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ABSTRACT 

Grid codes is a technical specification which defines the parameters a power system 

that are connected to the national power systems has to ensure safe, secure and eco-

nomic proper functioning of the electric system. One of these requirements is to stay 

connected to the grid during faults. In such scenarios, the generating unit should remain 

connected to the grid for a certain period and provide reactive power to support the grid. 

This is called low voltage ride-through capability. At the early stage, low voltage ride-

through requirements were imposed for large scale generators connected to the trans-

mission network. However, with the increased penetration of distributed generation, 

such as PV panels implemented in the distribution network, the low voltage ride-

through requirements are also required for distributed generation. 

With the maturity of PV technology, the cost of PV generation has decreased. Therefore, 

the total installed capacity of grid-connected PV generation has increased; this has cre-

ated new challenges to the low voltage ride-through. Power quality and transient per-

formance are the most critical aspects of the grid-connected PV systems under grid 

faults. PV generation is permitted to switch off from the grid during a fault; however, 

with the high penetration of the installed PV system, it will degrade the power quality 

if the same method applied. It is necessary to make sure that the inverter currents remain 

sinusoidal and within the acceptable limits at the instant of the fault, during and after 

the fault clearance for different types of faults. Accordingly, this thesis proposes two 

low voltage ride-through strategies for a 3-phase grid-connected PV system in different 

reference frames. 
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The presented low voltage ride-through control algorithm in the synchronous reference 

frame, which fulfils a voltage compensation unit and the reactive power injection block 

is designed to protect the inverter from overcurrent failure under both symmetrical and 

asymmetrical faults, reduce the double grid frequency oscillations and provides reac-

tive power support by applying a voltage compensation unit. The inverter can also 

inject sinusoidal current during asymmetrical faults. The method does not require a 

hard switch from the Maximum Power Point Tracking to a non-Maximum Power Point 

Tracking algorithm, which ensures a smooth transition. 

The proposed method in the stationary reference frame provides a fast post-fault recov-

ery, which is essential to minimize the fault impacts on the loads and the converter. The 

method, which consists of a new reference currents calculation block and the voltage 

compensation unit, maintains the converter current within acceptable limits, produces 

sinusoidal current even during asymmetrical faults, improves the post-fault recovery 

performance, and provides independent control for active and reactive powers.  
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Chapter 1 Introduction 

1.1 Background 

Carbon dioxide (CO2) emissions have been remarkably worse in the last decades, but 

the problem goes far back. According to data provided by the International Energy 

Agency (IEA), the total CO2 fuel combustion in 2017 was 4618.2 million tonnes for 

electricity and heat generation in China. The total CO2 emissions in 2017 for electricity 

and heat generation in Europe was 2062 million tonnes [1]. The need for a clean and 

reliable energy generation has driven the renewable energy sources (RES) generation 

academic research and industry towards a new era. RES generation is one of the newest 

and environment-friendly approaches to meet the energy demand for humanity in the 

21st century. According to the newest released China’s power mix [2], China plans to 

cut down coal generation from almost 59 GW to nearly 6 GW in the next two decades. 

Meanwhile, China will confirm its position as the global leader in the RES generation. 

Figure 1.1 shows the roadmap for the average annual net capacity additions by type 

from 2017 to 2040.  

 

Figure 1.1: China average annual net capacity additions by type from 2017 to 2040 
[2]
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In the United Kingdom (UK), 86.9 TWh electricity was generated in the first quarter 

of 2019. Figure 1.2 shows the percentage contribution to the UK’s electricity genera-

tion from various energy sources for the first quarter of 2019 [3]. From their report, 

the RES generation was 31.1 TWh in the first quarter of 2019, an increase of 9.2% a 

year earlier. Additional, solar PV generation was 2.12 TWh, an increase of 18.7% a 

year earlier. Among all of the RES generation, wind and solar power are dominating 

the electric markets and research.  

 

Figure 1.2: UK energy production for the first quarter of 2019 [3] 

According to the IEA, the additional annual generation of wind and photovoltaic (PV) 

met almost all incremental demand for electricity in 2015 [4]. Compared with wind 

power generation (WPG), the modularity of the solar power generation is household 

or above, while WPG is community or above [4]. It means that solar power generation 

can be applied to either domestic level or distribution level. The power electronics 

technology and the development of PV, which is the most commonly used technology 

for the solar energy applicant, have made the solar power source available for domestic 

users. The PV system was initially motivated by the advancements of power electron-
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ics technology [5-7]. With the increasing research in PV based generation, the aca-

demic research interest in power electronic based control schemes has increased as 

well. Figure 1.3 is the IEA’s on track data, which shows the installed and total solar 

power capacity around the world is increasing from 190TWh in 2014 to 585 TWh in 

2018 [8]. 

 

Figure 1.3: Installed and total PV capacity from 2014 to 2018 [8] 
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grid. This is called low voltage ride-through (LVRT) capability. At the early stage, the 
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The cost of PV generation has decreased because of the maturity of the PV technology. 

Therefore, the total installed capacity of the PV generation has significantly increased. 

PV systems can be implemented both islanded and grid-connected. However, when 

the PV system connects to the grid, it will create some new challenges that need to be 

solved. The PV generation is permitted to switch off from the grid during a fault 

initially, however, with the high penetration of the installed PV system, it will degrade 

the power quality if the same method applied. Thus, Grid Codes including the LVRT 

requirements are introduced to the academic researches and industries in different 

places around the world to address the PV systems within certain power capacity or 

PV systems connected to a particular voltage level at the point of common coupling 

[9]. Moreover, power quality and transient performance are also the most critical 

aspects of the grid-connected PV system under grid faults. Consequently, it is 

necessary to make sure that the proposed LVRT method not only includes inverter 

current curtailment but also provides high quality fault current.  

1.2 Original Contribution 

LVRT requirements are required for grid-connected DG systems. Some conventional 

approaches for LVRT methods are proposed in the literature for PV systems, including 

chopper circuits or a non-MPPT mode when a fault is detected. However, both two 

methods require additional electronic elements, which increases the costs and losses 

of the system, and even lead to a non-smooth transition between the two modes. More-

over, some other methods considering LVRT have other disadvantages, e.g. the dy-

namic performance (at the instant of the fault, exactly after fault is cleared or post-fault 

recovery) during fault is poor.  
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This thesis proposes two LVRT methods, which are investigated and developed in the 

synchronous reference frame (SYRF) and the stationary reference frame (STRF). The 

main contributions of the two methods are as follows: 

1) Two voltage compensation units are proposed to achieve prevention of the ac-

tivation of overcurrent protection through limiting the inverter current for both 

symmetrical and asymmetrical faults; 

2) providing high-quality sinusoidal inverter voltage and current during faults; 

3) reducing the double grid frequency oscillation; 

4) eliminating the need to switch from the MPPT mode to non-MPPT mode; 

5) supporting voltage through reactive power injection. 

In addition to the above, the proposed STRF LVRT method has the following charac-

teristics: 

1) A simple and effective approach for the calculation of inverter reference cur-

rents that works for both normal operation and all types of faults in the STRF, 

which can provide independent active and reactive power control.  

2) The reactive power calculation block, which contains a transient reactive 

power suppression unit is proposed. It can significantly reduce the inverter cur-

rents after the fault clearance. 

3) The method provides fast post-fault recovery, maintains the currents within 

acceptable limitation, and produces sinusoidal currents even during asymmet-

rical faults. 

4) The method eliminates the needs for a symmetrical components’ separation 

strategy and the STRF to SYRF transformation. 
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1. H. Wen and M. Fazeli, "A low-voltage ride-through strategy using mixed po-

tential function for three-phase grid-connected PV systems", Electric Power 

Systems Research, vol. 173, pp. 271-280, 2019. Available: 

10.1016/j.epsr.2019.04.039. 

2. H. Wen and M. Fazeli, "A new control strategy for low-voltage ride-through 

of three-phase grid-connected PV systems", The Journal of Engineering, vol. 

2019, no. 18, pp. 4900-4905, 2019. Available: 10.1049/joe.2018.9254 

Paper under peer-review 

1. H. Wen and M. Fazeli, " Enhancement of LVRT and Post-fault Performance 

for a 3-Phase Grid-Connected PV Systems in the Stationary Frame " (Electric 

Power System Research) 

1.4 Outline 

A detailed literature review is presented in Chapter 2, which discusses and reviews the 

state-of-the-art on the technical description of the results and contribution of various 

LVRT strategies for the grid-connected PV system. The drawbacks of these research 

works will also be discussed. The mathematical model of the PV cell is also explained 

in Chapter 2. Furthermore, the control scheme for a 3-phase inverter-based based grid-

connected PV system is introduced. The main challenges facing the LVRT strategies 

for grid-connected PV system will be highlighted to emphasize the need for the work 

reported in this thesis.  
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Chapter 3 presents an LVRT strategy for a 3-phase grid-connected PV system in the 

SYRF. The proposed method consists of a voltage compensation unit and a reactive 

power injection block. The equal-area criterion is used to investigate the stability of 

the new operation point during the faults. The mixed potential function is introduced 

to analysis the model under study and establish the equation used in the voltage 

compensation unit. The reactive power calculation block is introduced to support the 

grid during the faults.  

The LVRT strategy for a 3-phase grid-connected PV system in the STRF is extended 

in Chapter 4. The proposed method uses a novel approach for the calculation of 

inverter reference current. In addition, the reactive power injection block includes a 

transient reactive power suppression unit, which can reduce the inverter current after 

the fault clearance for a severe fault. The strategy can improve post-fault recovery 

performance. 

Chapter 5 presents a general conclusion of the overall work and provides some 

recommendations for future study.  
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Chapter 2 Grid-connected PV system and Literature Review 
for LVRT strategies 

2.1 Photovoltaic Technology 

Solar energy is a sufficient resource on earth. By using renewable energy technologies, 

such as solar thermal power plant, solar concentrators and PV systems, solar energy is 

converted to electrical energy. The basic operation principle of a PV cell is called the 

photovoltaic effect.  

 

Figure 2.1: Photovoltaic Effect 

As shown in Figure 2.1, when a semiconductor is exposed to sunlight, electrons, which 

are known as photoelectrons, will eject from the semiconductor [10]. The photoelec-

trons will only be ejected from the semiconductor when the wavelength of the light is 

smaller than the intrinsic wavelength of the material [11]. A PV cell behaves like a 

diode in nature, which allows a unidirectional flow of electrical current.  

In the last decade, PV generation has seen massive growth leading to the widespread 

utilisation of PV systems in both domestic and industrial applications [8]. It offers low 

maintenance cost, flexible installation, and environmentally friendly energy. The elec-

tricity generated by the PV cells is determined by the amount of light incidence on the 
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cells as well as the angle of incidence. The temperature of the cell also plays an im-

portant role in electricity generation. Other factors such as partial shading, cell mis-

match, the area of the cell, ageing, and material type can also affect the output of the 

cell.  

2.1.1 Electrical and Mathematical Modelling of a PV cell  

The electrical model of a PV cell is shown in Figure 2.2. It consists of a single diode 

connected in parallel with an ideal current source. The PV cell operates like a con-

trolled current source, which delivers current based on the solar irradiance [12, 13].  

 

Figure 2.2: PV mathematical modelling [12] 

In figure 2.2, Iph is the photocurrent, ID is the diode current, Ipv is the output current of 

the PV cell, Vpv is the output voltage of the PV cell, Rload represents the load connected 

to the PV cell. Rs and Rsh are the parasitic elements. A parasitic element is a circuit 

element that is possessed by an electrical component, but which is not desirable for it 

to have for its intended purpose. For an ideal PV model, Rs and Rsh are negligible; thus, 

Ipv is given in equation (2.1): 

                                                                                                     （2.1） 

The diode equation (2.2) is given by: 

Rs

Rsh Rload

Ipv

Vpv

ID

DIph

pv ph DI I I= -
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                                                                                     （2.2） 

Thus, Ipv is derived in equation (2.3): 

                                                                      （2.3） 

Iph, which mainly depends on the solar irradiance and the working temperature of the 

cell, is described in equation (2.4). 

                                                                     （2.4） 

The cell’s saturation current (I0) varies with the cell temperature, which is given in 

equation (2.5). 

                                                                （2.5） 

The reverse saturation current (Irs) at reference the temperature can be approximately 

derived in equation (2.6): 

                                                                                          （2.6） 
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VD is the voltage drop across the diode (in Volts); 

VT is the thermal voltage = 26 mV; 

η is the ideality factor, which describes how closely the diode follows the ideal diode 

equation; 

Isc is the short circuit current at reference temperature (in Ampere); 

CT is the photocurrent temperature coefficient; 
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Tc is the cell surface temperature (in Kelvin); 

T0 is the reference temperature (in Kelvin); 

G is the solar irradiance (in kW/m2); 

G0 is the reference solar irradiance in (kW/m2); 

q is the electron charge = 1.6x10-19 C; 

k is the Boltzmann’s constant = 1.38x10-23 (Joules/Kelvin); 

Eg is the band-gap energy of the semiconductor. 

This thesis uses equations (2.1) - (2.6) to establish the PV cell model, where the scale 

of the PV array is computed based on the number of modules. Meanwhile, the scale of 

the PV module is computed based on the connected cells in series and parallel. 

 

Figure 2.3: I-V output characteristic curve of a PV cell 

Figure 2.3 shows the I-V output characteristic curve of a PV cell. The most substantial 

voltage across the PV cell is called the open-circuit voltage (Voc). The technology used 

to make the PV cell (e.g. polycrystalline silicon, which is the most common type used 

in PV) and the cells operating temperature determine Voc. It increases with the cell 



Chapter 2 Grid-Connected PV system and Literature Review for LVRT Strategies 
 

12 
 

temperature reducing or the irradiance increasing. Similarly, the highest current a PV 

cell can supply is called short-circuit current (Isc). Isc reduces as irradiance decreases.  

The size of the module determines the amount of the electricity generated from the PV 

module. The larger the size of the module, the higher will be the amount of electricity 

generated [14]. A PV module typically consists of 28 to 36 cells in series or parallel. 

The parameters of the PV module used in this work are shown in Table A-1 in the 

appendix. 

MATLAB Simulink toolbox is used to prove the effect of varying temperature and 

irradiance on a PV module’s performance. Figure 2.4 and Figure 2.5 show the P-V and 

I-V output characteristic curves of the proposed PV module for different values of solar 

irradiance while the temperature is kept at a temperature of 25 °C. It can be found that 

the maximum output power increases significantly with the irradiance increases. How-

ever, changing the level of irradiance from 1000 W/m2 to 200 W/m2 has a slight effect 

on Voc (Voc varies in 2 V). When irradiance is 1000 W/m2, Voc is 23 V; meanwhile Voc 

is 21 V, when irradiance is 200 W/m2. On the contrary, there is a dramatic effect on Isc 

with the irradiance changing. Isc is 2 A, when irradiance is 1000 W/m2; meanwhile, it 

is around 0.5 A when irradiance is 200 W/m2. From equations (2.3) - (2.6), it can be 

easily found that Ipv is mainly depended on the irradiance, i.e. Ipv is proportional to the 

irradiance varying roughly.   
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Figure 2.4: P-V output characteristic curve of a PV module for varying solar 
irradiance 

 

Figure 2.5: I-V output characteristic curve of a PV module for varying solar 
irradiance 

Figure 2.6 and Figure 2.7 show the P-V and I-V output characteristic curves of a PV 

module for varying temperature while the irradiance is kept at nominal conditions, (i.e., 

irradiance is 1000 W/m2). A significant reduction of Voc is observed, while the tem-

perature increases. However, the changing level of temperature has a slight effect on 

Isc. This leads to a reduction in maximum output when the temperature increases from 

25 °C to 75 °C. In practical, 60 °C or 75 °C of the ambient temperature is not realistic; 
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however, to compare the impact of the temperature, such conditions are simulated. The 

results show that the changing of the ambient conditions lead to varing in maximum 

power on the P-V curves. Hence, a maximum power point tracking (MPPT) technique 

is required to track the changes in the maximum power point (MPP). 

 

Figure 2.6: P-V output characteristic curve of a PV module for varying temperature 

 

Figure 2.7: I-V output characteristic curve of a PV module for varying temperature 
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2.1.2 Maximum Power Point Tracking  

As explained above, the variation of irradiance and temperature can be used to build 

the mathematical model of the PV module, which is nonlinear and will be affected by 

solar irradiance and operating temperature. Furthermore, the daily solar irradiance can 

be altered by the weather times during the day and year. Therefore, without a proper 

control scheme, the operating point of the PV module shifts continuously, which is not 

acceptable from a practical standpoint. In fact, the PV system’s operating point must 

be adjusted to maximize the power produced. The MPPT algorithm is therefore used 

to ensure the PV system’s operating point maintains at its MPP. Some different types 

of MPPT algorithm have been proposed in the literature [15-17], such as the constant 

voltage method, short current pulse method, open-voltage method, perturb and observe 

(P&O) method and incremental conductance (IC) method. All of the above methods 

have their own drawbacks. For example, the constant voltage method, which provides 

constant voltages for a pre-measured temperature and irradiance, is simple but not ac-

curate. Similar to the constant voltage method, both short current pulse and open-volt-

age methods require additional measurement of short-circuit current or open-circuit 

voltage, which cannot provide real-time MPPT (i.e. can add to the delay). IC method 

suffers from two main shortcomings. First, the mathematical process is complicated, 

which means an advanced control scheme is required. Furthermore, the performance 

of this method highly depends on the setting of the increment step. 

Among all the MPPT techniques, the P&O MPPT is one of the most commonly used 

MPPT approaches in the PV system. P&O MPPT has some drawbacks. The main dis-

advantages for the P&O MPPT are: The operating point is continuously oscillating 

around the MPP in steady-state when MPP is reached and poor tracking ability under 
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sudden changes of irradiance [18-20]. However, P&O MPPT has many advantages. 

Compared with the constant voltage method, short current pulse method and open-

voltage method, it can provide true MPP tracking. Moreover, P&O MPPT is not a PV 

array dependent algorithm, which means it can be applied to any PV system. Further-

more, it is a low-cost method, and the implementation is straightforward [18] (simple 

control scheme compared with the IC methods). Considering a P&O MPPT has the 

above advantages, this work uses P&O MPPT to control the PV system.  The P&O 

method algorithm operates by periodically perturbing the output voltage and current 

of the PV panel and comparing the PV output power to that of the previous cycle [18]. 

If the PV module output voltage changes and power increases, which means the  

 

will drive the PV module operating point to that direction; otherwise, the operating 

point is moved in the opposite direction. 

For easy understanding, the fundamental principles of the P&O MPPT technique are 

shown in the flowchart in Figure 2.8. Initially, the control scheme defines the change 

of the PV output power (ΔP=P(n)-P(n-1)) and voltage (ΔV=V(n)-V(n-1)), where n-1 

is the previous step of n and n is the number of the step. When ΔP=0, it means that the 

output power reaches the MPP. The P&O MPPT technique uses the algorithm shown 

in Figure 2.8 to detect the operation point of the PV array. When ΔP=0, MPP is 

achieved. If ΔP≠0, it is needed to identify whether the operating point is on the left or 

right-hand side of the MPP. If the operation point is detected at the left-hand side of 

the MPP, the controller will add ΔV to V(n); thus, it drives the operation point towards 

the MPP. When the operation point is detected at the right-hand side of the MPP, ΔV 
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will be subtracted from V(n); thus, the operation point will be forced toward the MPP. 

In practice, this approach will make the operating point at the left-hand side of the 

MPP in one cycle, and at the right-hand side of the MPP in the next cycle. Thus, the 

operating point will oscillate around its MPP.  

 

Figure 2.8: The flowchart of a P&O MPPT algorithm 

2.2 Control of grid-connected PV system 

Since the output voltage of the PV generation is DC voltage, the inverter is required to 

transfer the DC voltage to AC for 3-phase grid-connected PV system. Thus, controlling 

the voltage and current is important for an inverter-based power system. Figure 2.9 
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shows a basic control scheme for a grid-connected PV system. The PV system consists 

of a cascaded voltage and current loops in dq-frame (SYRF), and a Phase-Locked Loop 

(PLL). STRF is often used in electrical engineering with a 3-phase system. The 

transform can be used to rotate the reference frames of AC waveforms such that they 

become DC signals. Simplified calculations can then be carried out on these dc 

quantities before performing the inverse transform to recover the actual three-phase ac 

results. The PLL technique and current controller will be detailed in the next sections. 

 

Figure 2.9: Basic control scheme for a grid-connected PV system 

2.2.1 Phase-Locked Loop 

A PLL is needed in a PV system to ensure that the PV system is synchronous with the 

grid [21]. The PLL is a control scheme that automatically tunes the phase of a locally 

estimated signal used as a reference to match the phase of the input signal. Normally, 

a PLL consists of three blocks: a phase detector block, loop filter and voltage-con-

trolled oscillator (VCO) block. The advantage of VCO is that by changing its fre-

quency relative to that of the other signal, billions of degrees of phase shift over time 

can be obtained [22]. There are many different types of PLL regarding the loop filter, 
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such as first-order PLL, second-order PLL or even higher-order PLL. Since this thesis 

mainly focuses on the LVRT strategies for a grid-connected PV system, it considers a 

simple PLL to synchronise the grid frequency. Thus, the SYRF-PLL, which is a first-

order PLL and most commonly used technique, is used. The SYRF-PLL is easy to 

design. A basic structure of an SYRF-PLL is shown in Figure 2.10, which considers a 

PI controller for the loop filter. When considering an inverter-based PV system, the 

system is nonlinear; however, since the control plant of an SYRF-PLL is a feedforward 

control (to speed up the controller), where the reference frequency is 50 Hz. When the 

frequency of the system closes to 50 Hz, it can be assumed to be a linear system. This 

technique allows the voltage variables in the natural reference frame (NRF) transform 

to the SYRF, rotating at the angle θ*. ω0 is the nominal grid frequency in rad/s. 

 

Figure 2.10: PLL control scheme 

The Park Transformation for NRF to SYRF is given: 

                  (2.7) 

The SYRF-PLL can lead to an error in the signals under unbalanced voltage conditions 

[23]. To achieve precious control of a PV system during abnormal operation, the de-
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DSC, which a method used to cancel out the fundamental component of the negative 

sequences during an asymmetrical fault, is also used in this work for symmetrical com-

ponents separation. DSC-PLL, which also uses PI controller as the loop filter can dra-

matically eliminate the oscillatory errors caused by the unbalanced voltages [26]. The 

principle of the DSC method can be described as below: 

In general case of an asymmetrical voltage condition, the voltage in the STRF (v(α, β)(t)) 

can be written in equation (2.8): 

                                             (2.8) 

Where v+(α, β)(t) and v-(α, β)(t) is estimations of the positive and negative sequences volt-

age in the STRF. The DSC method is defined by equation (2.9): 

                                     (2.9) 

Where T is the signal period, which is the same as the grid period. The method applies 

one quarter cycle delay to the input signal to obtain the output signal [27, 28]. Then 

the output voltage signals are converted to the SYRF using standard STRF to SYRF 

Transformation. The structure of a DSC-PLL is given in Figure 2.11, where Vqp is the 

positive sequence voltage in the SYRF and Vqp* is the reference voltage. The DSC-

PLL is used to synchronise the frequency in Chapter 3. The DSC-PLL uses PI control-

ler, which is used in a linear system to control the scheme. The current controller will 

be discussed in the next section. 

( , ) ( , ) ( , )( ) ( ) ( )v v vt t ta b a b a b
+ -= +

, ,

, ,

( , )

( , )

1
( ) ( )

2 4
1

( ) ( )
2 4

( )

( )

T
v v t jv t

T
v v t jv t

t

t

a b a b

a b a b

a b

a b

+

-

= + -

= - -

é ù
ê úë û
é ù
ê úë û



Chapter 2 Grid-Connected PV system and Literature Review for LVRT Strategies 
 

21 
 

 

Figure 2.11: DSC-PLL control scheme 

2.2.2 Conventional Current Loop 

Figure 2.12 is the simplified equivalent circuit for a 3-phase PV system. Cdc is the DC-

link capacitor. Ipv is the PV output current at MPP, and Vpv is the output voltage at 

MPP. Rf, Lf, Cf are the LC filter elements. Via, Vib and Vic are the inverter 3-phase volt-

ages before the filter and Vta, Vta and Vta are the inverter 3-phase voltages after the filter.  

 

Figure 2.12: Equivalent circuit for mathematical modelling 

By applying Kirchhoff’s voltage law (KVL), and Kirchhoff’s current law (KCL), 

equation (2.10) can be derived from the equivalent circuit: 
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Where If, Vi and Vt are the 3-phase current and voltage vectors (e.g. If = [Ifa Ifb Ifc]T) 

(Note that a bold font is used here to consider vectors in 3-phase components). By 

using NRF to SYRF transformation for equation (2.10), equation (2.11) is given: 

                                                                     (2.11) 

Where ω0 is the grid frequency of the rotating SYRF. Assuming Rf is very small, 

equation (2.11) can be written as: 

                                                                                (2.12) 

Thus, equation (2.12) can be used to control the inverter current. Figure 2.13 shows the 

conventional current controller in SYRF, which contains two compensation terms. 

One is -Ifd,q(ωLf), another one is Vtd,q. Similar approaches can be derived to get the 

current controller in STRF. The control scheme shown in Figure 2.13 is used in chapter 

3 for LVRT strategies design. Since this thesis proposes the LVRT methods based on 

the voltage loop, the detailed explanation of the voltage control will be introduced in 

Chapter 3 and 4. 

 

Figure 2.13: Current controller in SYRF 
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2.3 Grid Code and Low-voltage ride-through 

The National Grid is the system operator of Great Britain’s electricity supply. It is the 

company that manages the network and distribution of electricity that powers all our 

homes and businesses. According to the National Grid, the definition of Grid Code is 

the technique code for connection and development of the national electricity 

transmission system [29]. A grid code, which introduces the parameters for an 

electricity generating plant, a consumer or a network connected to a public electric 

grid, must be met to ensure the safe, secure and economic proper functioning of the 

power system [30]. Since the grid codes are introduced by different countries or 

authorities around the world, it varies depending on the authority’s requirements. 

Typically, a grid code will indicate the requirements of a grid-connected power system 

during the disturbances. For example, the voltage regulation, power factor, reactive 

power supply, response to a system failure, response to frequency changes on the grid 

and requirement to ride through short disturbances of connection, these are all included 

in a grid code [31]. With the rapid increase of installed DG units connected to the grid, 

the transmission level grid will be affected by these DG units. When disturbances or 

failure is detected near the DG side, the DG units should have the ability to ensure that 

the disturbances will not cause the public grid degrades. Thus, the LVRT techniques 

become more and more popular among the researchers and industries. 

2.3.1 Low voltage ride-through requirements 

LVRT, also known as fault ride-through (FRT) or under-voltage ride-through (UVRT) 

[32], is the ability of a generation unit to ride through faults and disturbances whilst 

connected to a healthy system circuit [33]. According to the National Grid, LVRT was 
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first introduced to the GB Grid Code in June 2005 following grid code consultation 

H/04 [33]. To explain what exactly LVRT is, an overall profile for voltage 

requirements is illustrated in Figure 2.14. 

 

Figure 2.14: Voltage profile requirement [34] 

The voltage range of a system, which is expected to withstand the voltage changes 

following a network disturbance or fault is known as normal operation zone, or steady-

state voltage. The normal operation voltage is defined by different authorities, such as 

the National Grid in the U.K. or the State Grid Corporation of China. However, the 

operation zone is normally defined from 0.9 to 1.1 pu. In the UK, when the disturbance 

or fault is cleared within 15 minutes, the steady-state voltage requirement is 0.9 to 1.1 

pu. However, when the disturbance or fault is continuous, the normal operation zone 

is from 1.05 to 0.9 pu [35]. In Figure 2.14, V4 is the lowest voltage that the desired 

system should tolerate for a certain period (Ta). This ability is called LVRT ability. 

The slope between V4 and V3 is the voltage recovery after a fault is cleared. In China, 

the DG systems should stay connected to the electric grid for 150ms when voltage 

drops to 0 pu. However, the LVRT requirements are different in different countries or 

regions. For example, the LVRT requirements in China and the UK is given in Figure 

2.15 and Figure 2.16, respectively. In China, the system should be connected to the 
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grid when the voltage drops to 0 pu for 150 ms, meanwhile, the system is allowed to 

disconnect from the grid when the voltage drops to 0 pu. Considering that the LVRT 

requirements in China are stricter than the requirements in the U.K., this work uses 

Chinese Grid Code when designing the control scheme. Similarly, the ability for a 

system to stay connected to the grid when the voltage is higher than the normal 

operation zone is called high-voltage ride-through. V1 and V2 represent the higher 

voltage limits. However, only LVRT is studied in this work.  

 

Figure 2.15: LVRT requirements in China [36] 

 

Figure 2.16: LVRT requirements in the UK [33] 
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2.3.2 Reactive power injection 

With the increasing adoption of the PV system, the performances of the grid will be 

affected. For instance, potential overloading or voltage rise may appear at distributed 

grid feeders especially when a high penetration level of the PV system is installed, due 

to the intermittent nature of the solar source and the unbalance between PV supply and 

load demands [37-40]. Thus, in some countries, the specific grid requirements for a 

PV system is introduced, which should be able to support the grid and voltage 

regulation through reactive power injection [41-44]. Moreover, the aggregated PV 

system may induce grid variations [45-47]. Hence, in response to grid fault and 

disturbances, it is recommended to apply reactive power injection when designing the 

LVRT techniques to provide dynamic grid support [37]. Figure 2.17 shows the reactive 

power injection requirements in different countries and regions. It can be found that 

Germany, Denmark and E. ON requires the system to inject 1 pu reactive power when 

the voltage sag 0.5 pu (0.6 pu in Germany), meanwhile only 0.8 pu reactive power is 

required in Spain. China has the strictest requirement, in which 1.05 pu reactive power 

is needed when the voltage sag is 0.8 pu. Considering the above, this work uses the 

Grid Code in China when considering the reactive power injection calculation.  

 

Figure 2.17: Grid Codes for reactive power injection of each country [48] 
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2.4 LVRT strategies  

The main challenges of an LVRT strategy for a grid-connected system are: 

1) Preventing overcurrent failure (current curtailment) and restoring to normal 

operation. 

2) Maintaining the DC-link voltage.  

3) Providing sinusoidal inverter current for the healthy phases.  

To achieve these goals, there are many LVRT techniques proposed in the literature. 

For example, a crowbar can be used in a doubly-fed induction generator (DFIG) 

system to prevent system failure [49]. Traditionally, a crowbar is a resistance, which 

is used to short circuit the rotor windings in the DFIG system [49]. However, there is 

a major shortcoming of the crowbar that when it is operating, the rotor-side converter 

is disabled, and the control of the DFIG is lost. An active crowbar is proposed in some 

studies to shorten the operation time of the crowbar, which can improve this type of 

method. Since this work only concentrates on the PV system, the crowbar will not be 

further discussed. The following part will introduce some LVRT strategies for a PV 

system. 

2.4.1 Conventional LVRT strategy for grid-connected PV system  

One of the most commonly used approaches for LVRT strategy for a PV system is 

switching the operation from MPPT control mode to a non-MPPT mode [50-52]. This 

is because it will be more complicated for LVRT designing if the MPPT is connected 

during the fault. Therefore, this technique requires a fault detection method [53-54]. A 

fault detection method requires the converter to detect the fault and react quickly to 
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the disturbances to protect the converter and upstream system from the effects brought 

by the fault. Figure 2.18 shows a simple model of a PV system control scheme with an 

operation switching function and fault detection block for LVRT. When a fault is 

detected, the LVRT algorithm will choose whether to stay connected with the MPPT 

or switch off from the MPPT depending on the fault detection block. For example, if 

the voltage sag is smaller than 0.1 pu, the system will still be connected to MPPT; 

otherwise, it will be cut off from the MPPT. 

 

Figure 2.18: A simple system with fault detection block 

Another widely used approach for current limitation is DC braking chopper or similar 

techniques [51, 55-57]. The chopper or the similar method is a power resistor, or a 

circuit contains power electronic devices, such as IGBTs or diodes [51, 56], which can 

prevent the DC-link capacitor from over-voltage damage. Since this work concentrates 

on the LVRT technique based on the control algorithm, details of this method are not 

explained. Another method is specific control algorithms based on symmetrical 

components [50, 58, 59]. This method is widely used under unbalanced faults, which 

will be explained in the next section.    
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2.4.2 Asymmetrical fault and Symmetrical components separation 

LVRT strategies, which take unbalanced voltage sags into account, are more 

complicated since the voltage and current contain oscillatory terms under 

asymmetrical conditions. Moreover, the voltage and current will be non-sinusoidal 

during the unbalanced condition. The following equations are derived to illustrate this 

phenomenon. Considering a 3-phase three-wire system, zero sequences will not be 

included in the phase currents. Thus, the voltages and currents are obtained as 

                       (2.13) 

                           (2.14) 

In equation (2.13) and (2.14), va, vb, vc and ia, ib, ic are the 3-phase voltages and currents 

in NRF. V+, V-, I+ and I- are the positive and negative voltage and current sequences. 

φ+, φ+, δ+ and δ- are the phase angles of the voltage and current. The apparent power S 

can be written in equation (2.15): 

                                                   (2.15) 

Where v is the voltage in phasor form and 𝒊 is the complex conjugate of current in the 

phasor form. P and Q are the active and reactive power, respectively. Then, equation 

(2.15) can be written as equation (2.16) by applying NRF to SYRF transformation: 
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                                      (2.16) 

Equation (2.17) is written by extending equation (2.16) 

                                (2.17) 

Where vdq+, vdq-, idq+ and idq- are the positive and negative sequences voltage and 

current in SYRF. The symmetrical sequences can be derived by the DSC technique by 

using equation (2.9) as explained in the previous section. From equation (2.17), one 

can derive: 

             (2.18) 

Where 

                                              (2.19) 

Similarly, the following equations can be derived from equation (2.17), where P2 and 

Q2 is the constant the active and reactive power, P3, P4, Q3 and Q4 is the oscillatory 

active and reactive power. 

                                              (2.20) 

                                              (2.21) 
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                                              (2.22) 

From equation (2.19) to (2.22), it can be easily concluded that P1, Q1, P2, Q2 are 

constant terms in active and reactive power (multiplying the same sequences will get 

a constant term). On the contrary, P3, Q3, P4, Q4 contains oscillatory active and reactive 

power due to the multiplication of positive and negative sequences. Since the negative 

sequences components only exist under asymmetrical fault, it can be concluded that 

there are no oscillatory terms during normal operation or 3-phase faults. However, the 

voltage, current and power will contain oscillatory terms and will not be sinusoidal 

during unbalanced faults. These oscillations are widely existing in all the components 

in a power system, which influence the performance and quality of the delivered 

voltage, current and power. However, the oscillatory terms can be eliminated or 

removed by separating the negative sequences from the positive sequences. Hence, 

methods like the DSC technique to separate the positive and negative sequences is 

needed when studying the LVRT strategy under asymmetrical faults.  

2.5 States-of-the-art on LVRT in SYRF 

Different LVRT strategies for grid-connected PV system in SYRF have been proposed 

in the literature. For instance, [50] proposes an LVRT algorithm for a two-stage 3-phase 

grid-connected PV system, where a fault detection block is required to ensure that the 

system can switch from an MPPT mode to a non-MPPT mode. However, a hard switch 

is needed for this approach, which can lead to a non-smooth transition and losses 

between the two modes. Moreover, [50] only investigates asymmetrical faults. 

Although asymmetrical fault is common, the fault current is much higher when a 
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symmetrical fault occurs, which has to be limited properly. In [60], a control strategy 

for limiting the inverter current in islanded mode is studied. However, a constant DC-

voltage source is connected to the inverter, which is not a precise representation of a 

renewable system. Obviously, the dynamics of the PV system, including the MPPT 

algorithm, the DC-link voltage control and the current loop controller can affect the 

operation of the entire system. For example, when an LVRT strategy is introduced, the 

desired approach must consider if the MPPT can be connected when a fault appears. 

When the method needs to switch from MPPT to non-MPPT mode, it must ensure that 

the system can provide a smooth transition. Moreover, in [60], the current is limited to 

2 pu during both symmetrical and asymmetrical faults, which seems to be too high, 

especially for asymmetrical faults where voltage sags are relatively smaller. The PV 

inverter technical data in [61] clearly indicates that the maximum RMS value for the 

output fault current is 1.92 pu, which means that the method in [60] will activate the 

inverter overcurrent protection during the fault.  Similarly, [62] proposes an LVRT 

control scheme using symmetrical components in the synchronous frame for grid-

connected inverter without considering a renewable energy source, neither a PV nor a 

wind turbine. In [63], an instantaneous active power controller is presented, which 

results in non-sinusoidal inverter currents under asymmetrical faults. Thus, the load will 

consume more power (both active and reactive) during faults. Consequently, the 

consumer will have to pay more for the electricity. In [64], a control strategy is proposed 

using symmetrical components; however, the injected active power contains significant 

double frequency oscillation.  

This thesis proposes an LVRT strategy for 3-phase grid-connected PV system in SYRF. 

The proposed method can limit the inverter current within the acceptable limits for both 



Chapter 2 Grid-Connected PV system and Literature Review for LVRT Strategies 
 

33 
 

symmetrical and asymmetrical faults. Unlike the previous publication, the voltage 

compensation unit is designed, which do not need to switch from MPPT mode to non-

MPPT mode; thus, a smooth response when faults occur is guaranteed. Moreover, the 

proposed method can reduce the inverter active power double grid frequency oscillation 

and provide sinusoidal inverter current during asymmetrical faults. 

2.6 Dynamic performance for LVRT strategy in STRF 

With the LVRT techniques attracting more and more research, only considering the 

current limitation for an LVRT strategy is not enough. The quality of the delivered 

power to the grid or upstream consumer during faults [65-68], the protection of the 

system at the instant of the fault and exactly after fault is cleared, and the post-fault 

recovery performance [69] are also needed to be considered when designing an LVRT 

technique. In addition, SYRF based methods have dominated the research and 

industries in both normal operation and LVRT techniques for many years. However, 

with the advancement in the implementation of Proportional-Resonant (PR) 

controllers, the STRF based control schemes for normal operation have been proposed 

in the last couple of years. Unfortunately, the research considering STRF based 

techniques for LVRT is limited due to some drawbacks or challenges of the PR 

controllers. There are three challenges for an STRF-based LVRT method: 

1) The conventional equations used for reference currents calculation will make 

the current non-sinusoidal during asymmetrical faults, which will be 

demonstrated in Chapter 4.  

2) The inherent coupling between the active and reactive powers deteriorates the 

performance of the system [70], especially during faults.  
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3) The PR controller has a poor transient response compared to the PI controller 

[71], which becomes more problematic during faults.  

On the other hand, the SYRF-based LVRT methods, which require the STRF to SYRF 

transformation and the commonly used positive and negative sequences separation 

methods for asymmetrical faults, create massive additional mathematical computation. 

Therefore, a well-designed STRF-based LVRT method provides a more 

straightforward structure to achieve a faster response [72]. Moreover, compared with 

the PI controllers, the PR controllers are more robust and can improve the steady-state 

error [72,73]. This is because a PR controller has a good capability to compensate for 

the harmonics and can provide the system with a very high or infinite gain at the 

resonance frequency, which can cancel out the steady-state error. To this extent, this 

work proposes an STRF based control scheme for LVRT.  

2.7 State-of-the-art on LVRT in STRF considering post-fault recovery 

Although different LVTR methods considering dynamic performance during faults 

have been proposed in the literature, there are deficiencies with the proposed methods. 

For example, [56] proposes a method to improve the post-fault performance of the 

converter. However, the method in [56], which is demonstrated only for the 

symmetrical fault, utilizes a damping resistor and a transistor (similar to a chopper 

circuit) which increases the costs and losses of the system. In [74], an LVRT technique 

for a grid-connected PV system is proposed. The result shows that it takes 1.4s for the 

active power to recover to its nominal value when a 3-phase to ground fault is cleared, 

which seems too long for the post-fault recovery of a grid-connected PV system. In [50, 

75, 76], the LVRT strategy for a grid-connected PV system is proposed, but the results 



Chapter 2 Grid-Connected PV system and Literature Review for LVRT Strategies 
 

35 
 

do not show the post-fault recovery, which is an important criterion for an LVRT 

method. Moreover, [50] shows the results for only asymmetrical faults and the LVRT 

performance for symmetrical faults, which are more severe, is not discussed. Results 

show that the inverter current after the fault clearance contains harmonics components 

even for a voltage sag as small as 0.2 pu in [77]. Similarly, in [78], the results show that 

it takes 0.1s for the active and reactive power to recover from a 0.43 pu voltage sag, 

which is not fast enough for a non-severe fault. In [79], an enhancement of a grid-

connected PV system post-fault recovery performance method is proposed. However, 

the current after the fault clearance hits the upper limitation when subject to a single 

phase to ground fault. Moreover, almost the same amount of reactive power is injected 

to the grid for different voltage sags, which is not in compliance with the grid codes 

[50].  

There are less than a handful of the papers that considered the abnormal performance 

of the RES system in the STRF [80-82]. A current circulating suppression for modular 

multilevel converter HVDC system using PR controller is proposed in [80]. Even 

though the inverter currents are suppressed through the approach, it can be observed 

that the currents are not kept sinusoidal during asymmetrical faults, which will have 

negative impacts on the loads connected to the healthy phases. Reference [81] 

proposes an LVRT control strategy for a virtual synchronous generator, and the results 

show that the current is higher than 2 pu even for a 0.5 pu 3-phase voltage sag, which 

will activate the overcurrent protection. Moreover, to avoid the disadvantages brought 

by the STRF based control scheme, the method proposed in [81] requires symmetrical 

components separation and SYRF to STRF transformation, which increases the 

computational efforts and undermines one of the advantages of using STRF in the first 
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place. In [82], an LVRT for a 3-phase grid-connected PV system is proposed. However, 

the inverter currents are oscillatory at the instant of the fault and after the fault 

clearance, which will degrade the stability of the system.  

In light of the above, this thesis proposes an STRF-based LVRT strategy for 3-phase 

grid-connected PV system, which uses a novel approach to produce the inverter 

reference currents. Compared with these state-of-the-art, the proposed method 

provides independent control of active and reactive power in STRF without the need 

for SYRF to STRF transformation. The proposed method can achieve fast, and smooth 

recovery after the fault is cleared. Moreover, this thesis proposes a transient reactive 

power suppression unit to reduce the inverter current after the fault clearance.  

2.8 Summary of Chapter 2 

This chapter reviews and discusses the following aspects: 

1) The physical theory of a PV cell is introduced, and the mathematical model of 

a PV cell is explained. 

2) The changing level of temperature and irradiance have an effect on the PV 

system, which is illustrated by I-V and P-V curves. This leads to the need for 

an MPPT algorithm, where P&O method will be used in this work. 

3) PV inverter-based system regarding the PLL scheme and current controller are 

presented. 

4) Some of the LVRT methods are reviewed. Notably, the need of the 

symmetrical sequences’ separation for LVRT in SYRF during unbalanced fault 

is explained.  



Chapter 2 Grid-Connected PV system and Literature Review for LVRT Strategies 
 

37 
 

5) The main challenges facing LVRT for grid-connected PV system during both 

balanced and unbalanced faults in SYRF are highlighted, which include the 

current curtailment and elimination of the oscillatory terms in the system 

during the asymmetrical fault. 

6) The need for improvement of the dynamic performance at the instant of fault, 

exactly after fault is cleared and post-fault recovery is emphasized. Also, the 

advantages of using the PR controller in STRF for LVRT is highlighted.  

7) Analysis and comparison of the existing proposed methods are presented to 

illustrate the value of this work. 
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Chapter 3 AN LVRT Strategy for 3-phase grid-connected PV 
Systems in the SYRF 

3.1 Introduction 

This chapter introduces an LVRT strategy for 3-phase grid-connected PV system in 

SYRF. As described in Chapter 2, many of the LVRT control algorithms require a hard 

switch to move from MPPT mode to non-MPPT mode when a fault is detected, which 

leads to losses and a non-smooth transient performance. To improve this disadvantage, 

a voltage compensation unit (VCU) is introduced in this chapter. The proposed method 

can limit the inverter current during both symmetrical and asymmetrical faults. 

Moreover, it provides sinusoidal inverter current and reduces the double grid 

frequency oscillation during the asymmetrical fault. Two different VCUs will be 

presented: 

1) A simplified VCU is introduced to demonstrate that the proposed method can 

operate for both symmetrical and asymmetrical faults. The proposed simplified 

method uses two quadratic functions to define the variation of the inverter 

voltage and the compensation voltage during the faults, which will be using for 

the LVRT strategy.  

2) The mixed potential function is used to improve the VCU, which defines how 

much PV output power should reduce for a voltage sag in order to comply with 

the Lyapunov criteria.  
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The proposed control scheme in this chapter also includes a reactive power injection 

block to support the grid during faults. The proposed method is verified using 

MATLAB/Simulink simulations.  

3.2 Proposed LVRT for grid-connected PV system in SYRF 

Figure 3.1 shows a grid-connected PV system and the proposed LVRT structure. The 

average model of the inverter is used to simulate the PV converter. The inverter-based 

system is controlled by a cascaded voltage and current controller as mentioned in 

Chapter 2. As shown in Figure 3.1, the proposed VCU uses positive and negative 

sequence inverter voltages (Vdp and Vdn) to modify the input reference voltage for the 

voltage loop. Moreover, the proposed method uses ΔVdp, ΔVdn, which are the positive 

and negative voltage sags during the fault to control the reactive power. 

 

Figure 3.1: The grid-connected PV system under study 
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3.2.1 Symmetrical components generation  

As introduced in Chapter 2, this thesis uses the well-known method DSC to separate 

the symmetrical sequences. Through using equation (2.9), the symmetrical sequences 

separation block can be proposed, which is shown in Figure 3.2. Vabc and Iabc are the 

inverter output voltage and current. Vα, β and Iα, β are the inverter output voltages and 

currents in STRF, which is transformed by using Clarke’s Transformation. V(α, β)p , V(α, 

β)n, I(α, β)p and I(α, β)n are the estimations of the positive and negative sequence voltages 

and currents in STRF, and T is the signal period, which is the same as the grid period 

(usually the grid frequency is 50Hz, which means, T=0.02s). V(d, q)p, V(d, q)n, I(d, q)p and 

I(d, q)n are the estimations of the positive and negative sequence voltages and currents 

in SYRF, which are transformed from the voltages and currents in STRF. Here, the 

Clarke’s transformation is given in equation (3.1): 

                                      (3.1) 

As illustrated in Chapter 2, during normal or balanced operation and symmetrical 

faults, the negative and zero sequences do not exist in a three wire-system. However, 

the negative sequences will appear in both voltages and currents, which generates 

oscillatory results for voltages and currents, under unbalanced conditions. Hence, a 

four-channel current loop (see Figure 3.3) based on the symmetrical sequences is used 

to reduce the oscillatory components under asymmetrical faults.  
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Figure 3.2: The symmetrical sequences separation block  

3.2.2 Current controller design 

Figure 3.3 shows the control scheme for a four-channel current controller. This 

controller consists of two classic current loops; one is the positive loop; another one is 

the negative loop. As discussed in Chapter 2, equation (2.12) is used for the current 

controller. The compensation terms for this four-channel current controller are -IdpωLf, 

-IqpωLf, -IdnωLf, -IqnωLf, Vdp,Vqp, Vdn and Vqn. These feedforward compensation terms are 

used to decouple the dynamics of the inverter system; it can also improve the inverter 

start-up transients [70]. For an average model, equation (3.2) can be used to describe 

the variation between the AC side voltage and the DC side voltage. 
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Where Vac is the RMS inverter output phase voltage and Vdc is the DC side input 

voltage, m is the modulation index signal. Thus, equation (3.2) is used to estimate m. 

As shown in Figure 3.3, m is the sum of the positive and negative modulation index 

signal (m=mp+mn). Note that the phase angle used in the negative channel for inverse 

Park transformation is -θ. 

 

Figure 3.3: Current Loop 
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                                                  (3.3) 

The transfer function for the PI controller is written in equation (3.4): 

                                                     (3.4) 

Thus, from equation (3.3) and (3.4), the characteristic equation for this control plant 

can be written in equation (3.5): 

                                         (3.5) 

Where Rf and Lf are the LC filter resistance and inductance. The standard characteristic 

equation for a control plant is:    

                                                 (3.6) 

Where ωn is the bandwidth of the desired controller, ζ is the damping ratio. Comparing 

equation (3.5) with (3.6), one can be found that the integral gain Ki can be calculated 

in equation (3.7): 
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It can also be found that the proportional gain Kp is determined by equation (3.8): 
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claim. Therefore, by choosing Kp>2Lfωn-Rf, the controller’s robustness can be 

improved. To investigate the effect of Kp varies on the system root locus, one can re-

written the equation (3.5) in follow: 

                                        (3.9) 

                                                             (3.10)

                                                    (3.11) 

Equation (3.11) is the characteristic equation; thus, from the definition of the 

characteristic equation, the equivalent Open-Loop Transfer Function (OLTF) for the 

control plant, which contains Kp, can be written in (3.12): 

                                                                                        (3.12) 

Where Ki =Lfωn2. Using equation (3.12), the root locus diagram can be drawn for Kp 

variations. This method will be used in the simulation to design the current loops. 
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3.2.3 Reactive Power Injection 

This work proposes a reactive power injecting block, which calculates how much reac-

tive power should be injected during a voltage sag. The proposed reactive power injec-

tion block fully complies with the grid code in China, which is shown in Figure 2.17.  

 

Figure 3.4: Reactive power injection block 

The DSC-PLL keeps Vqp (the q-component for the positive sequence of inverter output 

voltage) zero at steady-state. Moreover, since the negative sequence Vqn is too small 

when the fault occurs, ΔVdp+ ΔVqp is proposed as the input signal of the reactive power 

injection block. Note that ΔVdp=1-Vdp, ΔVqp=0-Vqp (Vqp is zero during normal operation 

and 3-phase fault, while it goes to negative values under asymmetrical faults). Then, a 

low-pass filter is required to help improve the dynamic response of the reactive power 

injection block. Figure 3.4 shows the proposed reactive power injection block; the solid 

blue line represents equation (3.13), which is the Chinese standard. 

                          (3.13) 

Note that, the reactive power Q=−1.5VdIq, therefore, the output signal Iq* should be 

multiplied by the negative base current value (−Ibase). Then the positive and negative 

sequences in SYRF for Iq* is separated by using the DSC method, which is the input 

signals for the current controller as shown in Figure 3.3.    
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3.2.4 Design of the proposed VCU 

The proposed LVRT control strategy in this thesis is aiming to limit the inverter current 

during balanced and unbalanced faults, while the PV array is still running without 

disconnecting the MPPT, enabling a smooth transition. To achieve that, Fault 

Operation Point (FOP) for the PV system needs to be defined. The VCU is used to 

calculate the FOP during faults. In order to reduce the inverter current during faults, 

the output power of the PV array need to be reduced, which leads to the reduction of 

the inverter output power. Thus, the inverter current will be limited. For this reason, 

the VCU is designed to force the PV array to produce less power during faults than the 

normal operation. The equal-area criterion [84] is used to illustrate the possibility of 

introducing a new operating point during faults: 

Comparing a PV system to a synchronous generator, one can argue that the PV array 

input power Ppv resembles the input mechanical power. In a synchronous generator, 

the mechanical power is assumed constant after a fault since it cannot be changed very 

quickly. δ1 is the power angle when the output power is Ppv-MPPT and δ0 is the power 

angle when the output power is Ppv-VCU. At some peak value δ2, the power angle 

recovers to synchronous value, but the output power is higher than Ppv-MPPT. This 

divides the power vs power angle characteristic (see Figure 3.5) into accelerating (red 

shadow A1) and maximum decelerating (red shadow A2) areas. According to equal-

area criterion, the system remains stable if A1≤ A2. As illustrated in Figure 3.5, in a 

PV system, reducing Ppv after a fault (i.e. from Ppv-MPPT to Ppv-VCU) reduces the 
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accelerating area (purple shadow A4) and increases the maximum decelerating area 

(purple shadow A3), which in turns increases the stability margin.  

 

Figure 3.5: Inverter Power vs power angle characteristic 

As it can be seen from the Ppv-Vpv characteristic in Figure 3.6, it is possible to reduce 

Ppv through either adding the compensation voltage Vcom (from the VCU) to the 

optimum voltage Vopt (from the MPPT algorithm) or subtracting Vcom from Vopt. 

However, considering the Ipv-Vpv curve (the dashed blue line), it can be found that only 

when the PV is operating at the right-hand side of the MPP (e.g. FOP), the output 

current of the PV can be reduced. Thus, as illustrated in Figure 3.1, the VCU 

determines the reference DC-link voltage Vdc* by adding Vcom to Vopt. By doing this, 

both the inverter current and power will be reduced under symmetrical and 

asymmetrical faults, and there is also no need to switch the PV system from MPPT 

mode to a non-MPPT mode. Obviously, as the voltage sag increases, Vcom should also 

increase to reduce the PV output current. Thus, two functions are proposed to define 

the variation of Vcom and Vd, where Vd is the sum of the d-component positive and 

negative bus voltage (Vdp, Vdn) during the faults. 
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Figure 3.6: Ppv-Vpv & Ipv-Vpv characteristic curves 

Two different approaches to estimate the variation of Vcom and Vd are proposed, which 

are the main contributions of this chapter:  

1) The simplified VCU, which is straightforward, but it is not sensitive to the 

voltage sag and cannot further reduce the double grid frequency oscillation 

during asymmetrical faults.  

2)  Mixed potential function based VCU, which is more complex, however, 

reduces the double grid frequency oscillations. Note that, both methods operate 

with the MPPT connected to the system during faults. In other words, other 

schemes lead to hard switching from an MPPT mode to a non-MPPT mode of 

operation. Both methods will be introduced in the next two sections. 

3.2.4.1 The simplified model of VCU 

The simplified VCU has the following main characteristics and advantages: 

1) The simplified VCU should help the PV reduce the active power generated dur-

ing the fault; thus, the inverter current is reduced. 
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2) The output power of the PV array should be able to track the MPP at normal 

operation. 

3) The VCU should be able to obtain the FOP located at the right side of the MPP. 

 

Figure 3.7: The proposed simplified VCU 

As explained above, the proposed VCU should be able to reduce the active power of 

the inverter during faults to limit the inverter current. This is achieved by introducing 

the quadratic functions illustrated in Figure 3.7. As shown in Figure 3.7, both positive 

and negative sequences d-component Vdp, Vdn are used in this proposed method. Vcom 

is calculated by both Vcom-p and Vcom-n, where Vcom-p and Vcom-n are generated by Vdp and 

Vdn variations, respectively.  

Vdp is 1pu during normal operation and reduces after both symmetrical and asymmet-

rical faults. Thus, as Vdp becomes less than 0.9 pu (a 10% tolerance is applied as a 

voltage disturbance), Vcom-p is calculated in equation (3.14): 

                                                  (3.14) 

Where ΔVdp is the voltage sag of Vdp. Using equation (3.14) leads to a higher rate of 

increase in Vcom-p as ΔVdp increases (this is simply the quadratic curve shown in Figure 
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3.7). On the other hand, Vdn, which is zero during normal operation, decreases follow-

ing only asymmetrical faults. Thus, as Vdn becomes less than −0.1 pu (10% tolerant for 

voltage disturbance), Vcom-n is calculated in equation (3.15):  

                                      (3.15) 

Where ΔVdn is the voltage sag of Vdn. Using equation (3.15) leads to a higher rate of 

increase in Vcom-n as ΔVdn reduces. Note that Vdn is negative. Both Vcom-p and Vcom-n are 

limited to Voc - Vopt-max, where Voc is the PV array open-circuit voltage and Vopt-max is 

the Vopt at 1 pu solar power. By doing this, it is ensured that Vdc*, which is the reference 

DC-link voltage, remains smaller than Voc. Since in the simulated model Voc - Vopt-max 

=0.2 pu, 0.2 pu is used in Figure 3.7. Thus, from equation (3.14) and (3.15), when both 

Vdp and Vdn sag depth under 0.5 pu, Vcom-p and Vcom-n will reach the limitation (0.2 pu). 

By using Root-Mean-Square Deviation of the positive and negative sequence compen-

sation terms Vcom-p and Vcom-n, Vcom will be kept under 0.2 pu as well. A low-pass-filter 

is used to add dynamics to the system, which reduces the oscillations at fault occurring 

and clearing instances. As shown in Figure 3.1, a classic PI controller is used for the 

voltage loop to get Id*, which is the reference signal for the current controller. Consid-

ering that the simplified VCU have some shortcomings, which are discussed above, a 

more comprehensive approach is proposed to design the VCU. The mixed potential 

function is used to calculate the variation of Vcom vs Vd, which will improve the per-

formances of the VCU. Note that the results based on the simplified VCU will be 

shown in the simulation section. 

( )0.1com n dn dnV V V- = D - -
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3.2.4.2 The mixed potential function based VCU  

As mentioned above, in order to overcome the drawbacks of the simplified VCU, the 

mixed potential function is used to help to estimate the mixed potential function based 

VCU (MPF-VCU). The MPF-VCU has the following advantages compared with the 

simplified VCU: 

1) The MPF-VCU can achieve faster current limitation during a server fault (e.g. 

3-phase fault).  

2) The MPF-VCU is sensitive even to a small voltage sag. 

3) The MPF-VCU can reduce the inverter active power double grid frequency 

oscillation during the asymmetrical fault. 

4) The inverter current is kept pure sinusoidal during the asymmetrical faults. 

The mixed potential function, which first stated in Brayton-Moser’s mixed potential 

theory [85, 86], can be used to describe the dynamics of a large class of nonlinear RLC 

network with two-terminal elements. The mixed potential function is used to 

investigate the stability of the network’s equilibrium point, and to describe the noise 

of the network (here the noise is the double grid frequency oscillation of the active 

power and the DC-link voltage) [85-87]. 

The mixed potential function Pp is constructed from the resistors, capacitors and 

inductors in the nonlinear network. According to the mixed-potential theory, if vμ and 

iμ denote the voltage and current of all the non-energy storage elements of the system 
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and vσ and iσ denote the voltage, and current of all capacitors of the system, the potential 

function P can be written in equation (3.16): 

                                                                             

(3.16) 

where the first term on the right-hand side of the equal mark represents the current 

potential of all the non-energy storage elements, and the second term is the sum of the 

capacitors’ energy [88]. Since the proposed system is a nonlinear dynamic model 

under fault conditions, the mixed-potential function can be used to describe the system 

[89]. 

 

Figure 3.8: The simplified model of the proposed PV system 

Figure 3.8 shows the simplified model of a grid-connected PV system while the 

inverter is represented by Vtd on the AC-side, and by Cdc on the DC-side. As mentioned 

above, all of the d-components are the sum of the positive and negative sequence 

components. The mixed potential function for the proposed model can be written in 

equation (3.17):  
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In steady-state (neglecting the losses): 

                                                                                       (3.18) 

where P is the grid active power, Vd and Id are the voltage and current after the LC 

filter. Since the capacitor voltage is constant at steady-state, Ipv should be equal to Idc. 

Considering Vpv = Vdc, Ipv = Idc, where Ic is a small value. Thus, equation (3.17) can be 

rewritten in equation (3.19): 

                  (3.19) 

where the first term on the right hand of the equal mark represents the DC-link 

capacitor’s energy, the second term is the current potential of the inverter output 

voltage, the third term is the current potential of the filter resistor, the fourth term is 

the current potential of the grid side voltage, and the last term is the filter capacitor’s 

energy. 

Since the grid side voltage Vd is not a single-valued function of the grid side current Id, 

one can write (3.20): 

                                                                             (3.20) 

Substituting equation (3.20) into (3.19), gives: 

                                                 (3.21) 
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Equation (3.21) is the mixed-potential function of the proposed model. To verify 

whether equation (3.21) is the correct mixed-potential function, the partial derivatives 

of equation (3.21) must comply with equation (3.22) [85-88]: 

                                                                                                       (3.22) 

Equation (3.22) is the only criterion to verify the validity of the mixed-potential 

function. Using equation (3.21), the following differential equations of the proposed 

model can be obtained: 

                                                               (3.23) 

As noted, equation (3.23) is in accordance with equation (3.22), and consequently, 

equation (3.21) corresponds to the system state equations, and it is the correct mixed-

potential function of the system. In general, the unified form of Pu is given in equation 

(3.24) [85-88]: 

                                                                       (3.24) 

Thus, in this model, Pu(i, v) can be written in equation (3.25): 
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The proposed method is to use the mixed potential function to determine for a certain 

Vd drop, how much Ppv should be reduced (i.e. Ppv=Fcn(Vd)) to comply with the 

Lyapunov criterion. One can define μ1 and μ2 as the minimum eigenvalue of the 

matrices L-1/2 Aii(i) L-1/2 and C-1/2 Bvv(v)C-1/2, respectively, where, Aii(i) and Bvv(v) are 

the second-order partial derivative of A(i) and B(v). According to the fifth theorem of 

the mixed-potential theory [85] and Lyapunov criterion [90], if for all i and v: 

                                     and                      (3.26) 

then all the solutions of equation (3.23) approach the equilibrium point, which means 

the oscillation is minimized [89]. To calculate μ1 and μ2, Aii(i) and Bvv(v) are calculated 

first. 

From equation (3.25), A(i) and B(v) can be written in equation (3.27): 

                                                                                                 (3.27) 

Then from equation (3.27), Aii(i) and Bvv(v) can be written in equation (3.28): 

                                                                                      (3.28) 

Thus, μ1 and μ2 can be derived: 
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Since the proposed model is grid-connected, P=Ppv (neglecting the losses). Equation 

(3.26) can be rewritten in equation (3.30): 

                                                                                   (3.30) 

Thus, the Lyapunov criterion of the proposed model is equation (3.30). From this 

criterion, the variation of Ppv vs Vd can be derived: 

                                                                                                    (3.31) 

where, Vd is the grid voltage, which will drop when a fault occurs. Equation (3.31) 

approximately determines the maximum Ppv for a Vd such that system complies with 

the Lyapunov criterion. Equation (3.31) will be used to define the variation of Vcom and 

Vd in the proposed VCU: 

Using equation (3.31) for Vd = 0:0.1:1 pu (i.e. for 0.1 pu steps of Vd), Ppv-limit is 

calculated: 

                                                                                              (3.32) 

Obviously, Ppv< Ppv-limit in order to comply with the Lyapunov criterion. Then, the 

calculated Ppv-limit (for each Vd) is used in (the right-hand side of) the Ppv vs Vpv 

characteristic (see Figure 3.6) to get the desirable Vcom. Doing this for each 0.1 pu step 

of Vd, and using the MATLAB ‘polyfit’ function (for the calculated Vcom vs Vd points), 

equation (3.33) can be formed: 
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Where km is a safety margin coefficient (e.g. km=1.05) to make sure that the Ppv 

associated with the calculated Vcom from equation (3.33) complies with Equation (3.31), 

i.e. is less than Ppv-limit. A hard limit of Vlimit=Voc -Vopt-max, where Voc is the open-circuit 

voltage of the PV array and Vopt-max is the optimum voltage from the MPPT at 1 pu 

solar irradiance, is applied to make sure that Vcom will not become more than Voc (which 

is 0.2 pu in the model simulated in this thesis). Note that with the solar irradiance 

varies, both Voc and Vopt vary almost proportionally; thus, Vlimit can be a fixed value. 

The calculated Vcom is added to Vopt to get Vdc*. Then, exactly the same as the simplified 

VCU, a classic PI controller (see Figure 3.1) is used for the voltage loop to determine 

Id*. Figure 3.9 shows the structure of the proposed MPF-VCU. 

 

Figure 3.9: Structure of the proposed MPF-VCU 

3.3 Simulation Results 

Figure 3.1, which is simulated by MATLA/Simulink, shows the system under study, 

which considers grid-connected PV system with the proposed LVRT control scheme. 

The PI controllers for the current loops are designed as follows: 

By using equation (3.7), the integral gain of the PI-based current controller can be 

calculated. Considering the bandwidth of a current controller can be from to 100 to 

1000Hz. Choosing the natural frequency ωn= 730 rad/s (fn=116 Hz), the integral gain 

Ki is calculated: 
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Ki=Lfωn2= 1598.7                                                  (3.34) 

Then substituting Ki=1598.7 into equation (3.12), the current loop root locus with the 

proportional gain Kp varies for the simulated system is illustrated in Figure 3.10.  

 

Figure 3.10: Root locus diagram of the proposed current loop 

As shown in Figure 3.10, when the gain is 4.18, which means Kp=4.18, the system is 

critical damped. As mentioned in section 3.2.2, it is possible to select Kp>4.18, which 

makes the system overdamped without affecting the stability of the system but 

provides good robustness. Hence, the desired point shown in Figure 3.10 is used for 

this thesis (Kp=24). It should be noted that when Kp=24, the pole of the controller is 

located at the left-hand side plane in the real axis, which means the system is stable.  

In this section, the two different VCUs are simulated in MATLAB/Simulink to 

compare the two VCUs. Different scenarios are tested to prove the need for the 

proposed VCUs. The grid frequency is f=50Hz. The rest of the system’s parameters 

are shown in Table A-2 in the appendix. Note that all the results are shown in per unit 

value based on the rating power of the proposed system, where Pbase= 11kW. 
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3.3.1 Normal operation 

It is important to demonstrate that the proposed LVRT strategies (both simplified VCU 

and MPF-VCU) will not affect the normal operation. Therefore, this section considers 

the normal operation of the proposed system. Since the main difference between these 

two VCUs is the variation of Vcom vs Vd, it is possible to test only one VCU to show 

the effect during the normal operation. Figure 3.11 shows the active power Pinv (solid 

blue line) and the reactive power Qinv (dotted orange line) when the solar irradiance is 

changing as 0.8, 0.6, 0.4, 0.2 and 0.8 pu. It can be observed from the result that when 

Pinv is changing, Qinv remains at 0.2 pu. The result proves that the proposed LVRT 

strategy will not affect the operation when active power changes with solar irradiance 

changes. The result also shows that the designed current loop provides a good dynamic 

response. Similarly, when Qinv changes, the proposed LVRT strategy will not affect 

the operating of the system. As it can be seen from Figure 3.12, Pinv remains at 0.4 pu 

while Qinv varies as 0, 0.2, 0.4, 0.8 and 0 pu. Then, different types of faults will be 

investigated with the proposed LVRT strategies. For the sake of simplicity, it is 

assumed that Qinv=0 pu before and after the fault under all scenarios. 

 

Figure 3.11: Active and reactive power when irradiance changes 
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Figure 3.12: Active and reactive power when reactive power changes 

3.3.2 Simulation results for the simplified VCU 

(a) Results under 3-phase fault 

Figure 3.13 shows the results for the 3-phase fault without VCU. Vinv drops to less than 

0.2 pu. As it can be seen, the fault appears at t = 1s, and it is removed at t = 1.2s (the 

fault lasts for 0.2s for all types of fault). Since it is a symmetrical fault, there is no 

double grid frequency oscillation for the inverter active power and DC-link voltage. 

Although Iinv remains pure sinusoidal even without an LVRT strategy, it increases to 

4 pu during the fault, which will hit the hard limit during the whole fault period; thus, 

the inverter overcurrent protection will trip the PV system.  

Meanwhile, Figure 3.14 shows the simulation results with the simplified VCU for a 3-

phase fault. It can be found in Figure 3.14 that the proposed method reducing the 3-

phase currents Iinv (see Figure 3.14 (b)) by increasing the DC-link voltage (see Figure 

3.14 (c)) (Vdc increases to almost Voc =1.2 pu) during the fault. Therefore, the power 

generated by the PV array Ppv is reduced to almost 0.2 pu (see Figure 3.14 (e)), 

consequently, the inverter active power Pinv is reduced to 0.2 pu (see Figure 3.14 (d)). 

Moreover, Iinv hit the hard limit for two cycles as shown in Figure 3.14 (b), i.e. less 
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than 0.04s, then it reduces to less than 1.5 pu. After the fault is cleared, the PV system 

restores to its normal operation. The proposed system generates 1.05 pu reactive power 

during fault to support the grid, which is in compliance with the grid code shown in 

Figure 2.17. It can be concluded that the proposed simplified VCU can limit the 

inverter current during the 3-phase fault. 

 

Figure 3.13: Simulation results under 3-phase fault without VCU (all in pu): (a) 
inverter voltage, (b) inverter current, (c) DC-link voltage, (d) inverter side active 

power, (e) PV power, (f) reactive power 

 

Figure 3.14: Simulation results under 3-phase fault with simplified VCU (all in pu): 
(a) inverter voltage, (b) inverter current, (c) DC-link voltage, (d) inverter side active 

power, (e) PV power, (f) reactive power 
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(b) Results under Double Line to Ground (DLG) fault 

Figure 3.15 shows the simulation results for a DLG fault using the proposed simplified 

VCU. Two phase voltages drop to 0.2 pu. Pinv is reduced to 0.5 pu during the fault. 

Meanwhile, Iinv is limited around 1.5 pu during the fault. Since the voltage on the 

healthy phase remains at 1pu and both Vinv and Iinv remain sinusoidal during the fault, 

it is possible to keep feeding the loads connected to the healthy phase. Moreover, 0.8 

pu reactive power is injected to the grid during the fault. The normal operation is 

restored after the fault is cleared. Meanwhile, Figure 3.16 shows the results without 

VCU. It can be observed from Figure 3.16 (b) that Iinv is more than 2 pu during the 

fault, and the current is not sinusoidal. It can be also observed that the inverter active 

power’s double grid oscillation is reduced by applying the simplified VCU. 

 

Figure 3.15: Simulation results under DLG fault with simplified VCU (all in pu): (a) 
inverter voltage, (b) inverter current, (c) DC-link voltage, (d) inverter side active 

power, (e) PV power, (f) reactive power 
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Figure 3.16: Simulation results under DLG fault without VCU (all in pu): (a) inverter 
voltage, (b) inverter current, (c) DC-link voltage, (d) inverter side active power, (e) 

PV power, (f) reactive power 

(c) Results under Double Line (DL) fault 

Figure 3.17 shows the simulation results for a DL fault using the proposed method. It 

can be found that in Figure 3.17 (a) the two faulted voltages are not identical. This is 

because there is some internal impedance inside the fault block, which is used in the 

simulation. Since the voltage sag is not as deep as it is during DLG fault, there is 

relatively less reduction in PV power and less increase in DC-link voltage. Comparing 

Figure 3.17 (d) with Figure 3.18 (d) (which is the result without VCU), it can be found 

that Pinv reduces to just less than 1 pu during the fault, which is because the simplified 

VCU is not sensitive to a small voltage sag. Therefore, Iinv with and without the VCU 

is almost the same (see Figure 3.17 (b) and Figure 3.18 (b)). Meanwhile, 0.6 pu 

reactive power is injected to the grid. Moreover, it can be found in Figure 3.17 (d), that 

the inverter active power’s double grid frequency oscillation still exists and is not 

negligible, which will be improved by MPF-VCU. 
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Figure 3.17: Simulation results under DL fault with simplified VCU (all in pu): (a) 
inverter voltage, (b) inverter current, (c) DC-link voltage, (d) inverter side active 

power, (e) PV power, (f) reactive power 

 

Figure 3.18: Simulation results under DL fault without VCU (all in pu): (a) inverter 
voltage, (b) inverter current, (c) DC-link voltage, (d) inverter side active power, (e) 

PV power, (f) reactive power 
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(d) Results under Single Line to Ground (SLG) fault 

Figure 3.19 shows the simulation results for a SLG fault using the proposed strategy. 

Since the voltages on the two healthy phases remain at 1 pu during the fault, the 3-

phase voltage drop is slightly less than the DL fault. Similar to the DLG fault, Vcom, 

which is calculated by the VCU, is very small, which leads to Pinv almost remains at 1 

pu; consequently, Ppv is almost 1 pu as well. Hence, Iinv is almost the same with and 

without the simplified VCU (less than 2pu). The results demonstrate that the simplified 

VCU is not sensitive to the fault when the voltage sag is small (compared with Figure 

3.20, which is the results without simplified VCU).  

 

Figure 3.19: Simulation results under SLG fault with simplified VCU (all in pu): (a) 
inverter voltage, (b) inverter current, (c) DC-link voltage, (d) inverter side active 

power, (e) PV power, (f) reactive power 
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Figure 3.20: Simulation results under SLG fault without VCU (all in pu): (a) inverter 
voltage, (b) inverter current, (c) DC-link voltage, (d) inverter side active power, (e) 

PV power, (f) reactive power 

3.3.3 Simulation results for MPF-VCU 

Using the data provided in Table 3-1, equation (3.31) for the simulated system is:  

                                                              (3.35) 

Considering km=1.05, equation (3.33) for the simulated system is: 

         (3.36) 

The results shown in this section are used to illustrate the need for MPF-VCU. In order 

to emphasize the improvement, the results for different types of faults are compared 

with the results shown in the previous section.  

(a) Results under 3-phase fault 

Figure 3.21 shows the result of a 3-phase fault using the MPF-VCU. It can be found 

that the inverter current Iinv only hit the hard limit for less than one cycle, i.e. t=1.02s, 

20.021pv dP V<

5 4 3 23.6771 7.0739 4.6767 1.5089 0.5786 0.3496com d d d d dV V V V V V= - + - + - +
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which is one cycle faster than the result using simplified VCU (see Figure 3.14 (b)). 

This demonstrates that the proposed MPF-VCU can improve the dynamic response 

during the fault. 

 

Figure 3.21: Simulation results under 3-phase fault with MPF-VCU (all in pu): (a) 
inverter voltage, (b) inverter current, (c) DC-link voltage, (d) inverter side active 

power, (e) PV power, (f) reactive power 

(b) Results under DLG fault  

Figure 3.22 shows the results with the MPF-VCU under a DLG fault. The Pinv 

fluctuation (see Figure 3.22 (d)) is almost the same compared with the result shown in 

Figure 3.15 (d), which is because Vcom is almost the same as for the simplified VCU. 

Similarly, it can be found that the inverter active power is reduced to slightly less than 

0.5 pu, which leads to Iinv is limited to less 1.5 pu during the fault.  
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Figure 3.22: Simulation results under DLG fault with MPF-VCU (all in pu): (a) 
inverter voltage, (b) inverter current, (c) DC-link voltage, (d) inverter side active 

power, (e) PV power, (f) reactive power 

 (c) Results under DL fault 

Figure 3.23 shows the results with the proposed MPF-VCU for a DL fault. Comparing 

Figure 3.23 with Figure 3.17, it can be found that under the same voltage sag, the 

proposed MPF-VCU increases Vdc to about 1.15 pu (see Figure 3.23 (c)), while Vdc 

remains almost the same for the simplified VCU (see Figure 3.17 (c)). This leads to 

Pinv reduces to 0.5 pu by using the MPF-VCU (see Figure 3.23 (d)), while Pinv is just 

less than 1 pu by applying the simplified VCU (see Figure 3.17 (d)). As a result, the 

PV power is reduced to 0.5 pu by using MPF-VCU. It can be observed that Iinv is pure 

sinusoidal during the fault (see Figure 3.23 (b)) while Iinv is not pure sinusoidal in 

Figure 3.17 (b).  
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Figure 3.23: Simulation results under DL fault with MPF-VCU (all in pu): (a) 
inverter voltage, (b) inverter current, (c) DC-link voltage, (d) inverter side active 

power, (e) PV power, (f) reactive power 

 

Figure 3.24: Inverter power comparison between simplified VCU and MPF-VCU 
under DL fault 

Figure 3.24 shows the direct comparison of inverter power between simplified VCU 

and MPF-VCU for a DL fault. The red line is Pinv using MPF-VCU, and the blue line 

is Pinv using simplified VCU. It shows that the double grid oscillation is reduced with 

the MPF-VCU, which will also be illustrated by the Fast Fourier Transformation (FFT) 

analysis. Figure 3.25 (with MPF-VCU) and Figure 3.26 (simplified VCU) show the 

FFT analysis for Pinv under the DL fault. In order to emphasize the improvement of the 

MPF-VCU, the FFT analysis is used to show the magnitude of the double grid 
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frequency oscillatory waveform. The fundamental frequency for the FFT analysis is 

set to be 100 Hz, such that the magnitude of the double grid frequency oscillatory 

waveform will be calculated. As shown on the top of the diagram, the magnitude of 

Pinv at the fundamental frequency is 0.3897 with the MPF-VCU (see Figure 3.25), 

while, the magnitude of Pinv is 0.6137 at the same frequency (see Figure 3.26). The 

results demonstrate the proposed MPF-VCU can further reduce the double grid 

frequency oscillation during asymmetrical faults.  

 

Figure 3.25: FFT analysis for the inverter power under DL fault with MPF-VCU 

 

Figure 3.26: FFT analysis for the inverter power under DL fault with simplified VCU 

(d) Results under SLG fault 

Figure 3.27 shows the results for a SLG fault with the MPF-VCU. Since the voltage 

sag is smaller than the other types of asymmetrical fault, the MPF-VCU reduces Ppv 

less than DLG fault and DL fault. However, it can be found that Iinv is pure sinusoidal 
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and limited to less than 1 pu with the proposed MPF-VCU (see Figure 3.27 (b)). 

Moreover, Ppv (see Figure 3.27 (d)) and Pinv (see Figure 3.27 (e)) with the MPF-VCU 

are reduced compared with Figure 3.19 (d) and (e). From Figure 3.28, it can be 

observed that the magnitude Pinv is 0.242 at the fundamental frequency with the MPF-

VCU, while the magnitude of Pinv is 0.3806 with the simplified VCU (see Figure 3.29). 

The results show illustrate that the MPF-VCU can help reduce the double grid 

frequency oscillation. 

 

Figure 3.27: Simulation results under SLG fault with MPF-VCU (all in pu): (a) 
inverter voltage, (b) inverter current, (c) DC-link voltage, (d) inverter side active 

power, (e) PV power, (f) reactive power 
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Figure 3.28: FFT analysis for the inverter power under SLG fault with MPF-VCU 

 

Figure 3.29: FFT analysis for the inverter power under SLG fault with simplified 
VCU 

 

3.4 Summary of Chapter 3 
 

The LVRT strategy for a grid-connected PV system based on SYRF frame is presented 

in this chapter. The proposed method is based on the classic cascaded voltage and 

current loops in SYRF, which includes a reactive power injection block and a VCU. 

The reactive power is injected to the grid during the faults to support the grid while 

the proposed VCU uses the positive and negative sequences to modify the reference 
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DC-link voltage to limit the inverter current during the grid faults. Two different VCUs 

are proposed, which use different functions to define the variation of Vcom and Vd. The 

first VCU (simplified VCU) uses two quadratic functions while the other one (MPF-

VCU) uses the mixed potential function.  

The simplified VCU is designed to limit the inverter current during different types of 

faults without the need for switch from the MPPT to a non-MPPT mode. The 

simplified VCU is validated in MATLAB/Simulink for different types of faults. For 

3-phase and DLG fault, the simplified VCU can limit the inverter current through 

reducing the power generated by the PV array. However, for a not server voltage sag, 

e.g. DL or SLG fault, the simplified VCU contributes less to the current curtailment, 

which is because the quadratic functions are not sensitive to the voltage sags. 

The MPF-VCU is proposed to reduce the inverter active power’s double grid 

frequency oscillation and provides pure sinusoidal inverter current during 

asymmetrical faults, which is illustrated by the simulation results for different types of 

faults. Results also show that the MPF-VCU is sensitive to even small voltage sags 

and can achieve faster current curtailment. In summary, the proposed LVRT strategy 

with the MPF-VCU in this chapter has the following advantages: 

1) It can limit the inverter current for both symmetrical and asymmetrical faults. 

2) It provides high-quality sinusoidal inverter voltage and current during faults. 

3) The proposed LVRT strategy can reduce the double grid frequency oscilla-

tion during the asymmetrical fault. 

4) The proposed method eliminates the need to switch from the MPPT mode to 

a non-MPPT mode. 
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5) The proposed method has a reactive power injection block, which can support 

the grid voltage during faults.  

It should be noted that the normal operation of the proposed methods has been also 

investigated. Results show that the methods do not affect the system’s normal 

operation.  In choosing the DC-link capacitor, this should be taken into account that 

the proposed method increases the DC-link voltage during the faults. However, since 

the protection systems must operate within a fraction of a second, this should not be a 

massive burden on an appropriate capacitor. 
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Chapter 4 AN LVRT Strategy for 3-phase grid-connected PV 
Systems in the STRF 

4.1 Introduction 

This chapter presents an enhancement of LVRT strategy and post-fault recovery for a 

3-phase grid-connected PV system in the STRF. The proposed control scheme for the 

LVRT strategy in this chapter avoids using symmetrical sequences separation and the 

STRF to the SYRF transformation. The proposed method in this chapter contains a 

novel approach for the calculation of the reference current of the inverter to overcome 

the drawbacks of the inherent coupling between the active and reactive powers in an 

STRF controller, which enables independent control of active and reactive power 

during normal operation. Similar to the methodology proposed in Chapter 3, this 

method can maintain the inverter current within acceptable limitation during all types 

of faults and produce sinusoidal currents during asymmetrical faults. Moreover, a 

transient reactive power suppression unit is proposed to reduce the inverter current 

after the fault clearance for a severe 3-phase fault. The proposed method also provides 

a fast and smooth recovery after the fault is being cleared. Frequency analysis is used 

to design the proportional and resonant gains of the PR controller, which improves the 

transient response for the PR controller. The proposed method is validated using 

MATLAB/Simulink simulations. 
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4.2 Proposed LVRT for grid-connected PV system in the STRF 

The grid-connected PV system under study with the proposed method is illustrated in 

Figure 4.1. The same as the LVRT strategy presented in Chapter 3; it uses the classic 

cascaded voltage and current loops. The voltage loop includes the MPF-VCU, which 

produces the peak amplitude of the inverter current (|Ipeak*|), which will be used for the 

reference current calculation. The method also considers a the reactive power 

calculation block (see Figure 4.2), which consists of a transient reactive power 

suppression unit to adjust θ* during the faults. θ* is the reference angle between the 

active power and the apparent power (known as power factor angle). An SYRF-PLL 

is used to estimate the grid frequency. Then |Ipeak*|, θ* and the grid frequency are used 

for reference currents calculation (see Figure 4.1). The current loop consists of two 

non-ideal PR controllers.  

 

Figure 4.1: The proposed control scheme for the system under study 
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4.2.1 Reference Current Calculation 

The conventional equation for the calculation of reference currents in the STRF will 

make the inverter current non sinusoidal and will contain double grid frequency 

oscillation during the asymmetrical faults. The reason for this drawback in the 

conventional equations for the inverter reference current calculation is explained next. 

Similar to the active and reactive power calculation in the SYRF, the equations for 

inverter reference active and reactive power calculation in the STRF are stated in 

equation (4.1) [70]: 

                                               (4.1) 

Where iα* and iβ* are the inverter reference currents in the STRF, P* and Q* are the 

inverters reference active and reactive power, and vα and vβ are the measured 

instantaneous inverter AC-side voltages in the STRF. From equation (4.1), the 

equations used to calculate the reference current (iα* and iβ*) in the STRF can be written 

in (4.2): 

                                                     (4.2) 

From equation (4.2), it can be concluded that there is a coupling between the active 

and reactive power, which will deteriorate the system’s performance. vα and vβ can be 

written in equation (4.3):  
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                                                            (4.3) 

Where |Vα | and |V β| are the magnitudes of the voltages in the STRF. Substituting 

equation (4.3) into (4.2), iα* and iβ* can be given in equation (4.4): 

           (4.4) 

During a symmetrical fault, |Vα |=|V β|=|V|. Therefore, iα* and iβ* can be written in 

equation (4.5): 

                          (4.5) 

Thus, iα* and iβ* will be sinusoidal. However, it is not the case during an asymmetrical 

fault. Since |Vα |≠|V β|, by using the calculation of the symmetrical components, and 

assuming Q*=0 pu, iα* and iβ* is written in equation (4.6): 

                                              (4.6) 

Where vα+, vα-, vβ+, vβ- are the positive and negative sequences of instantaneous inverter 

AC-side voltages. Then, iα* and iβ* are written in equation (4.7): 
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            (4.7) 

Where |Vα+|, |Vα-|, |Vβ+|, |Vβ-| are the magnitude of the positive and negative sequences 

voltages. Since |Vα+| =|Vβ+|=|V+| and |Vα-|=|Vβ-|=|V-| during asymmetrical faults, iα* and 

iβ* can be written in equation (4.8): 

                                   (4.8) 

By applying the sum trigonometric function, equation (4.9) can be derived from 

equation (4.8): 

                                                (4.9) 

As can be seen from equation (4.9), the denominator contains the double grid 

frequency components. Moreover, the numerator contains both sine and cosine 

expressions, which have different magnitude (V+, V-). Thus, the reference currents will 

not be sinusoidal during asymmetrical faults. Considering Q*≠0 pu, equation (4.10) 
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can be derived from equation (4.2) by following similar steps from equation (4.6) to 

(4.9): 

  (4.10) 

Similar to equation (4.9), the same conclusion can be made from equation (4.10). 

Therefore, the conventional reference currents calculation method that is being 

commonly used in the STRF based control systems, cannot be used for the LVRT 

control strategy during asymmetrical faults. Therefore, an inverter reference currents 

calculation block is proposed to solve this problem. As illustrated in Figure 4.1, 

equation (4.11) is used to define the reference currents. 
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asymmetrical faults the phase currents will remain sinusoidal. Then the phase 

reference currents are transferred to the STRF.  

4.2.2 Reactive Power Calculation Block 

Similar to the reactive power injection block proposed in Chapter 3, the Chinese stand-

ard is used to define the required reactive power Qo: 

                                  (4.12) 

Equation (4.12) determines how much reactive power should be injected to the grid for 

different voltage sags during the faults. However, the transient performance of a PR 

controller after the fault clearance is not as good as a PI controller [71]. This is due to 

the frequency changes after the fault clearance, which means for a PR controller, the 

gain of the controller will significantly drop, such that it cannot cancel out the steady-

state error. It can be found that right after the fault clearance (for those faults with severe 

voltage sags), the measured currents are larger than the reference currents. It means that 

there will be some extra power produced by the error currents which need to be elimi-

nated. Thus, a transient reactive power suppression unit is introduced to minimize the 

power produced by the error currents. The proposed method reduces the extra reactive 

power, which is produced by the error currents (equation (4.13)) to reduce the inverter 

currents after the fault clearance.  

                                            (4.13) 
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α=Ierror-β=0, which means that the error reactive power (Qerror) produced by the error 

currents only exist exactly after the fault is cleared. Thus, it is possible to reduce the 

inverter currents after the fault clearance by reducing the reactive power generated by 

the error current. Qerror can be calculated by equation (4.14): 

                               (4.14) 

By subtracting Qerror from Qo, the reference reactive power during the faults QF*, which 

should be injected to the system during a fault is calculated (see Figure 4.2). It is noted 

that QF*≠Qo only when Ierror-αβ≠0, which happens at the clearance of severe faults. 

Knowing active and reactive power, angle θF can be calculated by equation (4.15): 

                               (4.15) 

where, S is the apparent power of the inverter and P is the inverter active power. To 

calculate θ*, the reactive power calculation block, which consists of the normal opera-

tion reactive power (Q*) calculation block and the fault operation reactive power (QF*) 

calculation block is used as shown in Figure 4.2. The proposed method ensures that the 

PV system supplies Q* and Q*+QF during, respectively, normal and abnormal opera-

tions. As shown in Figure 4.2, θ*= θF + θN, where θN is calculated by Q* and P. θ* is 

used to determine how much reactive power can be generated. During normal operation, 

since ΔV<0.1 pu, according to equation (4.12) and (4.15), θF =0, which means only 

normal operation block contributes to the reactive power calculation. When ΔV>0.1 pu, 

θF varies as ΔV changes, thus, both normal operation and fault operation blocks con-

tribute to the reactive power during faults. Then, θ* is used for the reference current 

calculation. 
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Figure 4.2: The control scheme for the reactive power calculation block 

4.2.3 Design of PR controller 

Equation (4.16) is the transfer function for a non-ideal PR controller [93], where Kp is 

the proportional gain, Kr is the resonant gain, ωc is the cut-off frequency, and ω0 is the 

resonant (nominal) frequency.         

                                           (4.16) 

A PR controller has a high gain (ideally infinity) around the resonant frequency. 

Compared with the non-ideal PR controller, the gain of the ideal PR controller will 

significantly reduce at other frequencies. It can be found from the simulation results 

that when a fault occurs, the frequency at the point of common coupling will oscillate. 

It means if an ideal PR controller is used, the controller may have poor performance 

during the faults. Thus, the non-ideal PR controller is chosen. In order to proposes a 

control scheme which can be widely used and make the most use of the existing 

regulations. The grid codes in the U.K. considering the frequency disturbances is used. 

In the latest grid codes [92], the controller should withstand 1% disturbance of the grid 
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frequency. Thus, the cut-off frequency is set to be 0.5Hz. Furthermore, when a fault 

occurs, the frequency will disturb even more depending on how severe the fault is. 

According to the technical criteria in [93], the controller is expected to operate at least 

across the range 48-52Hz. Thus, the resonant gain is selected as discussed below:  

Figure 4.3 shows the Bode plot for the open-loop transfer function of the current loop 

when Kr varies. As it can be seen, for Kr=1000, the gain is about 34.5dB, which is not 

high enough to reject disturbances. However, for Kr=20000, the gain of the controller 

is 58dB, which is high enough to minimize the error between the reference currents 

and the measured currents during a fault. Note that the phase margin for Kr=20000 and 

Kr=1000 are almost the same. Thus, Kr=20000 is chosen.  

 

Figure 4.3: The Bode Plot for the control plant under study when Kr varies 

Figure 4.4 shows the Bode plot when Kp varies. As it can be seen, when Kp increases, 

the gain magnitude at the resonant frequency remains almost the same, but the phase 

margin increases. It means that higher Kp can improve the stability of the system. Thus, 

Kp=20 is chosen. 
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Figure 4.4: The Bode Plot for the under study control plant when Kp varies 

4.2.3 MPF-VCU in the STRF 

Figure 4.5 shows the control scheme for the MPF-VSU used in this chapter. Similar to 

the method presented in Chapter 3, equation (3.36) is used to define how much voltage 

(Vcom) should be added into the DC-link voltage (Vdc) for different voltage sags. 

However, it is slightly different from the proposed method in Chapter 3. Since the 

method is proposed in STRF, there is no Vd. Thus, to simplify the calculation, Vaver, 

which is the 3-phase average root mean square (RMS) voltage is used in this chapter.  

                                   (4.17) 

Then, as shown in Figure 4.1, a classic PI controller is used for the voltage loop to get 

|Ipeak*|, which is used for the inverter reference current calculation. 

 

Figure 4.5: Structure of the proposed MPF-VCU 
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4.3 Simulation Results 

In this section, the proposed control strategy is simulated in MATLAB/SIMULINK 

environment. The grid frequency is f=50Hz. Table A-3 shows the parameters used in 

the proposed model in this chapter. Note that all results are presented in per unit value. 

The system under study is tested under the normal operation and different types of 

faults to validate the proposed method works well for all scenarios. Where appropriate, 

the results are compared with state-of-the-art to demonstrate the improved 

performance of the proposed method.  

4.3.1  Normal Operation 

Similar to Chapter 3, it is essential to demonstrate that an LVRT scheme does not affect 

the normal operation. Besides, it is important to demonstrate that the proposed method 

provides independent active and reactive powers control. In this section, the normal 

operation of the system is considered. The results in Figure 4.6 shows that when the 

irradiance varies as 0.8, 0.6, 0.2 and 0.8 pu, P changes accordingly while Q remains 

constant at Q*= 0.2 pu. This is simply because e.g. when solar irradiance=0.8 pu and 

Q*= 0.2pu, θN is 14.04° and when solar irradiance=0.6 pu and Q*= 0.2pu, θN is 18.43°. 

It means when irradiance reduces, P will reduce accordingly, which leads to θN increase 

(according to equation (4.15)) and therefore reactive power will remain constant (note 

that θF =0, during normal operation as ΔV <0.1 pu). Similarly, when Q* changes, θN will 

change accordingly and the active power will remain constant. As it can be seen from 
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Figure 4.7, the active power remains at 0.4 pu while the reactive power varies as 0, 0.4, 

0.8 and 0 pu. 

 

Figure 4.6: Active and reactive power performances with irradiance vary 

 

Figure 4.7: Active and reactive power performances with reactive power vary 

These results demonstrate that the proposed LVRT strategy in STRF have the 

following advantages: 

1) The proposed method does not interfere with normal operation. 

2)  The proposed LVRT strategy provides independent active and reactive power 

control.   
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4.3.2 Simulation results under different faults 

Now different types of faults will be investigated. For the sake of simplicity, it is 

assumed that Q*=0 pu for all types of faults test. The simulation results are compared 

with the results in Chapter 3 and other state-of-the-art to illustrate the improvement 

and the need for this method. 

(a) 3-phase fault 

Figure Figure 4.8, Figure 4.9 and Figure 4.10 show the results for a 3-phase fault. The 

fault occurs at t=1s and lasts for 0.2s. Figure 4.8 (a), which depicts the 3-phase voltage, 

shows that the voltages drop to 0.2 pu. As shown in Figure 4.8 (b), which illustrates 

the average of the RMS inverter phase currents, the proposed method helps to reduce 

the current after the fault is cleared. It shows that the inverter current is limited to 

almost 1.3 pu after the fault clearance with the proposed method. It also can be 

observed from Figure 4.8 (b), the proposed transient reactive power suppression unit 

reduces the inverter current from 1.9 pu (solid blue line) to 1.7 pu (dotted red line) 

exactly after the fault clearance for a severe fault. Figure 4.9 (a) shows that almost no 

active power is produced, and the proposed transient reactive power suppression unit 

will not affect the active power. From Figure 4.9 (b), it can be found that the transient 

reactive power suppression unit reduces the peak value of Qinv exactly after the fault 

clearance from 1.25 pu to 1 pu, while about 1.05 pu reactive power is injected to the 

grid during the fault. As shown in Figure 4.8 (b) and Figure 4.9 (a), the inverter current 

and the active power recover to 1 pu in almost 0.05s after the fault clearance. Figure 

4.10 shows the 3-phase currents are within acceptable limits during the whole of the 

fault period. 
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Figure 4.8: 3-phase fault (all results in pu) (a) The 3-phase voltage. (b) The average 
of the RMS inverter phase currents 

 

 

Figure 4.9: 3-phase fault (all results in pu) (a) The active power. (b) The reactive 
power 

 

Figure 4.10: The 3-phase inverter currents under 3-phase fault (result in pu) 
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Since [79] elaborates on the post-fault recovery performance under a 3-phase fault, it 

is chosen as the benchmark to highlight the improvement on post-fault recovery caused 

by the proposed method in. In order to make the comparison justifiable, the method is 

tested under the same configuration and conditions as [79]. 

 

Figure 4.11: The proposed control scheme for the system under study which is the 
same as [79] 

Figure 4.11 illustrates the proposed control scheme for a two-stage PV system, which 

is the same structure/parameter as [79]. From Figure 4.12 (b), it can be found that the 

inverter current is reduced to 0.7 pu during the fault, and it is limited under 1.75 pu 

after the fault is cleared. Meanwhile, the current seems to be much larger than 1.75 pu 

in [79] (note that in [79] both Id and Iq hit the 1.25 pu limits after the fault clearance, 

which means the peak value of the inverter current will be even larger than 1.76 pu). 

The results show that the performances of the proposed LVRT method applied to a 
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two-stage PV system (which is the same as [79]) are even better than that of the single-

stage PV system (i.e. Figure 4.8). 

 

Figure 4.12: 3-phase fault with LVRT applied to [79] (all results in pu) (a) The 3-
phase voltage. (b) The average of the RMS inverter phase currents 

 

Figure 4.13: 3-phase fault with LVRT applied to [79] (all results in pu) (a) The active 
power. (b) The reactive power 

 

Figure 4.14: The 3-phase inverter currents under 3-phase fault with LVRT applied to 
[79] (result in pu) 
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To demonstrate the effect of the transient reactive power suppression unit, another 3-

phase fault is simulated, where the voltage sag is 0.6 pu (see Figure 4.15 (a)). Result 

in Figure 4.15(b) shows the average of the RMS inverter phase currents is limited to 

1.5 pu after the fault clearance with proposed method, while, the current is about 1.7 

pu after the fault clearance without the proposed method. Similarly, Figure 4.16 (b) 

shows the reactive power is reduced exactly after the fault is being cleared with the 

transient reactive power suppression unit. As a result, it can claim that the proposed 

transient reactive power suppression unit can reduce the inverter current after the fault 

clearance for a severe 3-phase fault. Investigation for other types of asymmetrical fault 

is discussed below. 

 

Figure 4.15: Light 3-phase fault (all results in pu) (a) The 3-phase voltage. (b) The 
average of the RMS inverter phase currents 

 

Figure 4.16: Light 3-phase fault (all results in pu) (a) The active power. (b) The 
reactive power 
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(b) DLG fault 

Figure 4.17 and Figure 4.18 show the results for a DLG fault. Figure 4.17 (a) shows 

the voltage of Phase A and B drops to 0.2 pu at t=1s and lasts for 0.2s.  From Figure 

4.17 (b), it can be observed that the inverter current is limited to 1.25 pu during the 

fault and about 1.4 pu exactly after the fault clearance. Figure 4.18 (a) shows the 

inverter active power is reduced to almost 0.3 pu during the fault. The average voltage 

sag is about 0.54 pu, thus, the system is injecting 0.7 pu reactive power during the fault 

(according to the Chinese grid code), which is shown in Figure 4.18 (b). Since the 

voltage sag is not as deep as a 3-phase fault, the transient reactive power suppression 

unit has almost no effect to the results. Figure 4.19 shows that the 3-phase currents 

remain sinusoidal during the DLG fault, which proves that the proposed reference 

currents generation can produce sinusoidal reference currents under an asymmetrical 

fault. Moreover, the reactive power recovery is 0.05s faster than the results shown in 

Chapter 3 (see Figure 3.22) and the currents recover in two cycles, which is much 

faster than the results in [82] and the results shown in Figure 3.22 (where the inverter 

current recover in four cycles). 

 

Figure 4.17: DLG fault (all results in pu) (a) The 3-phase voltage. (b) The average of 
the RMS inverter phase currents 
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Figure 4.18: DLG fault (all results in pu) (a) The active power (b) The reactive 
power 

 

Figure 4.19: The 3-phase inverter currents under DLG fault (result in pu) 

(c) DL fault  

Figure 4.20 and Figure 4.21 show the results for a DL fault, which occurs at t=1s and 

lasts for 0.2s. As it can be seen from Figure 4.20 (a), the voltage of phase A and B drop 

to 0.5 pu. The inverter currents are limited to less than 1.5 pu for the whole period of 

fault and after the fault clearance as shown in Figure 4.20 (b). During the fault, 0.7 pu 

active power is produced (see Figure 4.21 (a)). Figure 4.21 (b) shows that 0.3 pu 

reactive power is injected during the fault. The results in [81] show that after the DL 

fault is cleared, the inverter currents recover in 0.175s. However, Figure 4.22 shows 

that the inverter currents recover in less than 0.05s, which is much faster than the 
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results shown in [81] (note that the average value of the 3-phase voltage sag is about 

0.3 pu during the fault in [81], which is even not as severe as this scenario). 

 

Figure 4.20: DL fault (all results in pu) (a) The 3-phase voltage. (b) The average of 
the RMS inverter phase currents 

 

Figure 4.21: DL fault (all results in pu) (a) The active power. (b) The reactive power 

 

Figure 4.22: The 3-phase inverter currents under DL fault (result in pu) 
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(d) SLG fault 

Figure 4.23 and Figure 4.24 show the results for the SLG fault. As shown in Figure 

4.23 (a) phase A voltage drops to 0.2 pu at t=1s and lasts for 0.2s. Figure 4.23 (b) 

shows the inverter current is limited to 1.2 pu during the fault and limited under 1.4 pu 

after the fault clearance. Figure 4.24 (a) shows the active power is reduced to 0.8 pu 

during the fault and about 0.2 pu reactive power is injected to the grid during the fault 

according to the Chinese grid code (see Figure 4.24 (b)). Figure 4.25 shows that the 

proposed method provides sinusoidal currents during the fault and a smooth recovery.  

 

Figure 4.23: SLG fault (all results in pu) (a) The 3-phase voltage. (b) The average of 
the RMS inverter phase currents. 

 

Figure 4.24: SLG fault (all results in pu) (a) The active power. (b) The reactive 
power 
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Figure 4.25: The 3-phase inverter currents under SLG fault (result in pu) 

The method is also simulated under two-stage PV system, which is the same as [79] to 

investigates the post-fault recovery performance under an SLG fault. The inverter 

currents recovery is 0.05s faster than the results shown in [79] with the proposed 

method applied to the reference model (i.e. Figure 4.26 (b)). Also, it can be observed 

that in [79], the reactive power increases from 25 kVA to 60 kVA after fault clearance. 

However, Figure 4.24 (b) shows there is no sudden increase of reactive power after 

fault clearance with the proposed method. 

 

Figure 4.26: SLG fault with LVRT applied to the reference model (all results in pu) 
(a) The 3-phase voltage. (b) The average of the RMS inverter phase currents 
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Figure 4.27: SLG fault with LVRT applied to the reference model (all results in pu) 
(a) The active power. (b) The reactive power 

 

Figure 4.28: The 3-phase inverter currents under SLG fault with LVRT applied to the 
reference model (result in pu) 

4.4 Summary of chapter 4 

The LVRT strategy for a grid-connected PV system based on the STRF is introduced 

in this chapter. The proposed method is developed based on the LVRT strategy in the 

SYRF, which includes the MPF-VCU. However, the proposed LVRT method in this 

chapter introduces a novel approach for reference current calculation in the STRF and 

a reactive power injection block, which includes a transient reactive power suppression 

unit. The proposed inverter reference current calculation block is designed to control 

the active and reactive power independently during normal operation. The proposed 
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method can produce sinusoidal currents during asymmetrical faults and provide fast 

and smooth recovery after the fault is cleared. With the transient reactive power 

suppression unit, the proposed method can reduce the inverter current after the fault 

clearance for a server 3-phase fault. By doing frequency analysis, the PR controller for 

the LVRT control scheme is designed. 

The proposed method is verified in MATLAB/Simulink for normal operation and 

different types of faults. The simulation results illustrate that the proposed LVRT 

strategy guarantees excellent system performance for normal operation. For a severe 

3-phase fault, the proposed transient reactive power suppression unit can reduce the 

inverter current and reactive power after the fault is being cleared. Simulation results 

show that the proposed LVRT strategy in the STRF provides fast and smooth recovery 

after the fault clearance. Results by applying the proposed method for other different 

types of asymmetrical faults are compared with state-of-the-art to highlight and 

demonstrate the improvements caused by the proposed method. In summary, the 

proposed LVRT strategy in this chapter has the following advantages: 

1) The presented simple and effective inverter reference current calculation block 

works for both normal operation and all types of faults in the STRF.   

2) The proposed approach for the inverter reference current calculation can 

achieve independent control of active and reactive power in the STRF. 

3) The proposed transient reactive power suppression unit can reduce the inverter 

current after the fault clearance for a severe grid fault. 
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4) The proposed LVRT method provides fast post-fault recovery. Meanwhile, it 

ensures the inverter current remains within acceptable limits and produces 

sinusoidal currents during asymmetrical faults.  

5) The proposed method eliminates the needs for a symmetrical components’ 

separation strategy and the STRF to the SYRF transformation. 
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Chapter 5 Conclusion and future work 

5.1 Conclusion 

The main research work of this Ph.D. thesis is the development of the LVRT control 

strategy for the 3-phase grid-connected PV system in two different reference frames. 

The exhaustive background study of the 3-phase grid-connected PV system is 

introduced in Chapter 1 and 2. Chapter 2 also presents the LVRT requirements for the 

grid-connected PV system and discusses the state-of-the-art on LVRT strategies. In 

Chapter 3 and 4, two LVRT strategies based on SYRF and STRF are introduced.  

Instead of disconnecting the MPPT while the fault is detected, this research work uses 

the MPF-VCU for the 3-phase grid-connected PV system to achieve LVRT. This is 

one of the most important contributions of this thesis since other state-of-the-art 

requires a non-MPPT mode during the fault. With the MPPT operating during the fault, 

results in an increase in. Physically, the increasing of the DC-link voltage means the 

capacitor will continue charging during the fault. Thus, a suitable capacitor needs to 

be chosen, which means the cost of the implementation may be higher; however, 

considering the fault only lasts for a fraction of a second, the capacity of the capacitor 

should not be very large. Moreover, because of the operation of the proposed VCU, 

both PV current and power will reduce, which protects the capacitor from 

overcharging.  

Since the method proposed in Chapter 3 is developed based on SYRF, the PLL plays 

an important role in this work. It is used to synchronise the grid and the inverter side 

frequency and contributes to the NRF to SYRF computation. The proposed method 

highly depends on the PLL; when the PLL is faulty, the control scheme will not be 
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working. The similar consequence will appear for the method presented in Chapter 4. 

Although the method is proposed in STRF to avoid using reference frame translation, 

the inverter reference current is calculated by the frequency provided by the PLL. This 

implies that the PLL still plays a very important role in the control scheme of the power 

system. Although the dependency on the PLL can be considered as a drawback, it is 

noted that all the commercial PV inverters use PLLs to synchronise with the grid even 

during the normal operation. Therefore, if the PLL is faulty, it must be detected and 

fixed in the normal operation. 

Simulation results show the proposed LVRT control strategy based on both SYRF and 

STRF can be used for both symmetrical and asymmetrical faults. The simulation 

results also demonstrate that the proposed MPF-VCU reduces the double grid 

frequency oscillation. The results shown in Chapter 4 shows that the post-fault 

recovery is faster than other state-of-the-art, which means a suitable designed with 

larger cut-off frequency PR controller can be considered in the current controller when 

considering faults. 

5.2 Potential Future Work  

The following imminent recommendations at this stage are proposed: 

1) The test of the proposed control schemes for the LVRT connected to a weak 

grid (low inertia and X/R ratio grid) can be undertaken. With the penetration 

of the low inertia power sources connected to the grid, i.e. PV system, wind 

farms and other inverter-based power generation, the grid will become weaker. 

A weak grid is not as stable as a strong grid. It can be affected by the voltage 

and frequency fluctuations, such as faults. Thus, the performances of the LVRT 
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strategies for the PV system connecting to the weak grid or synchronous 

generator are valuable. The results will help to study the LVRT strategies for 

the future trend.   

2) The current work uses the average model for the inverter; future work could 

consider a switching model for the inverter. It is worth of using switching 

model for the inverter since the switching frequency of the PWM may affect 

the results of the LVRT.  

3) Since the control of PMSG or DFIG is different from the PV system, it is worth 

trying to find if the proposed method is still working for a wind turbine system. 

In addition, proposing an LVRT strategy for a hybrid system may be a 

challenge. Thus, duplication of the proposed method to DFIG or PMSG system 

or even a hybrid system, i.e. one PV system and one wind turbine connected to 

the bus could be considered.  

4) Since the condition of having an experimental work for LVRT strategy is very 

strict, the proposed LVRT methods could be tested on the IEEE 14-bus, which 

helps to practically implement the methods in the future. However, the 

experimental work is the best way to validate the proposed method if possible.
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Appendix-1 

Table A-1 PV module parameters 

Parameter Definition Value 

Gr Reference Irradiation 1000 W/m2 

Tr Reference Temperature 25 0C 

Voc Open-circuit voltage at reference conditions 23 V 

Isc Short-circuit current at reference conditions 2 A 

Pmax Maximum power at reference conditions 36 W 

CT Temperature coefficient of photocurrent 1.7x10-3 A/K 

I0 Saturation current at reference temperature 1.2x10-7A 

η Ideality factor 1.47 

k Plank’s constant 1.38x10-23J/K 

q Charge coulomb constant 1.6x10-19C 

Ns Number of cells in series per module 36 

Np Number of cells in parallel per module 1 

 

Table A-2 Parameters for the system under study in the SYRF 

Variable Value 
Phase to Phase voltage VL 650 V 

DC link capacitor Cdc 210 μF 
LC filter parameters Rd =1.51 Ω Lf =3 mH Cf=1.4μF 

Line Impedance Rl=0.38 Ω Ll=0.15 mH 
Current Loop PI controller Kp=24 Ki=1598.7 
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Table A-3 Parameters for the system under study in the STRF 

Variable Value 
Phase to Phase voltage VL 650 V 

DC link capacitor Cdc 210 μF 
LC filter parameters Rd =1.51 Ω Lf =3 mH Cf=1.4μF 

Line Impedance Rl=0.38 Ω Ll=0.15 mH 
PR controller ωc=0.5 Kp=20 Kr=2000 

Nominal Power S=11000VA 
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Appendix-2 

Inverter output Filter Design 

In this appendix, the design of the LC filter is introduced. The filter is designed using 

the guidelines provided by Texas Instruments [94, 95].  

Considering system under study in this thesis, the system parameters are given: 

DC-link voltage, Vdc=1900 V; 

AC line voltage, VL=650 V; 

3-phase apparent power, S=11kVA; 

Since the reactive power Q=0 during normal operation, it can be easily derived that 

the active power P=S=11kW.  

Thus, AC line peak current can be calculated as: 

 A 

Assuming the switching frequency, fsw=50 kHz, the filter inductor Lf can be calculated 

as: 

 

Where Iripple is the ripple current of the AC line peak current, which is normal chosen 

to be 0.2Ipeak. Thus, Lf is calculated: 

 mH 

Normally, the capacitor is designed to absorb 5% of the reactive power. Thus, Cf is 

calculated as: 

7.98
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 μF 

The LC filter is designed to damp out the switching frequency. To get a good frequency 

attenuation, the filter resonance frequency (fres) is kept at fsw/2 or lower. By choosing 

fres=25 kHz, the damping resistor Rd is calculated as:  

 Ω 

 

2 2

110000.050.05 3 1.4
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f
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f Vp p

´´
= = =

´ ´ ´ ´ ´ ´

6
1 1 1.51

3 2 6 25000 1.4 10d
res f

R
f Cp p -= = =

´ ´ ´ ´ ´ ´ ´ ´




