ
۔

ۖ
ሻݏఈଶሺܩۓ ൌ

ఈଶݒ
ݒ
ሺݏሻ ൌ

݇ ෝ߱ݏଶ

∆ଶሺݏሻ

ሻݏఉଶሺܩ ൌ
ఉଶݒ
ݒ
ሺݏሻ ൌ

݇ ෝ߱ଶݏ
∆ଶሺݏሻ

 (4.20) 

where: ∆ଶሺݏሻ ൌ 	 ଷݏ ൅ ሺ݇ ൅ ݇௢ሻ	 ෝ߱ݏଶ ൅ ෝ߱ଶݏ ൅ ݇௢ ෝ߱ଷ 

The parameter ݇௢ which is referred as the dc loop gain, can be selected based on the roots of 

∆ሺݏሻ. For simplicity, assume that all three roots have equal real parts [114, 127] , i.e. 

ଷݏ ൅ ሺ݇ ൅ ݇௢ሻ	 ෝ߱ݏଶ ൅ ෝ߱ଶݏ ൅ ݇௢ሺ݇ ൅ ݇௢ሻ ෝ߱ଷ

ൌ ሺݏ ൅ ܽሻሺݏ ൅ ܽ ൅ ݏሻሺߚ݆ ൅ ܽ െ  ሻߚ݆
(4.21) 

Then, this yields that ݇௢ must satisfy 

݇௢ଷ ൅ 3݇݇௢ଷ ൅ ሺ3݇ଶ ൅ 9ሻ݇௢ ൅ ݇ଷ െ 4.5݇ ൌ 0 (4.22) 
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The equation (4.22) has two complex conjugate roots and one real root [127]. Figure.4.15 shows 

the real root of this equation (i.e., ݇௢) versus different values of k. For example, when k=1, the 

corresponding value of ko based on Figure.4.15 is found to be equal to 0.2716. 

 
Figure 4.15. Design of dc loop’s gain 

The frequency response of the transfer functions (4.20) is depicted in Figure 4.16. 

 

Figure 4.16. Frequency response of Karimi’s method when k=1 and ko= 0.2716 
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4.4.4 Comparison among CLPF-SOGI, and other existing dc offset rejection methods 

For sensible comparison, the parameters tabulated in Table 4-1 are tuned, so that approximately 

an equal settling time is obtained for the all presented techniques.  

Table 4-1  Parameters of different SOGI-OSG techniques  

Conventional SOGI Ciobotaru’s method Karimi’s method CLPF-SOGI 

ts (s) k ts (s) k fc (Hz) ts (s) k ko ts (s) k 

0.0257 1 0.0263 1 30 0.026 1 0.2716 0.0269 1 

A step response of the above mentioned SOGI-OSG techniques with the selected parameters 

from table 4-1 is illustrated in Figure. 4 17. It can be observed that the settling times of all four 

topologies are almost equal. 

 
Figure 4.17. Step response of ࢼࡳ ,࢙ࢼࡳ૚ࢼࡳ ,࢙૛࢙ and ࢙ࡲࡼࡸ࡯ࢼࡳ based on table 4-1. 

To evaluate the performance of the proposed method from the filtering point of view, and to 

compare it with that of the conventional SOGI-OSG and the two other alternative existing 

methods, a set of Bode-plots based on the selected parameters of Table 4.1, are provided as 

shown if Figures. 4.18 and 4.19. 
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Figure 4.18. Frequency response plotted with Ciobotaru’s method, proposed CLPF-SOGI, and 
conventional SOGI for relating (a) in-phase output to input v and (b) orthogonal output to input v. 
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Figure 4.19. Frequency response plotted with Karimi’s method, proposed CLPF-SOGI, and conventional 
SOGI-OSG for relating (a) in-phase output to input v and (b) orthogonal output to input v. 
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These Bode-diagrams lead to the following observations: 

1) From Figure 4.18 (a) and Figure 4.19 (a), the proposed method and the alternative methods 

of [113] and [114] do not change the filtering behaviour of the in-phase output to input. Only 

minor improvement at lower frequency (i.e., less than 20Hz) is offered by the second method 

while a tiny degradation is caused by the same method at frequencies between (20Hz -50Hz).  

2) As far as the in-quadrature output to the input is concerned, both alternative methods of [113] 

and [114] deteriorate the magnitude and phase-angle characteristics around the centre 

frequency of 50Hz of the generated orthogonal signal as shown in Figure 4.20. In contrast, 

the proposed CLPF-SOGI accurately estimates the amplitude and phase of the orthogonal 

signal without any errors.  

 

Figure 4.20. Zoomed frequency response of ࢼࡳሺ࢙ሻ for different SOGI-OSG techniques 

 
3) Considering the orthogonal signal generation, the alternative method of [113] can 

significantly improve the filtering behaviour at low-frequencies, but at the cost of seriously 

degrading the high-frequency filtering characteristics of the system, as shown in Figure 

4.18(b). For example, the level of degradation when compared to the conventional SOGI is 

about 10dB for the fifth harmonic. On the other hand, the alternative method of [114] as 

shown in Figure. 4.19(b) offers good filtering characteristics around subharmonics from zero 

to 10Hz; however, it causes some degradation at frequencies from 10Hz-50Hz. In addition, 

-0.03

-0.02

-0.01

0

0.01

0.02

49.9 49.95 50 50.05
-90.1

-90.05

-90

-89.95

-89.9

Conventional SOGI
Ciobotaru's method
Karimi's method
CLPF-SOGI

Frequency  (Hz)



DC Component Rejection in SOGI-PLL                                                        Chapter 4 

96 

 

this method has similar filtering characteristics to the conventional SOGI-OSG at 

frequencies higher than the centre frequency. 

4) For the sake of clarity, the Bode-plot magnitude of Figures. 4.18(b) and 4.19(b) is combined 

together in Figure 4.21 observing that the proposed method of CLPF-SOGI offers the best 

degree of attenuation of high-frequency noise and harmonics when compared to the other 

alternative SOGI techniques. Based on Figure 4.21, a summary of the level of attenuation at 

different harmonic orders for different SOGI techniques is presented in Table 4-2.   

 
 

Figure 4.21. Amplitude Bode-plot of the orthogonal output to the input for different SOGI-OSG 

techniques 

Table 4-2 Attenuation (dB) at different harmonics orders using different SOGI techniques 

Harmonic order 
Conventional 

SOGI 
Ciobotaru’s 

method  
Karimi’s 
method 

CLPF-SOGI 

3rd -18.6 -12.5 -18.9 -23.1 

5th -27.7 -17.8 -27.8 -36 

7th -33.7 -21 -33.7 -44.7 

9th -38.1 -23.3 -38.1 -51.3 

Rate of decay (dB) -40.4 -22.7 -40.4 -59 
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4.5 Steady-state Performance Evaluation 

To verify the effectivenes of the proposed method when compared to the other existing 

methods, a unity amplitude sinusoidal voltage signal ݒ at a frequency of 50 Hz is considered 

for time domain simulations. In this simulation, the input voltage fundamantal component ݒ  is 

highly distotrted by 15% of the third, and 10% of the fifth harmonic, together with a 20% dc 

offset, leading to a total harmonic distortion (THD) of approximately 18% as shown in Figure. 

4.22. It is important to notice that, in order to exhibit similar transient response for all methods, 

the tuning parameters presented in Table 4-1 are retained. In addition, since all four methods 

have similar filtering performance for the in-phase output to the input, thus, only the orthogonal 

output signal will be considered for this investigation. Simulations are performed in 

MATLAB/Simulink environment as shown in Appendix C, while the PLL parameters used for 

this evaluation are found in Table 4-3.  

Table 4-3 PLL parameters 

Parameter Symbol Value (unit) 

PLL damping factor  ξ 0.7 

PLL Proportional gain kp 65.45 

PLL Integral gain ki 1784.86 

 

 
Figure 4.22. Simulated results of (a) distorted input voltage waveform v and (b) its harmonic spectrum 
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Figure. 4.23 (a) and (b) shows the orthogonal output waveform ݒఉ and its harmonic spectrum 

when the input signal ݒ described earlier is fed into the conventional SOGI-OSG. Clearly, the 

conventional SOGI-OSG does not reject the dc offset due to the low-pass characteristic of 

  .ሻ derived in (4.7)ݏఉሺܩ

 
Figure 4.23. Results obtained with the conventional SOGI (a) orthogonal signal (b) its harmonic spectrum 

  
Figure 4.24. Results obtained with Ciobotaru’s method [113] (a) orthogonal signal (b) its harmonic 

spectrum 
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Figure 4.25. Results obtained with Karimi’s method of [114] (a) orthogonal signal (b) its harmonic 

spectrum 

 
Figure 4.26. Results obtained with the proposed CLPF-SOGI (a) orthogonal signal (b) its harmonic 

spectrum 
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In comparison, Figure.4.24 shows results produced by Ciobotaru’s method of [113], where the 

dc offset is successfully eliminated in the generated orthogonal signal ݒఉଵ. However, as 

emphasised earlier in Figure. 4.21, this method does not produce satisfactory harmonic 

attenuation at its orthogonal signal ݒఉଵ due to its poor filtering capabilities at frequencies above 

the centre frequency ෝ߱. Figure.4.25 then shows the orthogonal signal ݒఉଶ obtained using 

Karimi’s method of [114] and its associated harmonic spectrum. The dc offset is effectively 

rejected due to the band-pass filtering characteristics of ܩఉଶሺݏሻ derived in (4.20). Again, the 

performance of this method at frequencies higher than the centre frequency is comparable with 

the conventional SOGI performance. Finally, Figure.4.26 depicts results from the proposed 

CLPF-SOGI-OSG; where the smoothest orthogonal waveform among the four methods can be 

clearly seen. Moreover, the dc-offset in ݒఉ஼௅௉ி is completely attenuated.  

For the sake of clarity, the harmonic spectrum of the four methods investigated in this chapter 

is combined together as illustrated in Fig4.27. It is clear that Ciobotaru’s method is more prone 

to errors caused by high-frequency harmonics than the other three methods. The reason is that 

for example, the conventional SOGI and Karimi’s method offers transfer functions whose 

magnitude- frequency response as presented in Table 4-2 decays at a similar rate of -40.4dB/dec 

at high-frequencies, while the transfer function of (4.19) decays with a slope of -22.7dB/dec at 

high-frequencies. In contrast, the proposed CLPF-SOGI offers a transfer function with a slope 

of -59dB/dec and therefore, produces superior results as compared to the other three methods 

studied in this chapter.  

 
Figure 4.27. Harmonic spectrum of the four methods 
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4.6 The Effect of the PLL Method on the Grid-connected PV inverter Performance  

According to Figure.4.1, the grid-connected PV system control strategy is based on; the PLL 

algorithm to ensure an accurate and fast grid synchronization, the active and reactive power 

(PQ) controller to generate the demand currents (i.e., ݅ௗ
∗  and ݅௤∗  or ݅∗), and the current controller 

to enable an appropriate and high-quality current injection. It is also obvious that, the response 

of the PLL (i.e., ߠ෠, ݒௗ, and ݒ௤) directly affects the performance of both PQ and current 

controllers and, subsequently, the operation of the complete grid-connected PV system. 

Thus, an investigation on how the proposed CLPF-SOGI PLL affects the performance of the 

grid-connected PV system in terms of the power quality is carried out using Matlab/Simulink 

as shown in Appendix C. In this case study, the conventional PI-current controller in the 

stationary reference frame is used, and the measured grid voltage signal is considered to contain 

dc components. This investigation shows the important influence of accurate synchronization 

on the response of the grid-connected PV system and reveals the considerable enhancement of 

the power quality of the PV system due to the proposed PLL.  

In the simulation results presented in Figure.4.28, the capability of the CLPF-SOGI PLL to 

achieve a robust and accurate operation under the presence of dc offset in the grid voltage signal 

is tested. In this test, a dc offset of 0.05 p.u is deliberately added to the grid voltage signal at 

t=0.1s. To underline the effectiveness of the proposed PLL, a comparison between the 

responses of the proposed and conventional SOGI PLLs is presented. In order to have a sensible 

comparison, both PLLs use the parameters specified in Table 3-1. It can be noted that, the 

proposed PLL is able to completely reject the dc offset and perform a precise estimation of the 

amplitude, frequency and phase-angle of the grid voltage in less than 30ms. On the other hand, 

the accuracy of conventional SOGI PLL in estimating these quantities is highly affected by the 

occurrence of dc components in the grid voltage.  
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Figure 4.28 Simulation results comparing the responses of the CLPF-SOGI and the conventional SOGI 
PLL when the input voltage undergoes a 0.05p.u dc offset: (a) the inverter output voltage, (b) the grid 
voltage, (c) the synchronous dq-axis voltages, (d) the estimated frequency, and (e) the estimated phase-

angle error 
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The results presented in Figure.4.28 demonstrate that, in comparison with the conventional 

SOGI PLL, the proposed CLPF-SOGI PLL estimates precisely the synchronisation signals (i.e., 

 ௤) with a steady-state oscillation-free. These signals are used in the PQ controllerݒ ௗ, andݒ ,෠ߠ

to generate the reference currents, and in the current controller to guarantee a proper operation. 

Therefore, it is expected that the accurate synchronization will enhance the grid connected 

control and, as a consequence, the performance of the entire grid-connected PV system. In order 

to highlight the robustness of the proposed PLL and its effect on the performance of the grid-

connected PV system, a power quality performance comparison is carried out. From the 

simulation results presented in Figure.4.29 (a), it is clear that, since the CLPF-SOGI PLL 

estimates accurately the synchronization signals, as a result, the grid-connected PV system 

injects a high-quality current with a total harmonic distortion (THD) of 1.79%. On the other 

hand, the degraded performance of the conventional SOGI PLL caused by the dc offset, 

increases oscillation on the estimated synchronization signals. This oscillation appears as a 

second-order harmonic in the generated reference current. Consequently, the operation of grid-

connected PV system is greatly affected. As shown in Figure. 4.29(b), the grid-connected PV 

system with a non-robust synchronization method against dc offset, presents a low-quality 

current injection with a THD of 3.23%. This simulation study proves that, the accurate 

synchronization is a key aspect for the power quality of the grid-connected PV systems. 

Notice that, in this simulation, owing to its simple structure, a conventional PI-current controller 

in the stationary reference-frame is implemented. Also, for simplicity the PQ controller which 

is responsible of generating the demand current is not considered in this simulation, however, 

instead the amplitude of demand current is generated manually with the help of the phase-angle 

generated by the PLL as shown in Appendix C.   

A well-known drawback of the implementation of the conventional PI-controllers in the 

stationary reference frame is its inability to track a sinusoidal reference without steady-state 

error. This is due to the time-varying nature of the quantity being controlled. A sample 

simulation result demonstrating the behavior of such a controller is shown in Figure 4.30.  

In order to overcome the limit of such a PI-controller in dealing with a sinusoidal reference, 

instead the PI-controller can be implemented in the synchronous reference-frame. This 

alternative approach to current regulation of single-phase grid-connected inverter in the 

synchronous reference frame will proposed in the next chapter.  
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Figure 4.29. Simulation results for the performance of the grid-connected PV system when the input 
voltage undergoes a 0.05p.u dc offset at t=0.1s, when using (a) the proposed CLPF-SOGI PLL, and (b) the 

conventional SOGI PLL. 
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Figure 4.30. Typical behaviour of a stationary reference frame PI controller 

4.7 Summary 

A strategy to modify the conventional SOGI to alleviate the associated issues with the presence 

of dc component in the input signal has been proposed in this chapter. The proposed CLPF-

SOGI method has been compared with two well-known approaches used to address the problem 

of dc offset in the SOGI-PLL algorithm in order to underline the effectiveness of it. It has been 

observed that, in addition to its ability to reject the dc offset, the proposed CLPF-SOGI offers 

the best degree of attenuation of high-frequency noise and harmonics when compared to the 

other alternative based SOGI techniques. For instant, both conventional SOGI and Karimi’s 

method offer transfer functions whose magnitude- frequency response decays at a rate of -

40.4dB/dec at high-frequencies. While, the transfer function of Ciobotaru’s method decays with 

a slope of -22.7dB/dec at high-frequencies, which seriously degrades the high-frequency 

characteristics of the system. In contrast, the proposed CLPF-SOGI offers a transfer function 

with a slope of -59dB/dec and therefore, produces superior harmonic attenuation capability 

when compared to the other three methods studied in this chapter. The effectiveness of the 

proposed algorithm has been investigated in the frequency domain, before validation with time 

domain simulations.  

In addition, the beneficial effect of the use of an accurate synchronization method on power 

quality of the grid-connected PV system has been also investigated. Results show that, in 

comparison to the conventional SOGI PLL, the proposed CLPF-SOGI PLL enhances the 
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performance of the grid-connected PV system by enabling a high-quality current injection 

regardless of the presence of dc offset in the grid voltage signal. For example, when deliberately 

introducing a dc offset of 0.05 p.u to the grid voltage signal, the proposed CLPF-SOGI PLL 

estimates precisely the synchronization signals required by the current controller with a steady-

state oscillation-free. Consequently, the grid-connected PV system injects a high-quality 

current with no dc current component injection caused by such dc offset, and with a total 

harmonic distortion (THD) of 1.79%, which remains within the limits provided in Table 1-6. 

On the other hand, the inaccuracy of the conventional SOGI PLL in estimating the 

synchronization signals results in both dc current components and second-order harmonic in 

the injected grid current. This leads to a low-quality current injection with dc current component 

of 1.8% exceeding the limits provided in Table 1-5, and a THD of 3.23%. In general, the 

simulation study proves that; the accurate synchronization is a key aspect for the power quality 

of the grid-connected PV systems. 

The next chapter introduces an alternative way of regulating the current of the proposed single-

phase PV system using a PI-current controller implemented in the rotating reference frame (dq 

frame). This will be followed by a chapter that considers the implementation of grid-connected 

PV inverter system, which will be then followed by the experimental results of the proposed 

CLPF-SOGI-PLL as well as the proposed dq current controller validating the obtained 

simulation results. 
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CHAPTER 5                                 

Grid Current Control 

5.1 Introduction 

Control of three-phase power converters in the rotating reference frame (RRF) is now a mature 

and well developed approach. However, for single-phase converters, it is not as well established 

as three-phase applications. This chapter proposes an alternative way for the current regulation 

of single-phase voltage-source converters (VSCs) in the RRF. A review of the methods 

presently employed to control single-phase systems in the RRF is introduced.  The implemented 

test system is described, and the mathematical model for the adopted single-phase system is 

provided. This is followed by a design procedure of the current control loop to fine-tune its 

parameters and evaluate the stability of the whole closed-loop system. A brief review of the 

adopted conventional single-phase dq current control strategy is then given. Finally, the 

proposed simplified dq current control scheme is introduced with its mathematical analysis. 

Note that, the experimental based performance evaluation of the proposed and conventional 

control approaches will be presented in the forthcoming chapters.  

5.2 Background 

Distributed power generation systems (DPGSs) with mainly renewable energy resources such 

as small-scale photovoltaic and wind generation systems, has increased during recent years.  In 

such applications, a voltage-source inverter (VSI) is interfaced to the utility grid through a low-

pass filter, and a current control strategy. The control strategy is adopted by the VSI to regulate 

its output current and to provide a high-quality power exchange with the single-phase utility 

grid [2, 131]. Significant research has been conducted in the recent years on the current control 

of single-phase VSIs, and several advanced control strategies have been proposed. These 

control strategies include, hysteresis, predictive, deadbeat, proportional–integral (PI) and 

proportional–resonant (PR)-based control approaches [132-137]. 

Generally speaking, these control strategies can be classified into two major categories: 1) 

stationary reference frame (StRF) based controllers and 2) rotating reference frame (RRF) based 
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controllers. Among the StRF controllers, the use of a classical proportional-integral (PI) 

controller is considered as the most conventional approach, owing to its simple structure and 

digital implementation. However, it exhibits a well-known drawback of the inability to track a 

sinusoidal reference without steady-state error. This is due to the time-varying nature of 

quantity being controlled [22, 23]. Thus, other approaches such as StRF-based proportional-

resonant (PR) control have been proposed [132, 133, 137]. The PR control has shown 

superiority in tracking ac reference signals in the stationary frame with zero steady-state error. 

This control approach is based on providing an infinite gain at the target frequency to eliminate 

steady-state error at that frequency, which is equivalent to having infinite gain in a PI-controller 

at dc [24, 25]. Although it is relatively simple to implement while providing satisfactory 

performance, PR control has several drawbacks, including an exponentially decaying response 

during step changes, its  sensitivity to small variations in the interfaced-grid frequency, and the 

possibility of instability due to a small phase shift introduced by the used current sensors [24, 

132].  

In order to overcome the limit of a conventional StRF-PI controller in dealing with sinusoidal 

reference, the PI controller is implemented in the RRF. In an RRF, usually referred to as a dq 

frame, ac (time varying) quantities appear as dc (time invariant) quantities. This allows the 

controller to be designed as would be for a dc–dc converters, presenting infinite control gain at 

the steady-state operating point, and leading to zero steady-state error [24, 25]. The RRF-PI 

controller has been efficiently used for the current control of three-phase systems to obtain zero 

steady-state [25-28]. However, they encounter shortcomings when utilized in single-phase 

systems. In such systems, the use of RRF-PI controllers is not possible unless a fictitious 

quadrature signal is produced to form a two-axis environment (i.e.,αβ) [24, 29]. In the technical 

literature, many attempts have been reported to obtain the required orthogonal signal [9, 91, 94, 

96, 98, 138]. The transfer delay technique is the earliest proposed method of obtaining the 

desired orthogonal signal by delaying the circuit variables by one quarter cycle of the 

fundamental period [91]. This method is simple and easy to implement, but phase shifting the 

real components to create the orthogonal signals may deteriorate the transient response of the 

system, as the real and fictitious axes do not run concurrently. Another approach proposes the 

use of differentiation to create the second set of phase variables [98]. However, the noise 

amplification caused by derivative function can significantly deteriorate the system 

performance under distorted grid voltage conditions. In [94] a Hilbert- transform, also called a 
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‘quadrature filter’, is presented. The main drawback of this approach is the high complexity and 

computational requirements for the control system. Estimation techniques such as Kalman filter 

method is proposed in [96]. Despite the advantages they offer, these techniques suffer from 

high complexity, and computational load. An all-pass-filter is proposed in [9] , but, the 

performance can be degraded with line-frequency harmonics. In [138] , the authors developed 

a fictitious-axis emulation technique to create the imaginary circuit with a fictitious axis running 

alongside with the real circuit, which helps to improve the poor dynamics of the conventional 

approach.  

Shortcomings exist in all the orthogonal signal generation methods presented earlier due to 

phase delay, noise amplification; and complicated design and implementation effort. To 

overcome these limitations, a novel quasi-RRF-PI controller for single-phase systems is 

proposed. This is based on the so-called unbalanced d-q transformation which was originally 

presented in [104] for single-phase  PLL systems. In this technique, the β-axis component of 

the controller is forced to zero, eliminating the need for the generation of such an orthogonal 

component. This is achieved while retaining all the advantages of operating in the rotating dq 

frame, i.e., zero steady-state error and ease of implementation. Besides, a superior dynamic 

performance compared to that of the conventional delay-based approach is achieved.  

5.3 Current Regulation with PI Controller in the RRF 

Figure.5.1 shows the schematic diagram of the study system, which consists of a single-phase 

VSI connected to the utility grid via an LCL filter. The filter is composed of an inverter-side 

inductor L1, a parallel capacitor Cf, and a grid-side inductor L2. The internal resistance of L1 and 

L2 are represented by R1 and R2, respectively.  

 

Figure 5.1. The schematic of a single-phase five-level diode-clamped grid-connected inverter test system 
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Since the proposed control scheme for single-phase VSIs is mainly based on the technique of 

vector control of three-phase systems, this method is briefly explained first. The vector control 

strategy based on simple PI-controllers is well-known and widely studied in the literature [28, 

139, 140]. In the following, this control scheme is briefly reviewed. 

5.3.1 Mathematical Model 

In the following, a mathematical model of the single-phase system shown in Figure.5.1 is 

described. A structural diagram is derived, which is adopted for the design of both conventional 

and simplified controllers in the rotating reference frame (RRF). It is worthwhile mentioning 

here that, the DC-side dynamics of Figure. 5.1 are neglected, and it is assumed that the DC-link 

capacitor voltages are balanced and fixed at a desired level by connecting in series four 

independent ideal DC power supplies. Hence, a controller is not needed to regulate the DC-link 

voltage. Otherwise, an outer controller can be introduced to regulate the DC-link voltages and 

to generate the reference current ݅௥௘௙,ௗ accordingly.  

Based on the system shown in Figure.5.1, the dynamics of the ac side of the test system can be 

described as: 

 

൞

௜௡௩ݒ ൌ ܴଵ݅ଵ ൅ Sܮଵ݅ଵ ൅ ௖௙ݒ
௖௙ݒ ൌ ܴଶ݅ଶ ൅ ଶ݅ଶܮܵ ൅ ௚௥௜ௗݒ

݅ଵ ൌ ݅ଶ ൅ ௙ܥ
௖௙ݒ
ܵ

 (5.4) 

where, ௜ܸ௡௩, ௖ܸ௙, ௚ܸ௥௜ௗ, ݅ଵ, and ݅ଶ represent the inverter terminal voltage, the capacitor voltage, 

the utility grid voltage, the converter-side current and the grid current, respectively. 

In the following, the influence of the Cf capacitor of the LCL filter in the current control design 

will be neglected since it only deals with the high frequency switching ripple components. In 

fact, at frequencies lower than half of the resonance frequency, the LCL-filter inverter and the 

L-filter inverter models are practically the same as shown in Figure 5.2. Hence, the frequency 

characteristic is equivalent to that of a filter made by the sum of the inverter and grid-side 

inductors (L1+L2). Therefore, the vector control for the proposed system is similar to that used 

for a VSC with an L filter [11]. 
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Figure 5.2. Frequency characteristics of (i/v) of the LCL filter 

Thus, in the α-β frame, the single-phase grid connected inverter equation (5.1) is simplified into 

(5.2). 

 
൝
௜௡௩ݒ
ఈ ൌ ሺܴଵ ൅ ܴଶሻ݅ఈ ൅ ܵሺܮଵ ൅ ଶሻ݅ఈܮ ൅ ௚௥௜ௗݒ

ఈ

௜௡௩ݒ
ఉ ൌ ሺܴଵ ൅ ܴଶሻ݅ఉ ൅ ܵሺܮଵ ൅ ଶሻ݅ఉܮ ൅ ௚௥௜ௗݒ

ఉ  (5.2) 

Based on (5.2), a structural diagram of the system in the SRF (α-β frame) is drawn as in Figure. 

5.3.  

 

Figure 5.3. Structural diagram of the test system in the SRF (αβ-frame)  

Note that, the superscript s denotes the quantities in the αβ frame. 

Further, after applying a stationary-to-synchronous transformation to (5.2) according to ݔௗ௤ ൌ

 ఈఉ݁ି௝ఠ௧ , the dynamic of the ac-side variables expressed in the dq frame, areݔ
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ቊ
௜௡௩ݒ
ௗ ൌ ሺܴଵ ൅ ܴଶሻ݅ௗ ൅ ܵሺܮଵ ൅ ଶሻ݅ௗܮ െ ߱ሺܮଵ ൅ ଶሻ݅௤ܮ ൅ ௚௥௜ௗݒ

ௗ

௜௡௩ݒ
௤ ൌ ሺܴଵ ൅ ܴଶሻ݅௤ ൅ ܵሺܮଵ ൅ ଶሻ݅௤ܮ ൅ ߱ሺܮଵ ൅ ଶሻ݅ௗܮ ൅ ௚௥௜ௗݒ

௤  (5.3) 

The system in the RRF based on (5.3) is diagrammatically illustrated in Figure.5.4, containing 

the typical coupling terms. 

 

Figure 5.4. Structural diagram of the test system in the RRF 

Adopting (5.3), in order to achieve a decoupled control of id and iq, the terminal voltage 

produced by the inverter should be controlled as follows: 

 
ቊ
௜௡௩ݒ
ௗ ൌ ஼ݒ

ௗ െ ߱ሺܮଵ ൅ ଶሻ݅௤ܮ ൅ ௚௥௜ௗݒ
ௗ

௜ܸ௡௩
௤ ൌ ஼ݒ

௤ ൅ ߱ሺܮଵ ൅ ଶሻ݅ௗܮ ൅ ௚௥௜ௗݒ
௤  (5.4) 

where, ݒ஼
ௗ and ݒ஼

௤ denote the control signals of the d and q axes in the RRF respectively, while 

߱  is the nominal grid frequency (rad/s).  

Substituting ݒ௜௡௩
ௗ  and ݒ௜௡௩

௤  from (5.4), into (5.3), yields the following decoupled system: 

 
ቊ
஼ݒ
ௗ ൌ ሺܴଵ ൅ ܴଶሻ݅ௗ ൅ ଵܮሺݏ ൅ ଶሻ݅ௗܮ
஼ݒ
௤ ൌ ሺܴଵ ൅ ܴଶሻ݅௤ ൅ ଵܮሺݏ ൅ ଶሻ݅௤ܮ

 (5.5) 

As a result, the transfer function of the decoupled plant can be derived as 

 
ሻݏ௉ሺܩ ൌ ሺ݅ௗ ஼ݒ

ௗሻ⁄ ൌ ሺ݅௤ ஼ݒ
௤ሻ ൌ

1
ሺ்ܴ ൅ ሻ்ܮݏ

ൗ ൌ
௣௟௔௡௧ܭ

ሺ1 ൅ ߬௉ݏሻ
 (5.6) 

where the time constant of plant ߬௉ ൌ ்ܮ ்ܴ⁄ , and the gain of plant ܭ௉௟௔௡௧ ൌ 1 ்ܴ⁄ . 
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From (5.6), it should be noted that, since ݅ௗ and ݅௤ respond to ݒ஼
ௗ and ݒ஼

௤ through a simple first-

order transfer function, the control rule of (5.4) is completed by defining feedback loops with 

simple first order PI-controllers. Based on (5.4), the structural diagram of a conventional current 

regulator based on PI-controllers is illustrated in Figure. 5.5, in which the voltage feed-forward 

௚௥௜ௗݒ)
ௗ 	and ݒ௚௥௜ௗ

௤ ) and the coupling terms (߱ሺܮଵ ൅  .ଶሻ) are shownܮ

 
Figure 5.5. Structural diagram of the decoupled dq current controller 

In the next section, the design procedure of the PI controllers in the RRF (i.e., dq frame), 

alongside with their associated control loops are detailed.  

5.3.2 Current Control Loop 

A block diagram of the corresponding current control loop in the dq frame is depicted in Figure. 

5.6. Note that, since the d and the q current loop controllers are identical, the subscripts d,q 

were dropped. 

i

vCGPI (s)
iɛ

-

iref
GD (s) GP (s)

i

Go.l (s)

vD

 
Figure 5.6. Block diagram of current control loop. 
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In order to achieve the pre-specified dynamics, a conventional PI current controller is adopted 

which is represented by ܩ௉ூሺݏሻ and defined as 

ሻݏ௉ூሺܩ  ൌ ሺݒ஽ ݅ఌሻ⁄ ൌ ൬
݇௣ݏ ൅ ݇௜

ݏ
൰ ൌ

݇௣ሺ1 ൅ ߬௜ݏሻ

߬௜ݏ
 (5.7) 

where ߬௜ ൌ ݇௣ ݇௜⁄ , is the time constant of controller, ݇௣ and ݇௜ are the PI-controller gains. 

The transfer function ܩ஽ሺݏሻ represents the delays present in the current control loop due to 

operation of the PWM (0.5 ௦ܶ), together with the computational device ( ௦ܶ), where ௦ܶ is the 

sampling time [11]. The two delays can be grouped together to form a first order element, as 

described in (5.8). 

ሻݏ஽ሺܩ  ൌ ሺݒ஼ ⁄஽ሻݒ ൌ
1

1 ൅ 1.5 ௦ܶݏ
 (5.8) 

Then, the controller is designed based on the open-loop transfer function ܩ௢௟ሺݏሻ, as shown in 

Figure. 5.6, which can be presented as 

ሻݏ௢௟ሺܩ  ൌ ሺ݅ ݅ఌሻ⁄ ൌ .ሻݏ௉ூሺܩ .ሻݏ஽ሺܩ ሻݏ௉ሺܩ 			

ൌ ቆ
݇௣ሺ1 ൅ ߬௜ݏሻ

߬௜ݏ
ቇ ൬

1
1 ൅ 1.5 ௦ܶݏ

൰ ൬
௉௟௔௡௧ܭ

ሺ1 ൅ ߬௉ݏሻ
൰ 

(5.9) 

By choosing the PI-controller time constant ߬௜ equal to that of the dominant time constant of 

the plant ߬௉, allows the simplification of (5.9), leading to  

ሻݏ௢௟ሺܩ  ൌ ൬
݇௣. ௣௟௔௡௧ܭ

߬௜ݏሺ1 ൅ 1.5 ௦ܶݏሻ
൰ (5.10) 

As a consequence, the dominant pole of the system is cancelled; making the closed-loop transfer 

function of the system in Figure. 5.6 becomes second order as 

 
ሻݏ௖௟ሺܩ ൌ 	ቆ

ሻݏ௢௟ሺܩ
1 ൅ ሻݏ௢௟ሺܩ

ቇ ൌ ൮

2݇௣
3 ௦்ܶܮ

ଶݏ ൅ 2
3 ௦ܶ

ݏ ൅
2݇௣
3 ௦்ܶܮ

൲ (5.11) 

This means that 

 

ە
۔

௡ଶ߱ۓ ൌ
2݇௣
3 ௦்ܶܮ

௡߱ߞ ൌ
1
3 ௦ܶ

 (5.12) 
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For a selected damping factor ߞ, the proportional ݇௣ and integral ݇௜ gains of the PI-controller 

can be expressed as 

 

ە
۔

௣݇ۓ ൌ
்ܮ

ଶߞ6 ௦ܶ

݇௜ ൌ
்ܴ
ଶߞ6 ௦ܶ

 (5.13) 

The adjustment of the current regulators according to (5.11) and (5.13) provides a good control 

of the overshot to the step change in the reference. Choosing to have the system to be optimally 

damped by setting the damping factor ߞ in (5.13) to be (0.707), this results in an overshoot of 

about 4% as shown in Figure. 5.7. 

 
Figure 5.7. A step response of (5.11) for 0.707= ࣀ 

5.4 Conventional Single-phase dq Current Controller 

The structural diagram of the conventional single-phase dq controller is shown in Figure.5.8, 

in which the fictitious orthogonal current component ݅ఉ is obtained by delaying the real 

components ݅ఈ by a quarter of the fundamental period. The measured and the shifted current 

components are first fed into a αβ–dq transformation, and a conventional dq current controller 

shown in Figure. 5.5, with decoupling strategy implemented. Then, the resulting control signals 

௜௡௩ݒ
ௗ  and ݒ௜௡௩

௤  are transformed back to the α-β frame to obtain the corresponding ac control 

signals. Typically, the α component (ݒ௜௡௩
ఈ ) of the control signal is employed and fed into the 

pulse-width modulation (PWM) stage, while the ݒ௜௡௩
ఉ  component is neglected.  



 Grid Current Control                                                                                      Chapter 5 

116 

 

OSG
i

iα

iβ

αβ

dq

vgrid CLPF-
SOGI

vα

vβ

αβ

dq

id

iq

vgrid
d

vgrid
q

SRF-PLL

iref,d

iref,q vgrid
q

vgrid
d

αβ

dqvinv
d

vinv
q

vinv
α =vinv

vinv
 β

To PWMdq Current 
controller

̂

̂̂

̂

 

Figure 5.8. Structural diagram of the conventional single-phase dq controller 

It is worth remarking that, a single-phase phase-locked loop based on (CLPF-SOGI-PLL) which 

was introduced in the previous chapter is adopted to generate the reference phase angle ߠ෠, which 

is required for the αβ–dq and the dq-αβ transformations as depicted in Figure. 5.8. Also, an 

OSG such as the CLPF presented earlier in Chapter 4, can be utilised as a means of generating 

the orthogonal current ݅ఉ required for this controller.  

This approach is rather simple and straightforward; however, phase shifting the current to create 

the required orthogonal signal tends to deteriorate the transient response of the system, as the 

real and fictive components do not run simultaneously. Consequently, any transient in the real 

physical component is also experienced in the fictitious orthogonal component a quarter of 

fundamental period later. Since the reference current is subject to frequent step changes, 

delaying the current deteriorates the dynamics of the system and makes it slower and oscillatory 

[24] . To avoid this shortcoming, a simplified dq current control strategy based on the so-called 

unbalanced d-q transformation is proposed. 
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5.5 Simplified Single-phase dq Current Controller 

The control strategy of the previous section necessitates a αβ–dq transformation, which, in 

single-phase systems, is not applicable because there is only one phase variable available, while 

this transformation needs at least two orthogonal variables. Therefore, to make the 

aforementioned current control strategy applicable to single-phase systems, a fictitious 

component orthogonal to the existing physical component should be created. Typically, this is 

achieved by phase shifting the measured real signal such that the physical and fictitious signals 

together form the αβ-frame. As emphasised earlier, the introduction of such delay in the system 

deteriorates the transient response of the system, which becomes slower and oscillatory. 

To tackle the aforementioned drawbacks, a simplified dq current control scheme as shown in 

Figure. 5.9, is proposed. This approach is simply based on forcing the fictive β-axis component 

to remains zero all the time when transforming both reference and actual ac current signals 

(i.e.,݅௥௘௙,ఈ and ݅ఈ). 

The transformations from the stationary frame αβ to the rotating frame dq and vice versa are 

given by (5.14)  

 

ە
ۖ
۔

ۖ
ۓ ൤
݀
൨ݍ ൌ ൤

ሻߠሺݏ݋ܿ ሻߠሺ݊݅ݏ
െ݊݅ݏሺߠሻ		ܿݏ݋ሺߠሻ

൨ . ቂ
ߙ
ቃߚ

ቂ
ߙ
ቃߚ ൌ ൤

	ሻߠሺݏ݋ܿ 		െ݊݅ݏሺߠሻ
ሻߠሺ݊݅ݏ ሻߠሺݏ݋ܿ

൨ . ൤
݀
൨ݍ

 (5.14) 

Since the β-axis is forced to be zero all the time, a simplification will result in the current control 

loop system as follows 

Using the estimated phase angle provided by the PLL ߠ෠, a reference current ݅௥௘௙,ఈ can be 

defined as 

 ݅௥௘௙,ఈ ൌ ܫ  ෠ሻ  (5.15)ߠሺݏ݋ܿ

Applying the dq transformation in (5.14) with (θ=ߠ෠), two reference currents in the dq frame 

can be determined as 

 
൤
݅௥௘௙,ௗ
݅௥௘௙,௤

൨ ൌ ቈ
෠൯ߠ൫ݏ݋ܿ ෠൯ߠ൫݊݅ݏ

െ݊݅ݏ൫ߠ෠൯ ෠൯ߠ൫ݏ݋ܿ
቉ . ቂ

݅௥௘௙,ఈ
0

ቃ (5.16) 
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Figure 5.9. Structural diagram of the simplified single-phase dq controller 

The actual measured current ݅ఈ is defined as in (5.17) 

 ݅ఈ ൌ ݅ ൌ ௠ܫ  ෠ሻ  (5.17)ߠሺݏ݋ܿ

which results in two currents in the dq frame as 

 
൤
݅ௗ
݅௤
൨ ൌ ቈ

෠൯ߠ൫ݏ݋ܿ ෠൯ߠ൫݊݅ݏ

െ݊݅ݏ൫ߠ෠൯ ෠൯ߠ൫ݏ݋ܿ
቉ . ቂ݅ఈ

0
ቃ (5.18) 

As a consequence, the steady state errors in the dq frame (i.e.,ƹௗ and ƹ௤) are given by (5.19)  

 

ە
ۖۖ

۔

ۖۖ

ۓ ƹௗ ൌ ݅௥௘௙,ௗ െ ݅ௗ ൌ ൣ݅௥௘௙,ఈ ෠൯൧ߠ൫ݏ݋ܿ െ ൣ݅ఈ ෠൯൧ߠ൫ݏ݋ܿ

ൌ ሺ݅௥௘௙,ఈ െ݅ఈሻܿݏ݋൫ߠ෠൯

ƹ௤ ൌ ݅௥௘௙,௤ െ ݅௤ ൌ ൣെ݅௥௘௙,ఈ ෠൯൧ߠ൫݊݅ݏ െ ൣെ݅ఈ ෠൯൧ߠ൫݊݅ݏ

ൌ ሺ݅ఈ െ ݅௥௘௙,ఈ ሻ݊݅ݏ൫ߠ෠൯

 (5.19)
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Note that, for both current regulation schemes, and to prevent integral windup and unnecessary 

PWM over modulation, the integral term and overall output control signal are clamped by the 

saturation blocks of Anti-Windup and PWM Limit respectively.  

5.6 Summary 

Linear direct-quadrature (dq) PI-controllers are generally accepted due to their high 

performance compared to that of stationary αβ-frame controllers. This is because of they 

operate on dc quantities, achieving zero steady-state error. In single-phase systems, however, 

PI-based dq controllers cannot be directly applied due to the reduced number of input signals 

available compared to three-phase systems. The common approach in single-phase systems is 

to create a synthesized phase signal orthogonal to the fundamental of the real single-phase 

system. This is to obtain dc quantities by means of a stationary-frame to rotating-frame 

transformation. The orthogonal imaginary quantities in common approaches are obtained by 

phase shifting the real components by a quarter of the fundamental period. The introduction of 

such a delay in the system deteriorates the dynamic response, which becomes slower and 

oscillatory. In this thesis, an alternative controller scheme which is referred to as the simplified 

dq controller is proposed. The proposed scheme does not require orthogonal quantities to be 

generated, making it easier to be implemented. In this chapter, it was decided to omit a 

simulation study because the area was not part of the central research theme and therefore 

experimental results alone are considered sufficient. In this regard, the simplified dq control 

method will be experimentally evaluated and compared to the conventional delay-based dq 

control method in Chapter 8.  

The following chapter will describe in detail the implementation of a grid-connected PV 

inverter system.  
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CHAPTER 6                                  

Implementation of Grid-Connected PV 

Inverter System  

6.1 Introduction 

This chapter considers the implementation of a grid-connected PV inverter system for the 

experimental phase of the research work. An overview of the grid-connected experimental 

hardware is presented, followed by a detailed description of the system individual components 

and the microcontroller platform.  

6.2 Overview of Experimental Grid-Connected PV Inverter System 

 

Figure 6.1. Test rig for experimental grid-connected PV inverter system. 

The test bench shown in Figure.6.1 is set up in the Electrical Power (EP) laboratory at 

Newcastle University in order to experimentally evaluate the proposed CLPF-SOGI-PLL 

algorithm along with both dq current control methods developed in previous chapters.  
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Figure.6.2 shows in some details the circuit layout of the experimental test rig for the grid 

connection of a five-level diode-clamped inverter. The circuit consists of four series connected 

DC power supplies, which provide the DC link voltage required for the inverter. The inverter 

feeds an LCL filter, the output of which is coupled to the distribution grid via a variac and an 

isolation transformer. During the experimental work, a microcontroller system was employed 

to control the output current of the inverter system. This involved synchronization to the utility 

grid using an improved phase-locked loop (PLL). In the following sections, the individual 

experimental hardware components are briefly introduced. 

6.3 DC Power Supply 

For the five-level diode clamped inverter described earlier in Chapter 1, to be interfaced to the 

230V mains supply, it is appropriate to have a DC bus voltage in the region of 800V. However, 

due to the absence of an actual solar array in the (EP) laboratory that can provide such a DC 

voltage level, DC supply sources are to be used instead. The DC supply sources are able to 

provide a relatively stiff DC voltage, and therefore acts equally to the controlled voltage output 

of the boost converter stage of a conventional, commercial grid connected inverter system. For 

the correct operation of this topology, it is required to maintain equal DC-link voltage levels; 

thus, four independent DC power supplies are to be connected series and utilized for this 

purpose as shown in Figures. 6.1 and 6.2. Although the experimental test rig was first designed 

to operate at the nominal grid voltage, due to economic factors associated with the project, a 

reduced DC voltage of 280V was used throughout the experimental test which results in about 

85V on the grid side instead of 230V. It is worth remarking that, four blocking diodes (6A, 

200V) as shown in Figure. 6.2 are placed between these DC power supplies and the inverter 

DC link to protect the power supplies by preventing reverse current flowing into the DC power 

supplies as they are not designed for sinking power. Also, an emergency stop button shown in 

Figure. 6.1 can be pressed to safely isolate the experimental inverter system in the case of 

emergency. 
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Figure 6.2. Circuit layout of the experimental grid-connected PV inverter system 
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6.4 Experimental Five-level Diode-clamped Inverter Module  

An experimental five-level diode-clamped inverter board was built as a grid-connect power 

inverter to investigate the interaction between a PV inverter system and the utility grid when 

the proposed CLPF-SOGI-PLL and the dq current control schemes are adopted. A photograph 

of the inverter module is shown in Figure. 6.3.  

 

Figure 6.3. Five-level Diode-clamped Inverter 

The inverter unit is rated for any DC link voltage up to 800V; compatible with a mains AC 

output voltage of 230V. Four polarized aluminium electrolytic capacitors (C1-C4) rated for 

250V DC (1000μF each) are connected in parallel across the DC link to smooth out the low 

frequency voltage ripple on the DC link. Additionally, four multi-layer ceramic snubber 

capacitors (C5-C8) (100nF each) are connected in parallel across the DC link for the purpose 

of filtering high frequency components. Furthermore, four 150 kΩ voltage sharing resistors 

(R1-R4) are also connected in parallel with these capacitors to ensure equal voltage sharing 

between the capacitors. The five-level inverter itself is made up eight STP17NF25 power 

MOSFET devices, with the following specifications: VDS=250V, VGS=±20V, ID=17A, and 

TJ(MAX)=150ºC, and twelve 15ETH03PBF ultrafast recovery diodes were used as the clamping 

diodes. In order to provide adequate passive cooling at the desired power level, all MOSFETs 

and diodes are to be directly mounted on heat sink as shown in Figure. 6.3. It should be pointed 

out that, the voltage sharing resistors are not actually required in the case when independent 

series connected DC power supplies are used to balance the DC-link voltage. Voltage sharing 
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resistors tend to be used in two-level converters with a single DC-link supply. They would also 

be necessary in multilevel converters such as flying capacitors type which has one supply. 

6.5 Controller Details 

A Texas Instruments eZdspTM F28335 floating point microcontroller board is employed for 

controlling the experimental grid-connected PV inverter system. This DSP has the advantage 

of fast processing, with hardware features such as high speed clock, off-chip SRAM memory, 

a built-in PWM generating circuit, RS-232 serial interface, etc. Together with the software 

development environment; it can meet the application requirements.  

A standard general purpose power interface board designed at Newcastle University is used to 

provide an interface between the microcontroller board and the power circuit hardware. The 

main functions used in this project are: 

 Gate drive interface: The gate drive interface includes connections of 6 pairs of eZdsp 

PWM signals to be interfaced to 6 external gate drive boards provided. Each interface 

includes two PWM signals. Also, two fault reset signals (Reset-A and Reset-B) are 

included on the gate driver connectors for fault indication function. 

 Sensor Interface: Ten identical sensor interface circuits are included on the board, allowing 

different connection of current and voltage sensor signals to the processor ADC inputs via 

an op-amp. Six of these circuits are connected to sensor out-of-range trip circuits; in order 

to provide both overcurrent and overvoltage protection capability as will now be explained 

next. 

 Sensor out-of-range trip circuit: This circuit employs six voltage window detector circuits 

to detect if the sensor reading goes out of normal range. In this work, four of these circuits 

(WD1-WD4) are connected to four voltage sensor interface circuits to facilitate fast 

hardware over-voltage protection across the DC link capacitors by monitoring the DC-link 

voltages, and ensuring that the voltage of each capacitor does not exceed the desired level. 

In addition, and in order to protect the inverter circuit against overcurrent, the remaining 

two window detector circuits (WD5-WD6) are used as over-current trip by connecting 

them to the inverter and the grid current sensor interface circuits. The upper and lower 

limits of the voltage window detector are set using a pair of trim pot variable resistors. The 
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dual signal voltage comparator is connected to a trip zone input signal on the DSP which 

can be used to disable the PWM outputs.  

 Digital to Analogue (DAC) Converter: A 12-bit DAC is provided to allow access to internal 

software signals in real-time when the controller is still operating. A TLV 5604 SPI DAC 

is used to provide 4 DAC output channels.  

 

Figure 6.4. General Purpose Power Interface Board; (1) Gate drive interface, (2) Sensor Interface, (3) 
Sensor out-of-range trip circuit, (4) Digital to Analogue (DAC) Converter, (5) Shaft Encoder Interface, (6) 

Relay Circuits, and (7) General Analogue Interface  

In addition to the above mentioned functions, there are also other features such as a shaft 

encoder interface, on-board relays, and a general analogue interface, (not used for this research). 

The general purpose power interface board including the above mentioned features is shown in 

Figure. 6.4. 
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6.6 Gate Drives 

The gate drive signals of the five-level inverter are provided by four identical dual gate drive 

circuit boards as shown in Figure 6.5. Each dual gate drive board contains two identical gate 

drive circuits input control interface circuit (A and B). The gate drive circuits operate as a 

complimentary pair in order to control the two complimentary switches (i.e., S1 and S1′) of the 

five-level inverter. The gate drivers take the PWM switching signals provided by the 

microcontroller module and switch the MOSFETs by applying the gate voltage across 

MOSFET drain and source (VDS). A gate drive module based on ACPL-332J opto-coupled 

driver device is used on this board. The dead-time for the gate driver module is set to be 1us to 

prevent shoot-through of the MOSFETs. 

 

Figure 6.5. Dual gate drive board 

6.7 Voltage and Current Sensors 

For the purpose of output current control, two current sensors are included to measure the 

inverter output and the grid-side currents. One of these values, through the sensor interface, will 

feed into the DSP to serve as feedback signals to the control loop. Also, a voltage sensor is used 

to measure the grid voltage and feed it back to the controller for both the PLL as well as for 

terminal voltage feedforward compensation. These sensors implement hall-effect transducers 

(current: LEM CAS15-NP, voltage: LEM LV25-P) due to their good overall performance, high 

immunity to external interference, and ease of use.  
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6.8 AC-Side Filter 

Higher order LCL filters can provide higher harmonic attenuation capability around the 

switching frequency, leading to a decrease in the size of filter when compared to the traditional 

L filters. Therefore, an LCL filter is connected to the output of the inverter as shown in the 

circuit layout of Figure. 6.2. Further details on the design of this filter can be found in Appendix 

B. The specifications of the LCL filter used in the experimental phase are summarized in Table 

6-1.  

Table 6-1: LCL filter parameters 

Symbol Description Value Unit 

Vgrid Nominal grid voltage (rms) 85 V 

Vdc DC-link voltage 280 V 

f Nominal grid frequency 50 Hz 

fsw Switching frequency 20 kHz 

ig Nominal grid current at 50Hz 5 Arms 

∆ig Grid ripple current at 20kHz 0.5 Arms 

Ploss Total loss of both inductors at full load current ≤ 6 W 

L1 Inverter-side inductor 0.81 mH 

R1 Inverter -side resistor 0.113 Ω 

Cf Parallel capacitor 3.3 µF 

L2 Grid-side inductor 0.14 mH 

R2 Grid-side resistor 0.103 Ω 

 All the above hardware components have been mounted together in an enclosure as shown in 

Figure. 6.6.   

6.9 Variac and Isolation Transformer 

The five-level diode clamped inverter is coupled to the supply network through a variac and an 

isolation transformer. An isolation transformer is included to protect the mains supply from any 

excessive DC current components that might arise at the inverter output due to the experimental 

nature of the work, while, the variac is included to allow variable control over the voltage at the 

inverter output circuit. This allows initial experimental work to be carried out at low voltage 

levels. Once deemed to be working, the variac is turned up for further testing at a desired voltage 

level. 
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Figure 6.6. Five-level diode-clamped inverter system including: 1) Power interface board. 2) Dual gate 

drive boards. 3) Voltage sensor boards. 4) Current sensor boards. 5) Five-level diode-clamped inverter 6) 
LCL filter 7) Control board PSU 

6.10 Software Development Environment 

The Code Composer Studio, a development environment supplied with the eZdsp board is used 

to programme and debug the real-time control code. To control the microcontroller in real-time 

operation, a user control panel LabVIEW-TM is used to communicate in a safe way with the DSP 

via an RS232 serial interface. The test and control information are uploaded to the DSP and the 

system parameter measurements are downloaded from the DSP during the operation. 

6.11 The implementation of the PLL based CLPF-SOGI  

The grid-connected PV inverter system must operate in a unity power factor with respect to the 

network voltage. In this thesis, this is achieved by implementing a Phase-Locked Loop (PLL). 

In the previous chapters, the whole PLL system as shown in Figure.6.7 was represented in the 

s-domain. However, since the experimental implementation of the grid-connected PV system 
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is to be realized and executed in digital signal processor environment; hence a discrete-time 

model of the whole PLL system is to be developed to facilitate such an implementation. 

In order for the digital implementation response to correspond to the theoretical studies, it is 

very important to make a correct discretization to optimize their behaviour. Thus, in the 

following, a digital implementation of the PLL system will be carried out. 
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v LF
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CLPF-SOGI vd 

̂̂̂
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Figure 6.7. Block diagram of the proposed CLPF-SOGI based PLL in the s domain 

6.11.1  Discretization of the conventional SOGI 

As presented earlier in Chapters 3 and 4, the SOGI proved to be a very promising candidate for 

providing the orthogonal voltage system to an embedded SRF-PLL. However, its discrete 

implementation needs special attention. Various methods can be used to discretize the continuous 

time system, such as backward Euler, forward Euler and Trapezoidal (Tustin) [141]. Due to its 

simplicity and reduced computational requirements when implemented digitally, Euler’s 

method is considered to be the most preferred method to obtain a discrete-time integrator [97, 

141]. For the Euler Forward method, s is approximated by ൌ ଵି௭షభ

ೞ்௭షభ
 , while for the Backward 

Euler method, s is approximated by ݏ ൌ ଵି௭షభ

ೞ்
, where ௦ܶ is the sample period. Consequently, 

the conventional OSG-SOGI structure presented earlier in Figure.4.4, can be easily 

implemented in a discrete form using the Euler Forward method for the first integrator (whose 

output is ݒఈ), and the Backward Euler method for the second integrator (whose output is ݒఉ). 

This is to avoid an algebraic loop as presented in Figure 6.8. However, the discrete time 

integrator using the Euler method does not have an ideal phase of -90° over all the spectrum of 

frequencies as shown in Figure 6.9. For example, it can be clearly noticed that at a fundamental 
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frequency of 50 Hz, the Forward and Backward Euler methods are not able to provide an exact 

phase of -90°. As a result, the orthogonal signal ݒఉ will not be exactly 90° phase shifted with 

respect to ݒఈ. The solution for this concern, it is to make use of more advanced digital methods 

for the discrete-time integrator. Thus, Tustin’s method is suggested as an alternative method 

since it provides more accurate results when it compared to the Euler method [97, 141]. 
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-
v ɛv

k
kɛv Ts

z-1

Ts z
z-1

̂

 

Figure 6.8. The Euler method implementation of the SOGI-OSG 

 

Figure 6.9. Phase Bode-plot of a discrete-time integrator using Euler-forward, Backward-Euler and 
Tustin’s methods when Ts=50μs  

The Tustin’s method is basically based on the trapezoidal integration formula in which s can be 

approximated by 
ଶ

ೞ்

௭ିଵ

௭ାଵ
  [97, 141]. As it can be noted from Figure 6.9, in comparison to the 

Euler methods, a phase of -90° can be guaranteed using the Tustin’s method for the whole range 

of frequencies. However, this method cannot be applied as directly as the Euler method by just 

exchanging both integrators from Figure 4.4 by 
ଶ

ೞ்

௭ିଵ

௭ାଵ
. The reason is due to algebraic loops that 

may be created which may pose some implementation problems. To overcome this issue, the 
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close-loop transfer function of (4.7) is to be discretized instead. Therefore, by substituting s by 

ଶ

ೞ்

௭ିଵ

௭ାଵ
, into (4.7) the discrete transfer function can be obtained as follows 
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 (6.1) 

After some rearrangements 
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ۖ
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 (6.2) 

Now, by using ܣ ൌ 2݇ ෝ߱ ௦ܶ and ܤ ൌ ሺ ෝ߱ ௦ܶሻଶ, and after some mathematical manipulation 
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 (6.3) 

A simple discrete form of (6.3) is obtained 
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 (6.5) 

This can be simplified as 
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where:  
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൰ ൌ ܾ଴ ൬
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2
൰	 

The implementation of the Tustin’s method using (6.4) and (6.6) is depicted in Figure. 6.10, in 

which ܥ ൌ ሺ2 ௦ܶ ෝ߱ሻ. 
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Figure 6.10. The Tustin’s method implementation of the conventional OSG-SOGI 

Figure.6.11 depicts the frequency response of the conventional-SOGI in both s and z domain 

confirming the correct choice of discretization method. 

 
Figure 6.11. Bod-plots of (5.4) and (5.6) along with (4.7) 
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In order to evaluate the performance of the discrete SOGI when the two above mentioned 

discretization methods of Figure.6.8 and 6.10 are used, a Matlab/Simulink model as shown in 

Appendix C is used. The input voltage signal ݒ is an ideal sinusoid with 50 Hz fundamental 

frequency and amplitude of 100V. As it can be noticed from Figure.6.12, in the case where the 

Euler’s method of Figure.6.8 is implemented as an OSG, and due to the fact that ݒఉ is not 

exactly 90° phase shifted with respect to ݒఈ, a ripple of twice the fundamental frequency appears 

in the estimated quantities of the PLL (i.e., amplitude and frequency of the input signal). On 

the contrary to the Euler’s method, the implementation the Tustin’s method can provide 

significantly superior performance. 

 
Figure 6.12.  Performance comparison when the Euler and the Tustin’s methods are used (a) orthogonal 

signals (ࢻ࢜ and ࢼ࢜),  (b) estimated amplitude and (c) estimated frequency of the input signal v. 
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6.11.2 Discretization of the proposed CLPF 

Since the proposed CLPF-SOGI method described earlier in section 4.4.2, consists of two main 

blocks, a conventional SOGI which has already been discretized in 6.11.1, and a CLPF block 

which is responsible of generating the desired orthogonal signal ݒఉ஼௅௉ி. In the following, the 

CLPF block which is basically composed of two cascaded LPFs will be discretized using 

Tustin’s method owing to its increased accuracy. 

Now, for simplicity let us first consider discretizing only one of the two-cascaded LPFs. In this 

case and based on (4.14), the desired phase lag and compensation gain of each filter will be 

equal to 45° and √2, respectively. Thus, the transfer function of such an LPF in the s domain 

relating the output signal ݕ to the input signal ݔ can be rewritten as 

ሻݏሺܩ  ൌ
ݕ
ݔ
ൌ

√2
ݏ߬ ൅ 1

 (6.7) 

Substituting s by 
ଶ

ೞ்

ଵି௭షభ

ଵା௭షభ
, into (6.7), the discrete transfer function can be approximated as  
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After some arrangements 
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Then by re-arranging (6.10) to generate an expression for the output signal ݕሺ݇ሻ 

ሺ݇ሻݕ  ൌ ܽ൫ݔሺ݇ሻ ൅ ሺ݇ݔ െ 1ሻ൯ െ ሺ݇ݕܾ െ 1ሻ (6.11)

where:  

ܽ ൌ ቆ
√2. ௦ܶ

௦ܶ ൅ 2. ߬
ቇ 							&						ܾ ൌ ൬ ௦ܶ െ 2. ߬

௦ܶ ൅ 2. ߬
൰ 						&						߬ ൌ 1/ ෝ߱ 

The implementation of the Tustin’s method for the CLPF using (6.11) is depicted in Figure. 

6.13. 
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Figure 6.13. The Tustin’s method implementation of the CLPF 

While the complete diagram of the proposed discretized CLPF-SOGI can be illustrated in 

Figure.6.14   

 
Figure 6.14. The Tustin’s method implementation of the proposed CLPF-SOGI 

6.11.3 Discretization of the loop filter (LF) 

It has been pointed out earlier that, the loop filter (LF) is equivalent to a PI-controller. Typically 

this PI-controller is used to attenuate the noise and high-frequency components from the PD 

output (ݒ௤) and to provide a DC-controlled signal component (∆ ෝ߱) for the VCO. A block 

diagram of a typical PI-controller in the continuous domain is shown in Figure. 6.15, where ݒ௤ 

is the PD output signal that needs to be filtered out, and ∆ ෝ߱ is the output control signal which 

is to be added to the fundamental frequency ߱௙௙ before being fed into the voltage-controlled 
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oscillator (VCO). The relationship between the input signal ݒ௤	and output signal ∆ ෝ߱ of the PI-

controller presented in Figure.6.15, can be derived as following 

+vq
kp

ki 1/s

+

̂

 
Figure 6.15. Block diagram of a PI controller in the s domain 
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For simplicity, the Euler backward method is used to discretize the PI-controller. By 

substituting the term s in 6.12 by the term 
௭ିଵ

௭ ೞ்
, the PI-controller discrete transfer function can 

be approximated as 

ሻݖ௉ூሺܩ  ൌ
∆ ෝ߱
௤ݒ

ൌ ݇௣ ൅ ݇௜ ௦ܶ
ݖ

ݖ െ 1
(6.13)

 
∆ ෝ߱ሺ݇ሻ ൌ ݇௣. ௤ሺ݇ሻᇣᇧᇧᇤᇧᇧᇥݒ

∆೛ሺ௞ሻ

൅ ݇௜ ௦ܶ
ݖ

ݖ െ 1
௤ሺ݇ሻᇣᇧᇧᇧᇧᇤᇧᇧᇧᇧᇥݒ

∆೔ሺ௞ሻ

(6.14)

The integral term ∆௜ሺ݇ሻ can be simplified as 

 

∆௜ሺ݇ሻ ൌ ݇௜ ௦ܶ
1

1 െ ଵିݖ
 ௤ሺ݇ሻݒ

ሺ1 െ ଵሻ∆௜ሺ݇ሻିݖ ൌ ݇௜ ௦ܶݒ௤ሺ݇ሻ 

∆௜ሺ݇ሻ െ ଵ∆௜ሺ݇ሻିݖ ൌ ݇௜ ௦ܶݒ௤ሺ݇ሻ 

∆௜ሺ݇ሻ ൌ ݇௜ ௦ܶݒ௤ሺ݇ሻ ൅  ଵ∆௜ሺ݇ሻିݖ

(6.15)

Based on (6.14) and (6.15), the difference equations of the PI-controller suitable for 

implementation in the microcontroller can be rewritten as 
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 ቐ

∆௣ሺ݇ሻ ൌ ݇௣. ௤ሺ݇ሻݒ

∆௜ሺ݇ሻ ൌ ݇௜ ௦ܶݒ௤ሺ݇ሻ ൅ ଵ∆௜ሺ݇ሻିݖ
∆ ෝ߱ሺ݇ሻ ൌ ∆௣ሺ݇ሻ ൅ ∆௜ሺ݇ሻ

(6.16)

The block diagram of the digital PI-controller is depicted in Figure. 6.16. 
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Figure 6.16. Digital implementation of the PI controller used for the PLL 

It is worth it remarking that, in order to prevent integral windup, the integral term is clamped 

by a saturation block (Anti-Windup).  

6.11.4 Discretization of the voltage-controlled oscillator (VCO) 

The voltage-controlled oscillator (VCO) uses the sum of the PI-controller output signal (∆ ෝ߱) 

and the feedforward fundamental frequency ωff, to synthesise a sinusoid with the phase and 

frequency to that of the input signal. A simple block diagram of the VCO in the s domain is 

shown in Figure. 6.17.  

+

+

ωff

1/s
ω^̂ ̂

 
Figure 6.17. Block diagram of the VCO in the s domain 

By applying Z-transformation using Tustin’s method, the following difference equation is 

derived: 
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ሻݏ௏஼ைሺܩ  ൌ
෠ߠ

ෝ߱
ൌ
1
ݏ
→ ሻݖ௏஼ைሺܩ ൌ

௦ܶ

2
1 ൅ ଵିݖ

1 െ ଵିݖ
(6.17)

 
෠ሺ݇ሻሺ1ߠ െ ଵሻିݖ ൌ ௦ܶ

2 ෝ߱ሺ݇ሻሺ1 ൅ ଵሻିݖ

෠ሺ݇ሻߠ ൌ ௦ܶ
2 ൫ ෝ߱ሺ݇ሻ ൅ ଵିݖ ෝ߱ሺ݇ሻ൯ ൅ ଵିݖ෠ሺ݇ሻߠ

(6.18)

The block diagram of the digital implementation of the VCO is depicted in Figure. 6.18. 
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Figure 6.18. Digital implementation of the VCO 

6.12 The implementation of dq Current Controller 

As proposed in Chapter 5, in this thesis a dq current control algorithm is chosen for 

implementation on the DSP system to control the current of the grid-connected PV inverter 

system. This choice is made primarily because the implementation of a dq current controller 

can lead to zero steady-state error when compared with the stationary reference frame PI-

controller. As it can be seen from Figure.6.19, two simple PI-controllers along with the voltage 

feed-forward and coupling terms are involved in the controlling process. The resulting control 

signals (ݒ௜௡௩
ௗ  and ݒ௜௡௩

௤ ), are then transformed back to the stationary reference-frame to obtain 

the corresponding AC control signal (ݒ௜௡௩
ఈ ). The modulation index is then calculated by dividing 

the required converter terminal voltage (ݒ௜௡௩
ఈ ) by the half of dc link voltage, Vdc/2. To prevent 

integral windup and unnecessary PWM over-modulation, the integral term and overall output 

control signals are limited by the saturation blocks Anti-Windup and PWM Limit, respectively. 

The dq current controller is fine-tuned via the proportional and integral gain parameters as 

proposed in Section 5.4.2, to achieve the best output current fidelity as possible. Both identical 

PI-controllers are discretized and implemented in software on the Texas Instrument TMF28335 

processor. The discretization of the PI-control algorithm is the same as that of the PI-controller 

used in conjunction with the PLL which is discretised using the Euler Backward as in Sub-

section 6.11.3. A block diagram of the digital implementation of PI-controllers is illustrated in 

Figure. 6.20. 
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Figure 6.19.  Block diagram of dq current controller in the s domain. 

 

Figure 6.20. Digital implementation of the PI controller used for the dq current control algorithm 

6.13 Pulse width modulation (PWM) set-up 

The in-phase disposition (IDP) PWM scheme described in Chapter 1 is implemented in the 

practical experiments. In these experiments, the PWM has been set-up to produce a carrier 

frequency of 20 kHz. The timing of the PWM hardware is derived from the 150MHz processor 

clock (SYSCLKOUT). This setting results in a modulation index range of 0-3750.  

Figure. 6.21 shows the basic logic for the switching of the five-level inverter. Further details on 

how the PWM set-up for the five-level inverter can be found in Appendix A. 
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Figure 6.21. The switching logic for the five-level inverter 

6.14 Grid Connection Sequence 

Connection to the utility grid is made through the following procedure in conjunction with 

Figures. 6.1 and 6.2.  
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1) Initially set the DC power supplies and the variac to zero volts. In this way, no voltage 

is applied to the DC link of the inverter, and zero network voltage appears at the LCL 

filter system output. 

2) The microcontroller operation is started, which creates PWM signals to control the 

switches and to synchronise the inverter output current to the grid voltage. 

3) The grid-side switch is switched ON so that PLL is connected to the mains supply which 

always has a strong signal regardless of the variac setting. At this point, the variac output 

voltage is kept at zero volts. 

4) Switch ON the DC power supplies, so that a DC link voltage is established at the LCL 

filter input. The current demand of the inverter is set to the desired level. 

5) The current controller is set up to provide a sinusoidal current into the short circuit. 

6) The variac output is now gradually increased whilst monitoring the measured current 

which should stay constant and track its demand. As a result, the effective PCC voltage 

at the inverter output increases. The modulation index should increase as the inverter 

current controller attempts to counteract the applied PCC voltage.  

7) The PCC voltage seen at the LCL filter output is steadily increased by the variac until 

it reaches the rated output voltage for the DC link voltage of the inverter. With 280V 

DC link voltage, a distribution grid voltage of 100 V may be applied to the LCL filter 

system output. 

8) The current demand of the inverter current controller can now be set to the full current 

demand of the inverter system. The controller will now be working in order to inject 

controllable current into the distribution grid. At this point, the inverter is now 

performing fully as a grid connected inverter system, under full rated conditions. 

6.15 Summary 

In this chapter, a description of the experimental test rig used to examine the performance of 

the proposed CLPF-SOGI-PLL technique and the dq current control scheme has been provided. 

Also, an overview of the control unit which is based on an eZdsp F28335 board has been 

presented, detailing the key features of the purpose power interface power. 

In the forthcoming chapters, the performance of the proposed control methods implemented on 

this test rig will be presented. 
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CHAPTER 7                           

Performance Evaluation of                 

The CLPF-SOGI based PLL 

7.1 Introduction 

This chapter presents the experimental results for the CLPF-SOGI-PLL system described in 

Chapter 4 and implemented in Chapter 6. The chapter is split into two main sections. Initially, 

the steady-state performance of the CLPF-SOGI is investigated with particular interest in the 

dc offset rejection and harmonic attenuation capability. To highlight the effectiveness of the 

proposed method, its harmonic profile results are compared with those of the conventional 

SOGI and two other alternative dc rejection methods described in Chapter 4. The second 

section, considers the dynamic performance of the proposed scheme in comparison with the 

conventional SOGI PLL under several grid disturbance tests.    

In the following set of experimental verifications, the desired input grid voltage signal ݒ is 

generated internally within the code in the DSP. It is then sent to the 12-bit external digital-to-

analogue converter (DAC) of the power interface board through the serial peripheral interface 

(SPI) to generate the analogue test signal. Subsequently, this input signal is then acquired by 

the DSP to accomplish the required PLL algorithm. With these arrangements, disturbances 

consisting different grid abnormalities can be easily simulated. Furthermore, the real 

instantaneous phase angle (ߠ) of the generated grid signal can be created internally to compare 

with the estimated phase angle (ߠ෠) so that phase error can be determined. With this provision, 

relative performance examination of algorithm is possible. The selected estimated quantities 

such as amplitude, frequency, and phase-angle are also sent to DAC to be observed by an 

oscilloscope in real-time. In addition, to control the DSP in real-time operation, LabVIEWTM 

software package is used to communicate with the DSP, as well as to implement a Graphical 

User Interface (GUI). This is achieved via an RS232 serial interface between the DSP and the 

host computer. This GUI is programmed to update the required reference disturbance (i.e., grid 

amplitude, frequency, dc offset and so on) and to generate and transfer such a disturbance at a 
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certain time to the DSP. Simultaneously, it also reads and presents important quantities within 

the DSP on the screen for the user in order to save it as a real date to be plotted later. The results 

obtained were for a sampling frequency of 20 kHz. 

Although the operation of the CLPF-SOGI-PLL system will be tested for artificially grid events 

generated within the DSP, the intended mode of operation is to a real grid. To demonstrate this, 

a 240V single phase 50Hz real grid signal with 0.6% dc offset and a THD of 2.93% will be also 

fed into the PLL algorithms implemented on the DSP board to test their performance under the 

real grid signal. 

7.2 Steady-state Performance Evaluation  

In this section, the performance of the proposed CLPF-SOGI scheme in comparison with the 

other techniques that have been discussed in Chapter 4 is evaluated throught a real-time 

experimantal setup described in Chapter 6. This is to verify the effectievenes of the proposed 

techique with a particular interest in the dc offset rejection and harmonic attenuation capability. 

Therefore, a previous simulation test described in section 4.5, with the same specified 

parameters of Table 4-1 and 4-3, is experimentally carried out here to verify the validity of the 

proposed technique. As can be seen from Figure 7.1, the input voltage signal ݒ is highly polluted 

by 15% of the third, and 10% of the fifth harmonic, together with a 20% dc offset, leading to a 

total harmonic distortion (THD) of approximately 18.13%  

 

Figure 7.1. Experimental results of; (a) distorted input voltage waveform v and (b) its harmonic spectrum 
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The orthogonal output waveform ݒఉ and its harmonic content when the input signal ݒ is fed 

into the conventional SOGI-OSG are illustrated in Figure. 7.2. Visibly, the orthogonal signal 

 ఉ is highly affected by the presence of the dc offset in the input signal. The amplitude of thisݒ

offset is equal to the gain k times that of the input dc component in the input signal ݒ (i.e., 

1ൈ0.2=0.2p.u). This is due to the low-pass behaviour of ܩఉሺݏሻ derived in (4.7) for the 

conventional SOGI-OSG. Note that k =2	ߦ , is the SOGI damping factor. 

 
Figure 7.2. Results obtained with the conventional SOGI (a) orthogonal signal (b) its harmonic spectrum 

 
Figure 7.3. Results obtained with the first method of [113] (a) orthogonal signal (b) its harmonic spectrum 
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Figure 7.4. Results obtained with the second method of [114] (a) orthogonal signal (b) its harmonic 
spectrum 

 

Figure 7.5. Results obtained with the proposed CLPF-SOGI (a) orthogonal signal (b) its harmonic 
spectrum 
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pointed out  earlier in Figure. 4.21, the output waveform of ݒఉଵ becomes clearly distorted due 

to the poor attenuation characteristics of this method at frequencies higher than the centre 

frequency ෝ߱. Figure.7.4 then shows the orthogonal signal ݒఉଶ and its harmonic profile when 

the second alternative method of [114] is used as an OSG. The dc offset is effectively rejected 

due to the band-pass filtering characteristics of ܩఉଶሺݏሻ derived in (4.20). Again, the 

performance of this method at frequencies higher than the centre frequency is comparable with 

the conventional SOGI performance. Finally, Figure. 7.5 shows results gained from adopting 

the proposed CLPF-SOGI-OSG; where the smoothest orthogonal waveform among the four 

methods can be clearly observed. Additionally, the dc-offset in ݒఉ஼௅௉ி is completely 

suppressed.  

The harmonic profile for the four methods experimentally examined in this section is gathered 

together in Figure. 7.6. It is obvious that the first alternative method of [113] is more susceptible 

to errors caused by high-frequency harmonics than the other three methods. In addition, since 

the conventional SOGI and the second alternative method of [114] offer a transfer functions 

with similar decay rate at high-frequencies, they present almost similar performance. On the 

other hand, the proposed CLPF-SOGI shows a superior harmonic attenuation characteristic 

when compared with the other methods. 

 

Figure 7.6. Experimental harmonic spectrum of the orthogonal signal generated using four different 
methods 
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Figure.4.27, and DSP as depicted in Figure. 7.6 respectively are shown in Figure. 7.7 for 

comparison.  

  

 

Figure 7.7. Analytical, numerical  and experimental harmonics of (a) the conventional SOGI, (b) the first 
method, (c) the second method, and (d) the proposed CLPF-SOGI 

Note that, there is a good agreement between the analytical, numerical and experimental results 

for all methods, which verifies the validity of the proposed PLL scheme.  
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reference current will be free of any dc components. Also, the total harmonic distortion of the 

synchronization signal will be perfectly improved when compared to the conventional SOGI. 

 
Figure 7.8. Performance of the conventional SOGI in estimating the synchronisation signal: (a) input 

signal and estimated signal, (b) harmonic content of the estimated synchronization signal 

 
Figure 7.9. Performance of the proposed CLPF-SOGI in estimating the synchronisation signal: (a) input 

signal and estimated signal, (b) harmonic content of the estimated synchronization signal 
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the power interface board. This signal is then fed into the PLL algorithms implemented on the 

DSP board to test the performance of both PLLs with the real grid signal. 

It can be observed from the obtained results of Figure. 7.10 that, the estimated quantities by the 

CLPF-SOGI PLL have much lower ripple that those obtained by the conventional SOGI PLL. 

For example, oscillations with ripple of 0.03 p.u in the estimated grid amplitude, and 0.87 Hz 

in the frequency are recorded with the conventional SOGI PLL, while the obtained ripples when 

the CLPF-SOGI PLL is employed are 0.016 p.u and 0.54Hz for the estimated voltage amplitude 

and frequency respectively. The main cause of the relatevily high ripple is due to the presence 

of dc offset in the measured grid voltage signal for which the conventional SOGI is unable to 

reject. 
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Figure 7.10.  Performance of conventional SOGI-PLL and CLPF-SOGI with the real grid voltage signal: 
(a) Input grid voltage, (b) harmonic spectrum of the grid voltage, (c) signals in the synchronous reference 

frame, and (d) estimated frequency. 
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7.3 Dynamic Performance Evaluation under Individual Disturbance Test Cases   

In this group of test cases, the performance of the proposed CLPF-SOGI-PLL algorithm is 

experimentally implemented and assessed under different individual grid disturbances. To 

highlight the effectiveness of the proposed CLPF-SOGI-PLL, the conventional SOGI-PLL is 

also implemented, and its results are compared with those of the proposed technique. The 

considered parameters for both PLLs used in these test cases are shown in Table 7-1. Six 

different test cases are considered, with grid disturbances occurring at t=0.1s. 

Table 7-1 SOGI-PLL and CLPF-SOGI PLL parameters 

Parameter Symbol Value (unit) 
SOGI-OSG gain k 2 
Crossover frequency  ωc 135.86 rad/s 
PLL damping factor  ξ 0.7 

Phase margin PM 44.8° 

PLL Proportional gain kp 135.86 
PLL Integral gain ki 7690 
Settling time  ts 0.045s 
Nominal frequency ω 2.π.50 rad/s 
Input voltage amplitude Vm 1 p.u 
CLPF time constant  τ (1/ ω^)s 
Sampling frequency fs 20kHz 

 

7.3.1 Performance Comparison under Frequency Variation 

To mainly test the frequency adaptive nature of the proposed algorithm, Figure.7.11 shows the 

experimental results when the input signal’s frequency varies between 45 and 55 Hz.  It can be 

observed from Figure. 7.11 that, with the same PLL control gains, the CLPF-SOGI-PLL has 

nearly the same dynamic performance, but with rather faster transient response in comparison 

to the conventional SOGI-PLL (i.e., the 2% settelling time is around 37.5 and 39.1ms for CLPF-

SOGI and conventional SOGI-PLL respectively). It should be highlighted that, in the case 

where small changes in the grid frequency are expected, the steady-state performance of both 

PLLs can be improved by narrwoing the bandwidth of the PLL. This will have another 

advantage of avoiding the issue of large frequency transient that is usually experienced during 

phase jumps, but at the expense of slower dynamic response in PLL system.  
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Figure 7.11.  Performance of conventional SOGI-PLL and CLPF-SOGI PLL when the input voltage 

undergoes frequency step changes: (a) Input voltage, (b) signals in the synchronous reference frame, (c) 
estimated frequency, and (d) estimated phase-angle error. 

7.3.2 Performance Comparison under Phase-angle Jump 

Figure. 7.12 depicts the experimental results, when the grid voltage experiences a phase-angle  

jump of +40°. Due to this disturbance, there is a 0.13 and 0.2 p.u peak voltage amplitude error 

when CLPF-SOGI and conventional SOGI-PLL are used respectively. The correct value of the 

voltage amplitude is estimated after around 31ms for both techniques. As expected, a large 

frequency transient is experienced during this phase jump disturbance. This is due to the 

frequency and phase angle being estimated within a single loop. The overshoot is limited to 

13.4Hz and 16.5Hz for CLPF-SOGI and conventional SOGI PLLs respectively. The 2% settling 

time, i.e., the time after which the PLL phase error reachs and remains within 0.8° of the 
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neighbrhood of zero for CLPF-SOGI and conventional SOGI is approximately 38ms and 41ms 

respectievely. 
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Figure 7.12.  Performance of conventional SOGI-PLL and CLPF-SOGI PLL when the input voltage 
undergoes a phase jump of 40°: (a) Input voltage, (b) signals in the synchronous reference frame, (c) 

estimated frequency, and (d) estimated phase-angle error. 

7.3.3 Performance Comparison under Voltage Sag 

The tranisent response of the proposed CLPF-SOGI and the conventional SOGI-PLLs when 

the grid is subjected to 0.3 p.u voltage sag is shown in  Figure. 7.13. It is clear that in both 

schemes, the voltage amplitude attains the new steady-state value of 0.7 p.u within 

approximately less than one fundamental period. However, the conventional SOGI-PLL shows 

some fluctuation around the steady-state value. In the estimation of frequency, both schemes 

exhibit a relatively high frequency overshoot (3.5Hz) with similar dynamic response with a 

settling time of less than two cycles. Furthermore, the correct value of phase-angle is estimated 

after two cycles.  
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Figure 7.13.  Performance of conventional SOGI-PLL and CLPF-SOGI PLL when the input voltage 
undergoes a voltage-sag of 0.3p.u: (a) Input voltage, (b) signals in the synchronous reference frame, (c) 

estimated frequency, and (d) estimated phase-angle error. 

7.3.4 Performance Comparison under Grid Voltage Harmonics 

The performance of the two PLLs in distorted grid conditions is investigated in this test case. 

A 15% third-harmonic component is injected into the input the grid voltage signal. As 

illustrated in Figure. 7.14, the harmonic distortion causes noticable oscillations in the estimated 

quantities of the PLLs in the steady-state. By comparison, the oscillation in the proposed CLPF-

SOGI-PLL is slightly smaller, with a frequency error of about 3.5Hz. The conventional SOGI 

shows a frequency error of about 3.7Hz. It is worth mentioning that, these oscillations can be 

further attenuated by narrowing the PLL band-width, but at the cost of slower dynamic response 

of the PLL system. 
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Figure 7.14.  Performance of conventional SOGI-PLL and CLPF-SOGI PLL when the input voltage 

undergoes a voltage-sag of 0.3p.u: (a) Input voltage, (b) signals in the synchronous reference frame, (c) 
estimated frequency, and (d) estimated phase-angle error. 
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system [115, 142]. However, using the proposed CLPF-SOGI PLL scheme, the steady-state 

ripple of the estimated quantities are effectively suppressed. As can be seen, the proposed PLL 

quickly rejects the dc offset and as a result, the transient exists only for about one cycle. 
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Figure 7.15. Performance of conventional SOGI-PLL and CLPF-SOGI PLL when the input voltage 

undergoes a 0.01 and 0.05 dc offset: (a) Input voltage, (b) signals in the synchronous reference frame, (c) 
estimated frequency, and (d) estimated phase-angle error. 

 
7.3.6 Performance Comparison with subharmonics added 

Figure.7.16 shows the response of the two implemented PLLs in the presence of 0.1p.u 
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previous case. Besides, the maximum amplitude and phase angle distortion have been greatly 

reduced to less than 0.04p.u and 1.4° respectively.  
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Figure 7.16. Performance of conventional SOGI PLL and CLPF-SOGI PLL when the input voltage 
undergoes a 10% of 1Hz subharmonic: (a) Input voltage, (b) signals in the synchronous reference frame, 

(c) estimated frequency, and (d) estimated phase-angle error. 
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7.4 Dynamic Performance Evaluation under Combined Disturbances Test Cases   

To further improve the evaluation of the proposed CLPF-SOGI-PLL scheme performance in 

comparison with the conventional SOGI-PLL, two more different test cases are conducted 

where collective disturbances are involved. In both cases, the tuning parameters for both PLLs 

have been set according to Table 7-2, in which the wide-bandwidth of the PLL algorithms used 

in Table 7-1 for section 7.3 evaluations has been replaced by a narrow-bandwidth as it has been 

suggested earlier in 6.3.1. 

Table 7-2 SOGI-PLL and CLPF-SOGI PLL parameters 

Parameter Symbol Value (unit) 
SOGI-OSG gain k 1 
Crossover frequency  ωc 65.45 rad/s 
PLL damping factor  ξ 0.7 

Phase margin PM 44.8° 

PLL Proportional gain kp 65.45 
PLL Integral gain ki 1784 
Settling time  ts 0.0937s 
Nominal frequency ω 2.π.50 rad/s 
Input voltage amplitude  Vm 1 p.u 
CLPF time constant  τ (1/ ω^)s 
Sampling frequency fs 20kHz 

 

7.4.1 Performance Comparison under Frequency Variations with DC Offset 

To take into consideration the effect of the grid frequency deviations on the PLL dc offset 

elimination capability, this test is conducted under the nominal frequency (i.e., 50Hz) and off-

nominal frequency 52Hz. Figure. 7.17 shows performance of both CLPF-SOGI and 

conventional SOGI when the grid voltage undergoes a frequency step change of +2Hz at 

t=0.05s that is followed with a 0.05 p.u jump in the dc component. Again at t=0.3s, the grid 

voltage frequency is returned back to its nominal value. At time t=0.45s the dc component is 

reduced to 0.02p.u before it is minimized to zero. It is observed that, the proposed techniques 

performs successfully to reject the error caused by the dc offset regardless the value of grid 

frequency. On the other hand, and as expected the conventional technique is unable to supress 

the errors caused by such dc components. 
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Figure 7.17. Performance of conventional SOGI PLL and CLPF-SOGI PLL under frequency variations 
with dc offset: (a) Input voltage, (b) signals in the synchronous reference frame, (c) estimated frequency, 

and (d) estimated phase-angle error. 

7.4.2 Performance Comparison under Voltage Sag, Phase Jump and Frequency Changes 

As suggested in [123], a more severe and realistic grid disturbance condition that may occur in 

the utility grid due to short-circuit fault is considered in this test case as shown in Figure. 7.18. 
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results, it can be clearly noted that, both PLL schemes present almost identical transient 
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values in about 93.7ms, matching the theoretical value specified in Table 7-2 that can be 

calculated through (3.33).  
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Figure 7.18. Performance of conventional SOGI PLL and CLPF-SOGI PLL under voltage sag with phase 

jump and frequency variations: (a) Input voltage, (b) signals in the synchronous reference frame, (c) 
estimated frequency, and (d) estimated phase-angle error. 

 

7.5 Summary  

This chapter has presented experimental results of a single-phase PLL system; implementing 

four different orthogonal signal generator techniques (OSG) based SOGI-PLL. Steady-state 

results have shown the capability of the proposed CLPF-SOGI PLL to completely remove the 

dc component. In addition, they have illustrated the ability of the proposed PLL to provide a 

superior harmonic attenuation performance when compared with the other methods. To verify 
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this, the obtained experimental results have been compared with those of analytical and 

numerical results obtained in Figures 4.21 and 4.27 respectively. A good agreement has been 

found between these results validating the proposed approach.  

It has also been shown that, the presence of such dc component in the input signal results in 

deteriorating the estimated synchronisation signal produced by the conventional SOGI PLL. In 

this case, the synchronization signal will possess dc components and second-order harmonics. 

The presence of such components in the synchronization signal is undesirable as it can result in 

dc current injection into the grid. However, this undesired component is completely suppressed 

when the proposed CLPF-SOGI PLL scheme is used. This issue will be investigated in the next 

chapter.  

To further support the effectiveness of the proposed PLL, a real grid signal is used as an input 

signal for both PLLs in order to estimate the required attributes. The corresponding results 

obtained by the proposed PLL are shown to be better when compared to classic SOGI PLL in 

terms of steady-state ripple. Furthermore, to examine the dynamic response of the proposed 

CLPF-SOGI PLL, various test cases have been conducted. To point out the effectiveness of the 

proposed method, the conventional SOGI-PLL is also implemented, and its results are 

compared with those of the proposed technique. The reported experimental results have shown 

that, the proposed PLL presents a similar dynamic response with the conventional PLL under 

several grid abnormalities. However, the proposed CLPF-SOGI has more advantages in terms 

of grid dc offset voltage rejection, subharmonics alleviation and enhanced harmonic 

attenuation. Hence, the proposed CLPF-SOGI PLL can be preferred over the conventional 

SOGI PLL to achieve a perfect steady-state and transient performance under the presence of dc 

component in or /and harmonic distorted environments. 

Finally, since the operation of the current controller is based on the accurate estimation of the 

synchronization signals, it is expected that the accurate synchronization will directly affect the 

performance of the grid-connected PV system. Therefore, in addition to the performance 

evaluation of the proposed dq current controller, a further experimental investigation to verify 

the beneficial impact of the accurate synchronization on the power quality of the grid-connected 

PV system is conducted in the next chapter. 



 Performance Evaluation of the dq Current Controller                                     Chapter 8 

170 

 

CHAPTER 8                                  

Performance Evaluation of the DQ 

Current Controller 

8.1 Introduction 

This chapter presents the results for the simplified dq current control algorithm described in 

Chapter 5. The chapter is split into two sections. In the first section, the performance of the 

proposed dq current controller for single-phase grid-connected VSI with LCL filter is evaluated 

by means of experimental results. To demonstrate the effectiveness of the proposed approach 

in improving the poor dynamic response related to the conventional dq controller, the 

performance of both approaches is experimentally evaluated. 

In the second section, a further experimental investigation to verify the beneficial impact of the 

proposed CLPF-SOGI PLL on the power quality of the grid-connected PV system is conducted. 

To highlight the effectiveness of the proposed PLL, a power quality performance comparison 

between both PLL schemes are carried out. In this comparison, a dc offset is deliberately added 

to the measured grid voltage signal, to evaluate the immunity of the proposed CLPF-SOGI PLL 

as well as to investigate the influence of such a disturbance on the quality of the injected current. 

From the obtained results, it can be observed that the accurate operation of the proposed CLPF-

SOGI PLL enhances the performance of the grid-connected PV system and enables a high-

quality current injection in the presence of high level of dc component in the grid voltage signal. 

The experimental results show the significance of the contribution of the proposed CLPF-SOGI 

PLL in the power quality of grid-connected PV systems. 
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8.2 Transient Performance Evaluation  

This section aims to experimentally evaluate the performance of the proposed simplified-dq 

current control scheme and also to compare it with that of the conventional delay-based control 

strategy. The test system described in Chapter 6 along with the corresponding parameters 

presented in Table 6-1 is adopted. Note that, in the following test case, both controllers are 

designed based on the same design criteria described in Chapter 5 to have the same bandwidth 

by fine tuning the PI-controller gains as follows: kp= 1860, and ki=18671 with a damping factor 

ζ = 0.7. Also, it is worth remarking that, the proposed CLPF-SOGI PLL that was discretized in 

Chapter 6 is employed to generate the synchronisation signals (i.e., θ^, ݒ௚௥௜ௗ
ௗ , and ݒ௚௥௜ௗ

௤ ) which 

are required for performing both control algorithms as depicted in Figures. 8.1 and 8.3.  

To demonstrate the transient performance of both current regulation schemes, a reference 

tracking test in d-axis is carried out. The response of each control strategy is experimentally 

assessed subsequent to two step changes in the d-axis reference value, while the reference value 

of the q-axis is maintained constant at zero during the whole process.  

In order to digitally implement the control strategies, the PI-controllers of Figures. 8.1 and 8.3 

are first discretized as presented in Chapter 6, in Figure 6.20 and then developed in C code. 

8.2.1 Conventional dq Current Controller  

The control strategy shown in Figure.8.1 includes the CLPF that was discretized in Chapter 6 

as a means of generating the orthogonal current ݅ ఉ required for this controller. Initially, the five-

level inverter of Figure.6.2 injects a zero value of the d component of the grid current.  At time 

instant t =0.03s, the reference value of the d-axis steps up to 0.5 p.u. Moreover, at time instant 

t = 0.11s, the reference value of d-axis steps up to its full value of 1 p.u. Figure. 8.2(a) depicts 

the grid voltage and its generated orthogonal voltage ݒఉ. Due to the grid being stiff enough, 

these voltages remain unchanged during step changes. However, as shown in Figure. 8.2(b), 

upon each step-change in the d-axis reference, the controller tries hard to regulate the ߙ current 

at the desired value; however, due to excessive transients, there is an overshoot in the regulated 

current. Moreover, as shown in Figure.8.2(c), the corresponding d- axis of the current changes 

to track the reference value changes but, experiences non-negligible transients for 

approximately one cycle due to the delay used in the controller. Therefore, it takes almost 20ms 

for the controller to regulate the d component of the current to track the reference value with a 
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zero steady-state error. Also, it is observed from Figure. 8.2(c) that, although the reference value 

of the q-axis is kept constant at zero throughout the process of this test, subsequent to each step 

change in the d-axis, the q-axis also experiences a non-negligible transient that lasts for nearly 

20ms. Thus, the conducted study reveals that, the conventional current control approach suffers 

from two major drawbacks; excessive transients subsequent to any step change in its d-axis, 

and also from coupled axes. 

 

 

Figure 8.1. Structure of the conventional single-phase current-regulation scheme 
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Figure 8.2 Experimental results of the transient response of the conventional delay-based controller 

during step changes in d-axis: (a) The grid voltage and its associated orthogonal component. (b) The grid 
current and its emulated orthogonal component. (c) The d-q-axes corresponding to the grid current and 

its emulated orthogonal component. 
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8.2.2 Simplified dq Current Controller  

In order to properly compare the response of both control approaches, the same previous test 

described in section 8.2.1 is carried out for the simplified-based approach of Figure. 8.3. This 

is performed with exactly the same PI-controllers ‘gains. The inverter of Figure.6.2 initially 

sets the d component of the grid current to zero. While the reference value of the q-axis is 

maintained constant at zero, the reference value of the d-axis steps up to 0.5 p.u at t = 0.02s, 

and then is changed to 1p.u at t = 0.06s, implying changes in the active power flow as well. 

Figure.8.4 (a) illustrates the grid voltage orthogonal components (i.e., v஑ and vஒ), which remain 

unchanged during the reference tracking changes. However, subsequent to each change in the 

d-axis reference value, the controller drives the grid current at the demanded level in almost 

2ms. This is achieved with very little variations during the transient and zero steady-state error 

as shown in Figure. 8.4(b). Moreover, Figure. 8.4(c) shows the d-q components of the grid 

current which are controlled to their demanded values by the simplified dq control scheme. The 

later confirms that, contrary to the conventional controller, subject to each d-axis step change, 

the system experiences very short and negligible transients, and the reference value of is tracked 

in about 2ms with zero steady-state error. Also, subsequent to each step change in the d-axis 

reference value, the q-component of the current continues almost unchanged demonstrating the 

decoupling ability of the proposed controller.  
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Figure 8.3. Structure of the simplified single-phase current-regulation scheme 
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Figure 8.4 Experimental results of the transient response of the simplified controller during step changes 

in d-axis: (a) The grid voltage orthogonal signals. (b) The reference and actual grid currents with their 
associated tracking error. (c) The d- and q-axes corresponding to the grid current 
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The presented test results of Figures. 8.2 and 8.4 verify that the proposed simplified dq 

controller has the following features over the conventional dq controller: 1) It is capable of 

tracking the reference signals with a zero steady-state error within a few milliseconds; 2) It has 

fast dynamics (approximately 10 times faster); and 3) Compared to the conventional approach, 

it has superior axis decoupling capability. 

8.3 The Effect of the PLL Method on the Grid-connected PV Inverter Performance 

According to Figures. 8.1 and 8.3, it is obvious that the response of the PLL (i.e., ݒ ,^ߠ௚௥௜ௗ
ௗ , and 

௚௥௜ௗݒ
௤ ) directly affects the performance of both current controllers and, subsequently, the 

operation of the complete grid-connected PV system. Thus, in this section an experimental 

investigation is described on how the proposed CLPF-SOGI PLL affects the performance of 

the grid-connected PV system in terms of the power quality. In this study, the simplified dq 

current controller is used, and the measured grid voltage signal is considered to contain dc 

components. This investigation verifies the significant influence of the accurate 

synchronization on the response of the grid-connected PV system and reveals a considerable 

improvement of the power quality of the PV system due to the proposed PLL.  

To emphasize the robustness of the proposed PLL and its effect on the performance of the grid-

connected PV system, a power quality performance comparison is carried out. This comparison 

is conducted under the presence of a dc offset in the grid voltage when the proposed CLPF-

SOGI PLL and conventional SOGI PLL structures are used for synchronisation. Note that, in 

order to have a sensible comparison, both PLLs use the parameters specified in Table 3-1.  

In this experimental investigation, a grid voltage signal of 85Vrms with a THD of 3.15% is 

synchronized with the grid-connected PV system’s output current of 3.83Arms. The effect of 

the proposed PLL on the performance of the grid-connected PV system is experimentally 

evaluated, and compared to that of the conventional SOGI PLL scheme. To examine the 

immunity of the grid-connected PV system to a dc offset, an excessively large dc component 

of 17V (20%) is added to the grid voltage signal. Figure.8.5 demonstrates the PV system 

performance when the proposed CLPF-SOGI PLL is employed for synchronisation.  
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Figure 8.5. Steady-state performance of the grid-connected PV system when the proposed CLPF-SOGI 
PLL is used with a large dc component of 0.2p.u in the measured grid voltage: (a) The grid voltage and its 
associated orthogonal component. (b) The synchronization signals associated with the CLPF-SOGI PLL. 

(c) The grid current. (d) The d- and q-axes corresponding to the grid current 
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It can be observed from Figure. 8.5 that, despite the presence of a large dc component in the 

grid voltage signal, the proposed CLPF-SOGI PLL is still able to achieve a precise estimation 

of the synchronization signals (i.e., ݒ ,^ߠ௚௥௜ௗ
ௗ , and ݒ௚௥௜ௗ

௤ ). As a result, these accurate 

synchronization signals directly affect the performance of the simplified dq current control 

strategy of Figure 8.3. Consequently, the grid-connected PV system injects a high-quality 

current with THD of 2.67% as demonstrated in Figre 8.6. 

 

 

Figure 8.6. Harmonic content of: (a) The utility grid, (b) The reference current. (c) The grid current, 
under the presence of large dc component in the grid voltage signal and when the proposed CLPF-SOGI 

PLL is used for synchronization. 

On the other hand, the accuracy of the conventional SOGI PLL in estimating these signals is 

significantly affected by the occurrence of such dc components in the grid voltage signal as 

presented in Figure 8.7.  
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Figure 8.7. Steady-state performance of the grid-connected PV system when the conventional SOGI PLL 
is used with a large dc component of 0.2p.u in the measured grid voltage: (a) The grid voltage and its 

associated orthogonal component. (b) The synchronization signals associated with the conventional SOGI 
PLL. (c) The grid current. (d) The d- and q-axes corresponding to the grid current 
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The degraded performance of the conventional SOGI PLL, caused by the dc offset increases 

distortion on the estimated synchronisation signals. This distortion appears as a second-order 

harmonic in the generated reference current and consequently, the operation of the dq current 

controller is greatly affected. Thus, as shown in Figure. 8.8, the grid-connected system with a 

non-robust synchronization method against dc offset, exhibits an extremely low-quality current 

injection with a THD of 18.43% 

 

Figure 8.8. Harmonic content of: (a) The reference current. (b) The grid current, under the presence of 
large dc component in the grid voltage signal and when the conventional SOGI PLL is used for 

synchronization. 

It is important to evaluate the performance of the grid-connected PV inverter system in the case 

where no deliberate dc component is added to the grid voltage signal. In this case, and due to 

the A/D conversion process in microcontroller and DSPs, the grid signal still possess some dc 

offset of 1.6% as shown in Figure. 8.9(a). A comparison of the harmonic content of the grid-

connected PV system output current when both conventional and proposed PLL schemes are 

used is presented in Figure.8.9 (b). The comparison proves the effectiveness of using the robust 

CLPF-SOGI PLL over the conventional SOGI PLL in improving the quality of the injected 

current. As can be seen, the inaccuracy of the conventional SOGI PLL in estimating the 
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synchronization signals results in second-order harmonic appearing in the grid current leading 

to a low-quality current injection with a THD of 3.03%. On the other hand, the correct 

estimation of the synchronization signals using the proposed CLPF-SOGI PLL scheme achieves 

a higher-quality injected current with a THD of 2.63% 

 
Figure 8.9. Harmonic content of: (a) The actual grid voltage with no added dc offset. (b) The grid current 

when both conventional SOGI PLL and CLPF-SOGI PLL schemes are used for synchronization 

The experimental results in Figures. 8.5-8.9 show the important influence of the proposed 

CLPF-SOGI PLL in enhancing the power quality of grid-connected PV systems when 

compared to the conventional SOGI PLL scheme. 
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8.4 Summary 

A simplified dq control strategy for the current regulation of grid-connected single-phase VSCs 

based on the so-called unbalanced d-q transformation has been validated experimentally. In 

order to demonstrate the effectiveness of this strategy in terms of improving the poor dynamic 

response associated with the conventional dq control strategy, the transient performance of both 

schemes has been experimentally evaluated. Compared to the existing conventional approaches 

that use phase shifting techniques as a means of creating the required orthogonal current, the 

proposed dq control approach has the advantage that it is not necessary to use such a technique. 

This results in simplifying the digital implementation of the controller leading to fast and non-

oscillatory dynamics. Moreover, despite both schemes being capable of regulating the current 

and achieving zero steady-state error, in terms of axis-decoupling capability, the proposed 

scheme shows superior performance compared to the conventional approach.  

Additionally, the beneficial effect of the proposed PLL on the power quality of the grid-

connected PV system has been also investigated. Experimental results reveal that, when 

compared with the conventional SOGI PLL, the proposed PLL significantly improves the 

performance of the grid-connected PV system by enabling a high-quality current injection 

regardless the level of dc offset being in the input voltage signal. 
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CHAPTER 9                                 

Thesis Conclusions  
 

9.1 Conclusion from CLPF-SOGI PLL Algorithm  

The well-known SOGI-PLL approach has been chosen to perform as a synchronization unit in 

the control strategy of the single-phase grid-connected PV system described earlier in Chapters 

1 and 6. This is because of it is easy to be digitally implemented, has perfect filtering capability 

and it is adaptive to frequency changes. Despite the wide acceptance and use of this PLL, no 

comprehensive design strategies to fine-tune its parameters has been described yet. Thus, in 

chapter 3, a small signal linearized model of the SOGI-PLL structure that significantly 

simplifies the stability analysis and the parameter design has been developed. The proposed 

design has chosen the PLL parameters in a way that a high attenuation of -20dB at the lowest 

disturbance frequency as well as a fast transient response are achieved. To assess the 

effectiveness of proposed design procedure, extensive simulation and experimental tests under 

different grid scenarios have been carried out. Simulations were conducted in 

MATLAB/Simulink environment, while experiments were based on a TMS320F28335 

floating-point 150MHz digital signal controller from Texas Instruments. The obtained results 

have shown that, both fast dynamic response and high attenuation capability were successfully 

met at different utility grid disturbances when the PLL damping factor and the crossover 

frequency were selected to be 0.7 and 21.62Hz respectively. Also, they have demonstrated that, 

a higher attenuation at the disturbance frequencies can be accomplished by selecting a lower 

crossover frequency, but at the cost of degrading the transient response of the PLL. However, 

the results reveal the high sensitivity of the conventional SOGI to the presence of dc offset in 

the input voltage signal. Such components produce undesirable fundamental-frequency ripple 

in the estimated quantities by the PLL (i.e., utility voltage amplitude, phase angle, and 

frequency). As a result, more dc current components can be injected to the grid, degrading the 

quality of the injected current to the grid.  

To overcome this problem, a simple yet effective novel strategy referred as to CLPF-SOGI PLL 

has been proposed and implemented in Chapters 4, 6 and 7. This strategy is based on using an 
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adaptive two-stage cascaded low-pass filter (CLPF) as an orthogonal signal generator (OSG) to 

produce an orthogonal signal free of any dc offset. The effectiveness of the proposed CLPF-

SOGI PLL scheme has been verified through analytical, simulation and experimental tests. In 

addition, the proposed PLL method has been compared with two well-known approaches used 

to address the problem of dc offset in the SOGI-PLL algorithm. The results obtained have 

observed that, in addition to its ability to reject the dc offset, the proposed CLPF-SOGI offers 

the best degree of attenuation of high-frequency harmonics when compared to the other 

alternative based SOGI techniques. For instant, both conventional SOGI and Karimi’s method 

offer transfer functions whose magnitude- frequency response decays at a rate of -40.4dB/dec 

at high-frequencies. While, the transfer function of Ciobotaru’s method decays with a slope of 

-22.7dB/dec at high-frequencies, which seriously degrades the high-frequency characteristics 

of the system. In contrast, the proposed CLPF-SOGI offers a transfer function with a slope of -

59dB/dec and therefore, produces superior harmonic attenuation capability when compared to 

the other three methods studied in Chapter 4.  

Additionally, the beneficial effect of the use of an accurate synchronization method on power 

quality of the grid-connected PV system has been also investigated. Simulation and 

experimental results have shown that, when compared with the conventional SOGI PLL, the 

proposed CLPF-SOGI PLL significantly improves the performance of the grid-connected PV 

system by enabling a high-quality current injection regardless the level of dc offset in the grid 

voltage signal. For example, in Chapter 8 the immunity of the grid-connected PV system to a 

dc offset has been experimentally examined. A case study where an excessively large dc 

component of 0.2 p.u was added to the grid voltage signal has been conducted. Results have 

shown that, despite the presence of a large dc component in the grid voltage signal, the proposed 

CLPF-SOGI PLL is still able to achieve a precise estimation of the synchronization signals, and 

as a result, the grid-connected PV system injects a high-quality current with a THD of 2.67%, 

which remains within the limits provided in Table 1-6. In this test, it has been found that there 

was no dc current component injected to the grid caused by such dc offset. On the other hand, 

the inaccuracy of the conventional SOGI PLL in estimating the synchronization signals results 

in both dc current components and second-order harmonic in the injected grid current. This 

leads to an extremely low-quality current injection with dc current component of 17%, and a 

THD of 18.43%, exceeding the limits provided in Table 1-5 and 1-6 respectively. Another case 

study where no dc offset component was added to the utility grid signal has been carried out. 
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In this case, and due to the A/D conversion process in microcontroller and DSPs, the grid signal 

still possess some dc offset of 1.6%. A comparison of the harmonic content of the grid-

connected PV system output current when both conventional and proposed CLPF-SOGI PLL 

schemes are used proves the effectiveness of using the robust CLPF-SOGI PLL over the 

conventional SOGI PLL in improving the quality of the injected current. The inaccuracy of the 

conventional SOGI PLL in estimating the synchronization signals results in a dc current 

injection of 1.15% and a second-order harmonic of 1.3% appearing in the grid current leading 

to a low-quality current injection with a THD of 3.03%. On the other hand, the correct 

estimation of the synchronization signals using the proposed CLPF-SOGI PLL scheme achieves 

a higher-quality injected current with a THD of 2.63%, with no dc current injection caused by 

such dc offset. In general, both simulation and experimental studies proves that; the accurate 

synchronization is a key aspect for the power quality of the grid-connected PV systems. 

9.2 Conclusion from Grid Current Control  

Generally, grid-connected PV inverter systems need a current control scheme to regulate their 

output current as well as to provide a high-quality power exchange with the utility grid. Because 

of their simple digital implementation, PI controllers in the stationary reference frame are well-

known as the most traditional approaches used for current controlled single-phase inverters. 

However, due to the the time-varying nature of quantity being controlled, PI-controllers have a 

major drawback of failure to track a sinusoidal reference without steady-state error. This 

disadvantage however, can be effectively overcome by instead implementing the PI-controller 

in the synchronous reference frame (i.e., dq frame). In such a way, the ac (time varying) 

quantities appear as dc (time invariant) quantities in the steady-state. This allows the controller 

to be designed as for dc–dc converters, presenting infinite control gain at the steady-state 

operating point, and leading to zero steady-state error. Generally speaking, designing a PI-

controller using the concept of dq reference frame for single-phase systems is more complicated 

than for three-phase cases. This is because the use of the dq controllers in single-phase systems 

is not possible unless a fictitious orthogonal component is produced to form a two-axis 

environment (i.e.,αβ). A simple and direct way of generating this orthogonal component (β) can 

be achieved using the above mentioned CLPF approach. Therefore, and in order to perform the 

dq current controller, a mathematical model for the adopted single-phase system has been 

provided in Chapter 5. This is then followed by a design procedure of the current control loop 

to fine-tune its parameters and evaluate the stability of the whole closed-loop system. The 
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performance of the dq current controller based on CLPF has been experimentally evaluated in 

Chapter 8. Despite the CLPF-dq controller being able to track the demand current with zero 

steady-state error, the conducted study has revealed a major shortcoming represented in its 

inability to have a fast response. It has been found that, the corresponding d- axis of the current 

changes to track the reference value changes but, experiences non-negligible transients for 

approximately one cycle (20ms) due to the phase shifting techniques used in generating the 

orthogonal signal. 

To overcome this drawback associated with the conventional dq controller based CLPF, a novel 

quasi-dq current controller approach referred as to the simplified dq current controller has been 

proposed in Chapter 5. This is based on the so-called unbalanced d-q transformation which was 

originally performed for single-phase PLL systems. In this approach, the generation of such an 

orthogonal component is not required since the β-axis component of the controller is forced to 

zero. In order to demonstrate the effectiveness of this strategy to improve the poor dynamic 

response of the CLPF-dq controller, the transient performance of both schemes has been 

experimentally compared. It has been observed that, contrary to the conventional dq controller, 

subject to each d-axis step change, the system experiences very short and negligible transients, 

and the reference value of it is tracked in about 2ms with zero steady-state error. 

9.3 Future Work 

The performance of the current controller for grid-connected PV systems can be significantly 

enhanced if the grid synchronization is more robust to highly distorted grid voltages. Taking 

the SOGI-PLL as an example, this can be simply achieved by significantly reducing the system 

band-width (i.e., having a low-gain PLL). However, this degrades the system dynamics and is 

not acceptable.  

By developing an adaptive PLL algorithm, the fixed-gains of the PLL system (kp and ki) which 

have been used in this thesis can be replaced by adaptation mechanism. This adaptive algorithm 

has to take advantage of the positive attributes of the implementation of both low and high-

gains PLL by switching smoothly between low and high gains as the operational conditions 

dictate. For example, in the steady-state conditions, the low-gains (reduced band-width) will be 

used to guarantee that the best steady-state performance is achieved when compared to the 

steady-state performance with the fixed low-gains. Similarly, when a disturbance occurs, the 
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adaptive PLL algorithm will use the high-gains to have a fast transient when compared to the 

transient performance of the fixed-high gains PLL.     

By implementing such a PLL, an improved dynamic response, high accuracy and noise 

immunity can be achieved. 

     

9.4 Research Outcomes 

The research work carried out in this thesis has resulted in two publications in IEEE 

 A. M. Mnider, D. J. Atkinson, M. Dahidah, and M. Armstrong, "A simplified DQ 

controller for single-phase grid-connected PV inverters." In the 7th International 

Renewable Energy Congress (IREC) 2016, pp. 1-6. 

 M. Mnider, D. J. Atkinson, M. Dahidah, Y. B. Zbede, and M. Armstrong, "A 

programmable cascaded LPF based PLL scheme for single-phase grid-connected 

inverters." In the 7th International Renewable Energy Congress (IREC) 2016, pp. 1-6. 

In addition, at the time of submission, a paper presenting the outcomes from the practical 

research has been submitted for review to IEEE Transaction on Power Electronics. 



Appendix A 

188 

 

Appendix	A : Five-level Diode-clamped Inverter 

A.1 Introduction 

The basic concept to perform power inversion in multilevel inverters is based on a series 

connection of low rating power electronic devices with several low capacitive voltage sources. 

This is to synthesize a desired AC stepped output voltage waveform. Furthermore, by adding 

more levels on the DC link side, the synthesized AC output waveform adds more steps. This 

can produce a more refined staircase wave with reduced harmonic distortion, as a result, 

reducing the filter requirements [31, 35, 40, 45].  

In this thesis, a five-level diode-clamped inverter has been chosen as a part of the proposed 

single-phase grid-connected PV system. The main reason is to study the opportunity of reducing 

the output passive filter size by adopting such an inverter when compared to the conventional 

tow-level inverter. 

A.2 Switching States of the Five-level Inverter 

The relationship between switch operating statuses, current flowing through the dc-link 

capacitors and the clamping diodes, and the inverter terminal voltage Van is tabulated in Table 

A-1. Based on Table A-1; Figure. A.1 shows the five different switching states for the output 

phase voltage of the inverter. The obtained equivalent circuit is highlighted to show how the 

output node (a) is linked to the positive, neutral, and negative nodes of the DC side circuit. 

Table A-1: Switching states, and Magnitude of output voltage of a five-level diode-clamped inverter 

S 

NO 
S1 S2 S3 S4 S′1 S′2 S′3 S′4 C1 C2 C3 C4 d1 d2 d3 d4 d5 d6 Van 

1 1 1 1 1 0 0 0 0 1 1 0 0 0 0 0 0 0 0 Vdc/2 

2 0 1 1 1 1 0 0 0 0 1 0 0 1 1 0 0 0 0 Vdc/4 

3 0 0 1 1 1 1 0 0 0 0 0 0 0 0 1 1 0 0 0 

4 0 0 0 1 1 1 1 0 0 0 1 0 0 0 0 0 1 1 -Vdc/4 

5 0 0 0 0 1 1 1 1 0 0 1 1 0 0 0 0 0 0 -Vdc/2 

Note: ‘1’ indicates that switch is On, capacitor or diode are carrying current, while ‘0’ means the opposite.  
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Switching state (1) (Van= Vdc/2) 

ic1=ic2=iL & ic3=i4=0 ic1=ic2=iL & ic3=i4=0 

 

Switching state (2) (Van= Vdc/4) 
ic1= ic3=i4=0 & ic2=iL  ic1= ic3=i4=0 & ic2=iL 

Inverter State (3) (Van= 0) 
ic1=ic2= ic3=i4=0 ic1=ic2= ic3=i4=0 
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Inverter State (4) (Van= -Vdc/4) 
ic1= ic2=i4=0 & ic3=-iL  ic1= ic2=i4=0 & ic3=-iL 

 
Inverter State (5) (Van= -Vdc/2) 

ic1= ic2=0 & ic3=i4=-iL  ic1= ic2=i4=0 & ic3=-iL 

 
Figure. A.1 Detailed switching states of a five-level inverter 

A.3 Level-shifted PWM Switching Strategies  

The three different LS-PWM schemes described earlier in Chapter 1 are shown in Figure.A-2. 

 
Figure. A.2 LS-PWM carrier arrangements: (a) IPD, (b) POD, and (c) APOD 

To assess the performance of the five-level inverter when it is controlled using the IPD-PWM 

scheme, a simulation model is developed in Matlab/Simulink environment as shown in Figure. 

A.3.This is followed by a detailed control diagram of the IPD-PWM shown in Figure.A-4. 
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Figure. A.3 Simulink model of the five-level diode-clamped inverter with its associated IPD-PWM 
 

Figure. A.4 Detailed Simulink block of IPD-PWM   
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Figure.A-5 illustrates the principle of the IPD-PWM when it is applied for the five-level 

inverter. The gate signals g1, g2, g3, and g4 for the top four switches S1, S2, S3 and S4 of Figure. 

A-3, are generated at the intersections of the carrier waves and the sinusoidal reference m1-m4, 

respectively. The gatings for the bottom four devices S1′, S2′, S3′, and S4′, are complementary 

to g1, g2, g3, and g4.  

 

Figure. A.5. Simulated waveforms of the five-level diode-clamped inverter using IPD-PWM 
 (fm = 50 Hz, fcr = 1000 Hz, ma = 0.85) 
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More detailed waveforms of the principle of the IPD-PWM when applied to the five-level 

inverter with resistive load of 22 Ω are illustrated in Figure.A-6. In this example, the modulation 

index was set to 0.85, and the switching frequency to 20 kHz. 
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Figure. A.6 More detailed simulated waveforms of the five-level diode-clamped inverter with a resistive 

load of 22 Ω using IPD-PWM (fsw = 20 kHz, ma = 0.85) 
 
 
 

 

Figure. A.7 Sample of experimental waveforms of the five-level diode-clamped inverter using IPD 
modulation  

Time (s)
0 0.02 0.04 0.06

C
u

rr
en

t 
(A

)

-6

-3

0

3

6 Inverter-side current
Load current

0 0.02 0.04 0.06

V
ol

ta
ge

 (
V

)

-140
-120

-70

0

70

120
140 Inverter output voltage

Load voltage

Load voltage 
Inverter output 

voltage 

Load current 



Appendix B 

196 

 

Appendix	B : LCL Filter Design  

B.1 LCL Filter Analysis and Design Consideration 

The LCL-filter equivalent circuit diagram is shown in Figure.B-1, where Vinv and Vgrid are 

inverter and grid voltage, respectively. The filter is made up of an inverter-side inductor L1, a 

parallel capacitor Cf, and a grid-side inductor L2. The equivalent series resistance (ESR) of L1 

and L2 are represented by R1 and R2 respectively. A damping resistor Rd, is required for damping 

the resonance ripple.  

 
Figure. B-1 Equivalent single-phase LCL filter   

 

The current ripple attenuation at the switching frequency is calculated by taking into 

consideration that; at high frequencies, the inverter acts as a harmonic generator, while the grid 

voltage can be assumed as an ideal sinusoidal voltage source capable of supplying a constant 

voltage/current only at fundamental frequency. Thus, at the switching frequency, the inverter 

voltage harmonic,ݒ௜௡௩ሺ݄௦௪ሻ ് 0, while the grid voltage harmonic, ݒ௚௥௜ௗሺ݄௦௪ሻ ൌ 0 (short-

circuit). Based on this, (neglecting damping) and assuming that the value of R1 and R2 are small 

enough to be neglected, the ripple attenuation passing from the inverter-side to the grid-side 

can be computed with the following steps: 

 
ሻ࢙ሺ࢜࢔࢏ࢂ ൌ ሻ࢙૚ሺ࢏૚ࡸࡿ ൅ ሻ࢙ሺࢌࢉࢂ  

ሻ࢙ሺࢌࢉࢂ	 ൌ ሻ࢙૛ሺ࢏૛ࡸࡿ , ሺࢊ࢏࢘ࢍ࢜ሺ࢙ሻ ൌ ૙ሻ 
(B.1)

 ݅ଵሺݏሻ ൌ ሻݏ௖௙ሺܫ ൅ ݅ଶሺݏሻ ൌ ௙ܥܵ ௖ܸ௙ሺݏሻ ൅ ݅ଶሺݏሻ ൌ ܵଶܥ௙ܮଶ݅ଶሺݏሻ ൅	 ݅ଶሺݏሻ (B.2)

 ௜ܸ௡௩ሺݏሻ ൌ ܵଷܥ௙ܮଵܮଶ݅ଶሺݏሻ ൅ ܵሺܮଵ ൅ ሻ (B.3)ݏଶሻ݅ଶሺܮ
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ሻ௩೔೙ೡ→௜మݏሺܪ  ൌ
݅ଶሺݏሻ
ሻݏ௜௡௩ሺݒ

ൌ
1

ଶܵଷܮଵܮ௙ܥ ൅ ሺܮଵ ൅ ଶሻܵܮ
 (B.4)

ሻ௜మ→௜భݏሺܪ  ൌ
݅ଶሺݏሻ
݅ଵሺݏሻ

ൌ
1

ଶܵଶܮ௙ܥ ൅ 1
 (B.5)

However, system including LCL filter is of third-order, and there exists a higher ripple response 

at the resonant frequency of the filter. To maintain stability and take an advantage of the high 

attenuation provided by the LCL filter, this higher ripple produced by the resonance of the filter 

must be properly damped. The most common method is to insert a damping resistor Rd in series 

with the capacitor shunt branch of the filter Cf as shown in Figure.B-1. Then, with some simple 

algebraic manipulations, the transfer functions of (B.4) and (B.5) with damping resistance 

become 

 

૛࢏→࢜࢔࢏࢜ሻ࢙ሺࡰࡴ ൌ
ሻ࢙૛ሺ࢏
ሻ࢙ሺ࢜࢔࢏࢜

ൌ
ࡿࢌ࡯ࢊࡾ ൅ ૚

૜ࡿ૛ࡸࢌ࡯૚ࡸ ൅ ሺࡸ૚ ൅ ૛ࡿࢌ࡯ࢌࡾ૛ሻࡸ ൅ ሺࡸ૚ ൅ ࡿ૛ሻࡸ
 

(B.6)

ሻ௜మ→௜భݏ஽ሺܪ  ൌ
݅ଶሺݏሻ
݅ଵሺݏሻ

ൌ
ܴௗܥ௙ܵ ൅ 1

ଶܵଶܮ௙ܥ ൅ ܴௗܥ௙ܵ ൅ 1
 (B.7)

When designing the LCL filter, there are some restrictions on the parameter values should be 

considered [143]:  

a) The value of the inverter-side inductor L1 is designed in order to limit the ripple of the 

converter-side current. Moreover, the inductor should be properly designed so as not to 

saturate and hence, the correct inductor choice is a trade-off between ripple reduction 

and inductor size. Accepting high values of the current ripple may lead to saturation 

problems in the core of inductors. The permissible ripple current is generally lower than 

20% of the rated current. 

b) The capacitor value Cf is limited to the decrease of the capacitive reactive power at rated 

load (generally less than 5%).  

c) The upper limit to the total inductance (L1+L2) should not exceed 0.1pu in order to limit 

the voltage drop across the inductances [144]. 

d) To avoid resonance problems in the lower and upper parts of the harmonic spectrum, 

the resonance frequency ௥݂௘௦ should be in a range of ten times the fundamental 

frequency and one-half of the switching.  



Appendix B 

198 

 

e) The possible instability of the current control loop is caused by the zero impedance that the 

LCL filters offers at its resonance frequency. The proper damping of these dynamics can be 

achieved by modifying the filter structure with the addition of passive elements (passive 

damping) or by acting on the parameters or on the structure of the controller that manage 

the power converter (active damping) [143]. In this LCL filter design, and to avoid the 

resonance phenomenon ‘oscillation’, passive damping is used bearing in mind that losses 

cannot be as high as to reduce efficiency [145, 146]. 

f) IEEE 519-2014 recommends that harmonics higher than the 35th should be limited. For a 

grid-tied inverter system, if the short-circuit current of power system is lower than 20 times 

the nominal grid-side fundamental current, then each harmonic current of higher than the 

35th should be less than 0.3% of the rated fundamental current. Also, THD should be less 

than 5% [147]. 

B.2 LCL Filter Design Procedure 

Based on the aforementioned desired limits, the filter can be designed with the following six-

step-by-step procedure.  

1) Choose the desired current ripple (∆) on the inverter side in order to design the inverter-side 

inductor L1. In the case where the five-level single phase diode-clamped inverter is adopted 

as shown in Figure.B-2, the inverter side inductor can be determined as follows  

૚ࡸ  ൌ
࢜࢔࢏ࢂ െ ࢊ࢏࢘ࢍࢂ
૛∆ࡵ૚࢞ࢇ࢓

࢙࢝ࢀ࢓ ൌ

ࢉࢊࢂ
૝ ሺ૚ െ࢓ሻ

૛∆ࡵ૚࢞ࢇ࢓

࢓
࢙࢝ࢌ

 (B.8)

where: ௦݂௪ is the inverter switching frequency, m is the inverter modulation index. From (B.8), 

it is clear that the maximum peak-to-peak current ripple (2∆ܫଵ௠௔௫) occurs at m= 0.5, thus 

૚ࡸ  ൎ
ࢉࢊࢂ

૜૛∆ࡵ૚࢙࢝ࢌ࢞ࢇ࢓
 (B.9)

In the case where a two-level inverter is used as shown in Figure.B-3, the inverter side inductor 

can be calculated using the following equation 

૚ࡸ  ൌ
ሺ૚ࢉࢊࢂ െ࢓ሻ
૛∆ࡵ૚࢞ࢇ࢓

࢓
࢙࢝ࢌ

ൎ
ࢉࢊࢂ

ૡ∆ࡵ૚࢙࢝ࢌ࢞ࢇ࢓
 (B.10)
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It is clear that, as a result of adopting the five-level inverter, the requirements of the output AC 

filter can be effectively reduced by four times when compared to the two-level topology for the 

same system. 

 

Figure. B-2 Simplified circuit of the five-level diode-clamped inverter with part of its output voltage  

  
Figure. B-3 Simplified circuit of the two-level inverter with part of its output voltage  

 

2) Select the reactive power absorbed by the filter capacitance in the rated conditions to 

determine the capacitor value. The highest capacitor value is limited by the condition 

where its consumption reactive power should be no more than (ݔ ൑ 5%) of the rated 

power. 

ࢌ࡯  ൌ
ࢋ࢘ࡽ

ࢊ࢏࢘ࢍࢂࢍࢌ࣊
૛ ൌ

࢔ࡼ࢞
૛ࢊ࢏࢘ࢍࢂࢍࢌ࣊

૛ ൌ (B.11) ࢈࡯࢞

where: ܳ௥௘ is the reactive power absorbed by filter capacitor; Pn is the rated power; fg is the 

fundamental frequency, and ࢈࡯ is the base capacitance.  

3) The grid side inductor L2 mainly depends on the objective to attenuate each harmonic 

around the switching frequency down to 0.3%. The ripple attenuation of the current at 

the switching frequency is given by 

ࢇ࢑ ൌ
ሻ࢙࢝ࢎ૛ሺ࢏
ሻ࢙࢝ࢎ૚ሺ࢏

ൌ
૚

ሾ૚࢘| െ ࢙࣓࢝࢈࡯૚ࡸ
૛࢞ሿ ൅ ૚|

 (B.12)

And hence: 
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૛ࡸ ൌ
ට
૚
૛ࢇ࢑

൅ ૚

࢙࣓࢝ࢌ࡯
૛  

(B.13)

where: ݅ ଶሺ݄௦௪ሻ is the grid-side current ripple at the switching frequency; ݅ ଵሺ݄௦௪ሻ is the inverter-

side current ripple at the switching frequency and ߱௦௪ is the switching frequency. If the sum of 

the two inductances does not respect condition (c), another attenuation level should be chosen, 

or another value for the absorbed reactive power should be selected as per step 2. 

4) Verify the resonance frequency ௥݂௘௦ obtained. This can be calculated using the following 

࢙ࢋ࢘ࢌ ൌ
૚
૛ૈ

ඨ
૚ࡸ ൅ ૛ࡸ
ࢌ࡯૛ࡸ૚ࡸ

 (B.14)

The resonant frequency is limited by condition (d). If it is not in the specified range, the reactive 

power absorbed returned in step 2 or the attention factor returned in step 3 should be changed. 

5) To avoid resonance oscillation, set the damping according to condition (e). The damping 

resistance Rd should be one third of the filter capacitor at resonant frequency [143, 148]. 

ࢊࡾ ൌ
૚

૜ ࢌ࡯࢙ࢋ࣓࢘
 (B.15)

6. Verify harmonics current profile to satisfy condition (f). If the condition is not satisfied, 

the design procedure returns to step 1. The ripple attenuation of the current at the switching 

frequency when considering the damping is given by 

ሻࢊሺࢇ࢑ ൌ
ሻ࢙࢝ࢎ૛ሺ࢏
ሻ࢙࢝ࢎ૚ሺ࢏

ൌ
࢙࣓࢝ࢌ࡯ࢊࡾ ൅ ૚

࢙࢝૛࣓ࡸࢌ࡯
૛ ൅ ࢙࣓࢝ࢌ࡯ࢊࡾ ൅ ૚

 (B.16)

The step-by-step procedure has been applied to a single-phase grid-connected five-level diode 

clamped inverter based on the parameters shown in Table B-1 to obtain the LCL filter 

parameters as following: 

Table B-1: Inverter System Parameters 

Parameter Symbol Value (unit) 
Grid fundamental frequency fg 50Hz 
Inverter switching frequency  fsw 20kHz 
System rated power Pn 350W 
System rated voltage Vgrid 90V 
DC link voltage Vdc 280V 
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1) Adopting a 10% ripple of the rated current for the design parameters is given by, ܫଵ௠௔௫ ൌ

൬√2
௉೙

௏೒ೝ೔೏
൰ ൌ  gives an inductance L1=0.81mH. By adding the LC part, the aim (B.9) ,ܣ5.4

is selected to reduce the current ripple from 10% to 2% (ripple attenuation ka= 0.2) as will 

be demonstrated in step 6. 

2) Using the power rating of the inverter Pn and the grid voltage Vgrid, the base impedance Zb= 

௩೒ೝ೔೏
మ

௉೙
 =23Ω, the base capacitance Cb is 137µF and the base inductance Lb is 73mH. Using 

(B.11) and considering a value of ݔ ൌ 2.5%, the resultant capacitor value ܥ௙=3.425 µF. 

3) Setting the desired current ripple attenuation factor ka =20%, with respect to the ripple 

on the converter side, using (B.13) a value of L2 = 0.11mH is calculated. It is worth 

mentioning that, since (B.13) does not take into account the losses and damping. Thus, 

the desired attenuation ka should be multiplied by a factor that takes into account the 

losses and damping [143]. In this case, by taking in to account the damping, ka =15%, 

which results in L2 = 0.14mH. Also, LT is 0.013pu ˂ 0.1pu. 

4) Using (B-14), the resonant frequency is calculated to be 7.87 kHz, which meets 

condition (d).  10 ௚݂ ൏ ௥݂௘௦ ൏ 0.5 ௦݂௪ 

5) Adopting (B.15) gives the damping resistance Rd = 2Ω. 

6) Based on (B.16), the ripple attenuation ݇௔ሺௗሻ of the current at the switching frequency 

when considering the damping is calculated to be 0.2. This means that the LCL filter 

should reduce the expected current ripple to 20%, resulting in a ripple value of (2%) in 

the grid-side current (20% ൌ ௜మሺ௥௜௣௣௟௘ሻ%

ଵ଴%
). 

 
Table B-2: LCL Filter Parameters 

Parameter Symbol Value (unit) 
Inverter-side inductance L1 0.81mH 
Grid-side inductance L2 0.14mH 
Parallel capacitor Cf 3.425uF 
Resonant frequency fres 7.87kHz 
Damping resistor Rd 1.97 Ω 

 
Figure.B-4 shows the bode-plot of the transfer function (B.5) and (B.7) of the filter with a 

passive damping and without damping. The filter parameters are set as in Table: B-2. Note that 

using these specified parameters, the desired ripple attenuation of the current at the switching 

frequency (20%) is achieved.  
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Figure. B-4 Bode-plot of (B.5) and (B.7) 

Figure.B-5 shows the simulated inverter and grid currents and their associated high-frequency 

spectra obtained with the LCL filter, operating under rated conditions. The largest near 

switching frequency current harmonic component is 5.68% on the converter side and 1.13% on 

the grid side. Thus, it has been reduced to 20%, confirming the effectiveness of the design. 

 
Figure. B-5 (a) Simulated steady-state inverter-side current (i1) and grid-side current (i2), and (b) their 

spectra at high frequency with LCL filter (rated conditions) 
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Appendix	C : Phase-locked Loop 

C.1 Selection of k in SOGI transfer functions 

The settling time of the SOGI characteristics transfer functions described in (3.3) and (3.4) for 

step input is a function of the SOGI gain k. The selection of the optimum value of k that results 

in the smallest settling time for a step response can be determined using Table C-1 [149]. 

Table C-1: Step response of ࢻࡳሺ࢙ሻ and ࢼࡳሺ࢙ሻ for different values of k  

Transfer 

function 
Case Step response expression 

 ሻݏఈሺܩ

k<2 
2݇

√4 െ ݇ଶ
݁ି௞ఠ

^௧ ଶ⁄ sin ቀ߱^ඥ4 െ ݇ଶ ݐ 2⁄ ቁ 

k=2 2߱^ି݁ݐఠ
^௧ 

k>2 
݇

√݇ଶ െ 4
ቄ݁ିሺ௞ି√௞మିସሻఠ

^௧ ଶ⁄ െ ݁ିሺ௞ା√௞మିସሻఠ
^௧ ଶ⁄ ቅ 

 ሻݏఉሺܩ

k<2 
െ2݇

√4 െ ݇ଶ
݁ି௞ఠ

^௧ ଶ⁄ sin ቆ߱^ඥ4 െ ݇ଶ ݐ 2⁄ ൅ tanିଵ ቆ
√݇ଶ െ 4

݇
ቇቇ ൅ ݇ 

k=2 2 െ 2݁ିఠ
^௧(1+߱^ݐሻ 

k>2 

ቄܥଵ݁ିሺ௞ି√௞
మିସሻఠ^௧ ଶ⁄ െ ଶ݁ିሺ௞ା√௞ܥ

మିସሻఠ^௧ ଶ⁄ ቅ ൅ ݇ 

ଵܥ ൌ
െ݇ሺ݇ ൅ √݇ଶ െ 4ሻ

2√݇ଶ െ 4
, ଶܥ ൌ

݇ሺെ݇ ൅ √݇ଶ െ 4ሻ

2√݇ଶ െ 4
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C.2 Simulation model for the performance evaluation of conventional SOGI-PLL 

 
 

 

 

 SOGI-OSG 

 

 

 

Park Transformation 

 

 

 

 
 

Amplitude Compensator 

 
Embedded SRF-PLL 

Figure. C.1 Simulation model used for performance evaluation of the conventional SOGI-PLL  
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Input voltage generator with harmonics and dc offset 

 
First dc offset rejection method

 
Second dc offset rejection method

 
Proposed CLPF-SOGI dc offset rejection method

Figure. C.2 Simulation models for performance evaluation of different DC offset rejection approaches 
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Figure. C.3 Simulation model for the evaluation of effect of the PLL method on the grid-connected PV 
system performance  
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Figure. C.4 Simulation model for the Euler’s method implementation of the conventional OSG-SOGI 

 

Figure. C.5 Simulation model for the Tustin’s method implementation of the conventional OSG-SOGI  
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Appendix	D : Programming Code 

D1. Programming code for the conventional SOGI-PLL 

In the following, for demonstrating purpose, programming code for the conventional SOGI-

PLL based on Tustin’s method described in Section 6.11 is presented. 

#if 1 //********(Conventional SOGI‐PLL)*********// 
K=2; 
Ts=0.00005; // 1/20khz 
Valfa_PLL=(Vgrid);//measured from the grid voltage sensor 
X=2*K*W_PLL_1*Ts; 
Y=W_PLL_1*Ts*W_PLL_1*Ts; 
Z=2*W_PLL_1*Ts; 
b2=X+Y+4; 
b0=X/b2; 
a1=2*(4‐Y)/b2; 
a2=(X‐Y‐4)/b2; 
cd=(b0*Valfa_PLL)+(a1*cd_1)+(a2*cd_2); 
Valfa_PLL_plus = cd‐cd_2; 
Vbeta_PLL=cd_1*Z; 
cd_2=cd_1; 
cd_1=cd; 
Valfa_PLL_plus_1=Valfa_PLL_plus; 
#endif 
 
//*****Working out the Amplitude of the grid voltage Vm *******// 
#if 1 
u1=Valfa_PLL_plus*Valfa_PLL_plus; 
u2=Vbeta_PLL*Vbeta_PLL;  
Vg_max=sqrt(u1+u2); 
Valfa_pu=Valfa_PLL_plus/Vg_max; 
Vbeta_pu=Vbeta_PLL/Vg_max;  
#endif 
 
//*****************Embeded SRF‐PLL*********************// 
vide =  Valfa_pu*cos_t[(int)Theta_PLL] + Vbeta_pu*sin_t[(int)Theta_PLL];  
viqe = ‐Valfa_pu*sin_t[(int)Theta_PLL] + Vbeta_pu*cos_t[(int)Theta_PLL];  
kp_PLL=135.84; 
ki_PLL=0.3844; 
Delta_W=kp_PLL*PLL_error+zd_PLL; 
if(release) 
  zd_PLL = zd_PLL + ki_PLL*PLL_error; 
if(!release) 
  { 
    zd_PLL=0; 
  } 
 
   //Anti‐windup code 
  if(zd_PLL > 400) 
    zd_PLL = 400; 
  if(zd_PLL < ‐400) 
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    zd_PLL = ‐400; 
W_PLL=Wff+Delta_W;  
W_PLL_1=W_PLL; 
 
Theta_PLL=Theta_PLL_1+((Ts/2)*(W_PLL+W_PLL_1)); //using Tustin’s 
//Theta_PLL=Theta_PLL_1+W_PLL*Ts; //using backward Euler 
//Theta_PLL=Theta_PLL_1+W_PLL_1*Ts; //using forward Euler 
 
Freq=W_PLL/(2*PI); //Frequency from PLL 
if (Theta_PLL>=(2*PI)) 
  Theta_PLL‐=(2*PI); 
if(Theta_PLL > 6.283) 
  Theta_PLL = 6.283; 
  if(Theta_PLL < ‐6.283) 
    Theta_PLL = ‐6.283; 
Theta_PLL_1=Theta_PLL; 
Theta_PLL=114.591559*Theta_PLL;  //(720/2*PI) = Theta_PLL=Theta_PLL*(2pi/720) rad 
V_ref=cos_t[(int)Theta_PLL]; 
//*****************End of Conventional SOGI************************// 
#endif 

 

D2. Programming code for the proposed CLPF-SOGI PLL 

Programming code for the proposed CLPF-SOGI PLL based on Tustin’s method described in 

Section 6.11 is presented. 

#if 1  //******* Proposed CLPF‐SOGI PLL ************ 
K1=2; 
Valfa_PLL=(Vgrid);//measured from the grid voltage sensor 
#if 1 
XCLPF=2*K1*W_PLL_CLPF_1*Ts; 
YCLPF=W_PLL_CLPF_1*Ts*W_PLL_CLPF_1*Ts; 
ZCLPF=2*W_PLL_CLPF_1*Ts; 
b2CLPF=XCLPF+YCLPF+4; 
b0CLPF=XCLPF/b2CLPF; 
a1CLPF=2*(4‐YCLPF)/b2CLPF; 
a2CLPF=(XCLPF‐YCLPF‐4)/b2CLPF; 
cdCLPF=(b0CLPF*Valfa_PLL)+(a1CLPF*cdCLPF_1)+(a2CLPF*cdCLPF_2); 
Valfa_CLPF = cdCLPF‐cdCLPF_2; 
cdCLPF_2=cdCLPF_1; 
cdCLPF_1=cdCLPF; 
#endif 
#if 1 // using the Valfa_CLPF generated by SOGI as an input to CLPF to generate 
Vbeta 
Valfa=Valfa_CLPF; 
Tau=(1/(W_PLL_CLPF_1));//(Tau=1/W) Low pass filter parameters to get 90 phase‐shift 
  Ts=0.00005; // 1/20khz 
 // Discretization using Trapezoidal method 
  a=1.414213562*Ts/(2*Tau+Ts); //(1.4142316=sqrt2) (gain 'a') 
  b=(Ts‐2*Tau)/(2*Tau+Ts);   (gain 'b') 
Valfa_plus=(a*Valfa+a*Valfa_1); 
Valfa_plus1=Valfa_plus‐(b*Valfa_plus1_1); //45 deg 
Valfa_plus2=(a*Valfa_plus1+a*Valfa_plus1_1); 
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Vbeta=Valfa_plus2‐(b*Vbeta_1); //90deg 
Valfa_1=Valfa; 
Valfa_plus1_1=Valfa_plus1; 
Vbeta_1=Vbeta; 
#endif 
 
//********Working out the Amplitude of the grid voltage Vm ***************// 
#if 1 
u1CLPF=Valfa_CLPF*Valfa_CLPF; 
u2CLPF=Vbeta*Vbeta; 
Vg_maxCLPF=sqrt(u1CLPF+u2CLPF); 
 
Valfa_pu_CLPF=Valfa_CLPF/Vg_maxCLPF;  
Vbeta_pu_CLPF=Vbeta/Vg_maxCLPF; 
#endif 
 
#if  1//*****************Embedded  SRF‐PLL‐using  CLPF 
method************************// 
vide_CLPF= Valfa_pu_CLPF*cos_t[(int)Theta_PLL_CLPF]+ 
                                      Vbeta_pu_CLPF*sin_t[(int)Theta_PLL_CLPF];  
 
viqe_CLPF = ‐Valfa_pu_CLPF*sin_t[(int)Theta_PLL_CLPF]+  
                            Vbeta_pu_CLPF*cos_t[(int)Theta_PLL_CLPF]; //PLL error 
 
kp_PLL=135.84; 
ki_PLL=0.3844; 
Delta_W_CLPF=kp_PLL*PLL_error_CLPF+zd_PLL_CLPF; 
if(release) 
  zd_PLL_CLPF = zd_PLL_CLPF + ki_PLL*PLL_error_CLPF; 
if(!release) 
  { 
    zd_PLL_CLPF=0; 
  } 
   //Anti‐windup code 
  if(zd_PLL_CLPF > 400) 
    zd_PLL_CLPF = 400; 
  if(zd_PLL_CLPF < ‐400) 
    zd_PLL_CLPF = ‐400; 
W_PLL_CLPF=Wff+Delta_W_CLPF; //rad/s (2PI'rad'*F'1/s') 
W_PLL_CLPF_1=W_PLL_CLPF; 
 
Theta_PLL_CLPF=Theta_PLL_CLPF_1+((Ts/2)*(W_PLL_CLPF+W_PLL_CLPF_1)); //using Trap 
 
Freq_CLPF=W_PLL_CLPF/(2*PI); //Frequency from PLL 
if (Theta_PLL_CLPF>=(2*PI)) 
  Theta_PLL_CLPF‐=(2*PI); 
if(Theta_PLL_CLPF > 6.283) 
  Theta_PLL_CLPF = 6.283; 
  if(Theta_PLL_CLPF < ‐6.283) 
    Theta_PLL_CLPF = ‐6.283; 
Theta_PLL_CLPF_1=Theta_PLL_CLPF; 
Theta_PLL_CLPF=114.591559*Theta_PLL_CLPF;   
V_ref_CLPF=cos_t[(int)Theta_PLL_CLPF]; 
//*****************End of 2CLPF method************************// 
#endif 
#endif 
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D3. Programming code for the proposed simplified dq current controller  

Programming code for the proposed simplified dq current controller described in Section 6.12 

is presented. 

#if 1 //====Closed Loop Operation using Simplified dq current control=== 
  Ialfa_s=i_grid; // using the grid current as a feedback current 
  Valfa_g=Vg; 
  error_1=Valfa_g‐Valfa_g_plus_1; 
  error_2=error_1‐Vbeta_g_1; 
  W_1=error_2*Wff; 
  Valfa_g_plus = Valfa_g_plus_1+W_1*Ts; 
  Valfa_g_plus_1=Valfa_g_plus; 
  W_2=Valfa_g_plus*Wff; 
  Vbeta_g=Vbeta_g_1+W_2*Ts; 
  Vbeta_g_1=Vbeta_g; 
   
Vg_d=Valfa_g*cos_t[(int)Theta_PLL_CLPF] + Vbeta_g*sin_t[(int)Theta_PLL_CLPF]; 
Vg_q=Vbeta_g*cos_t[(int)Theta_PLL_CLPF] ‐ Valfa_g*sin_t[(int)Theta_PLL_CLPF];  
 
    // PIdq current controller// 
#endif 
 
#if 1 // Current step 
    if(store_enable) 
    { 
      baset++; 
      if(baset<400)  
        par3=0; 
      else if(baset<1200) 
        par3=27; 
      else 
        par3=54; 
    } 
    else 
      baset=0; 
 
#endif 
Id_ref = par3; //The peak value of the demand current  
Id_ref=0.1*Id_ref; 
Iq_ref = 0; 
Ialfa_s_ref = Id_ref*cos_t[(int)Theta_PLL_CLPF];  
error_alfa_s=Ialfa_s_ref‐Ialfa_s; 
#if 1 
error_d=error_alfa_s*cos_t[(int)Theta_PLL_CLPF];  
  error_q=‐error_alfa_s*sin_t[(int)Theta_PLL_CLPF];  
#endif 
 
L=2e‐3; //3.5e‐3 Decoupling 
kp=par5; //1600*1 
ki=par6; 
Vcd = kp*error_d+ zd; 
Vcq = kp*error_q+ zq; 
    if(release) 
      zd = zd + ki*error_d; 
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      zq = zq + ki*error_q; 
    if(!release) 
    { 
      zd=0; 
      zq=0; 
    } 
    // Anti‐windup code 
    if(zd > 7500) 
      zd = 7500; 
    if(zd < ‐7500) 
    zd = ‐7500; 
    if(zq > 7500) 
      zq = 7500; 
    if(zq < ‐7500) 
      zq = ‐7500; 
 
    if(Vcd > 7499) 
      Vcd = 7499; 
    if(Vcd <‐7499) 
      Vcd = ‐7499; 
 
    if(Vcq > 7499) 
      Vcq = 7499; 
    if(Vcq <‐7499) 
      Vcq = ‐7499; 
    Id=Id_ref‐error_d; //error_d=Id_ref‐Id //Id = the demand current 
    Iq=Iq_ref‐error_q; //error_q=Iq_ref‐Iq & Iq_ref=0 
 
 
#if 1 
  Vind=Vcd + (120*Vg_maxCLPF)‐(Iq_ref*Wff*L);  
  Vinq=Vcq + (120*viqe_CLPF)+(Id_ref*Wff*L);  
#endif 
 
    if(Vind > 7499) 
      Vind = 7499; 
    if(Vind <‐7499) 
      Vind = ‐7499; 
 
    if(Vinq > 7499) 
      Vinq = 7499; 
    if(Vinq <‐7499) 
      Vinq = ‐7499; 
//Transforming the rotating output signals of the PIdq controller (Vind&Vinq) back 
to the stationary reference frame to be sent to the PWM generator// 
// The Alfa component of the control signal will be fed into the PWM modulator 
Vin_alfa_v=Vind*cos_t[(int)Theta_PLL_CLPF] ‐ Vinq*sin_t[(int)Theta_PLL_CLPF];  
 
    if(Vin_alfa_v > 7499) 
      Vin_alfa_v = 7499; 
    if(Vin_alfa_v <‐7499) 
      Vin_alfa_v = ‐7499; 
    modindex=Vin_alfa_v; 
 
    // check that modulation index is in range (‐7500 to +7499) 
 
#endif//***************************************************************** 
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D4. Pulse width modulation (PWM) set-up  

Programming code for the pulse width modulation (PWM) described in Section 6.13 is 

presented. 

#if 1 
   
  if((modindex >= 3750) && (modindex < 7500)) 
  { 
    ma = 7499 ‐ modindex; 
    mb = 0; 
    mc = 0; 
    md = 0; 
  } 
 
  if((modindex >= 0) && (modindex < 3750)) 
  { 
    ma = 3750; 
    mb = 3750 ‐ modindex; 
    mc = 0; 
    md = 0; 
  } 
 
  if((modindex >= ‐3750) && (modindex < 0)) 
  { 
    ma = 3750; 
    mb = 3750; 
    mc = ‐(1 + modindex); 
    md = 0; 
    } 
 
  if((modindex >= ‐7500) && (modindex < ‐3750)) 
  { 
    ma = 3750; 
    mb = 3750; 
    mc = 3750; 
    md = ‐(3751 + modindex); 
  } 
 
#endif 
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