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Abstract—Power quality and voltage control are 

among the most important aspects of the grid-

connected power converter operation under 

faults. Non-sinusoidal current is injected during 

unbalanced voltage sag and active or/and 

reactive power includes double frequency 

content. This paper introduces a new Fuzzy 

Logic Controller based control approach to 

mitigate the double grid frequency oscillations 

in the active power and dc-link voltage of the 

two-stage three-phase grid-connected 

Photovoltaic (PV) inverters during unbalanced 

faults. With the Fuzzy Controller control 

method, PV inverter injects sinusoidal currents 

under unbalanced grid faults. In addition, an 

efficient and easy-to-implement current 

limitation method is introduced, which can 

effectively limit the injected currents to the rated 

value during faults. In this case, the fault-ride-

through operation is ensured and it will not 

trigger the over current protection. A Non-

MPPT operation mode is proposed for the dc-dc 

converter. The mode is enabled under severe 

faults, when the converter cannot handle the 

maximum PV power. Finally simulated 

validation is provided by implementing method 

at Matlab/Simulink environment and analyses 

the performance of the complete system with 

including PV inverter. 

 

Index Terms—Active power oscillations; 

Currentlimitation; dc-link voltage oscillations; Low-

Voltage Ride- Through (LVRT); Photovoltaic (PV) 

systems. 

 

 

 

 

I. INTRODUCTION 

 

With the fast increase of grid-connected Photovoltaic 

(PV) generation, PV systems should contribute to the grid 

stabilityby providing ancillary services, beyond the basic 

power delivery [1-6]. The new grid requirements demand 

gridconnectedPV systems, single- or three-phase, to have 

the capability to operate in power factors other than unity 

[7-9].Also, based on the recently revised grid codes, PV 

inverters are preferred to stay connected during grid voltage 

faults [10-13].When fault happens, the converter has to 

detect the incident and react quickly to the disturbance to 

mitigate the adverse effects on the inverter and the 

equipment connected to the grid, and also the upstream 

system [14-16]. Indeed, the revised grid codes require PV 

systems to inject a certain amount of reactive power in case 

of the low voltage fault, as shown in Fig. 1 [1, 4, 11, 12, 

17-19]. This capability is called Low-Voltage Ride-

Through (LVRT). A technical report is presented in [19], 

which requires the PV plants to sustain the grid fault, inject 

reactive power, and if possible, inject PV power to the grid. 

As can be seen, usually, for voltage sag depths under 0.5 

p.u., the converter is not exploiting the full capacity to 

inject reactive power. Therefore, the remaining capacity 

can be utilized for generation of the active power, delivered 

by the PV array. 

 
Fig. 1. The grid standard of each country, showing the 

reactive power should be injected to the grid during the 

faults, regarding the voltage sag depth. 

 

Fundamentally, the LVRT control strategies for 

gridconnectedPV systems under abnormal conditions 

should (1) quickly detect voltage faults; (2) calculate active 

and reactive current references in the Positive Sequence 
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(PS) and Negative Sequence (NS); (3) prevent overcurrent 

failure (limit current); (4) control the dc-link voltage; and 

(5) control the dc-dc converter (in two-stage systems). 

Although the first three issues have been considered in 

earlier studies, the latter issues for two-stage PV systems 

remain untreated in details. 

Once faults are detected, the current reference 

generationshould be prioritized in the LVRT operation, as 

it also contributes to the current limitation. Different 

methods for current reference generation during grid faults 

have been presented in literature. In [20], the LVRT 

capability of the single-phase PV inverters is thoroughly 

discussed. In [21], a review on current reference generation 

of three-phase PV inverters during grid faults is performed. 

A few methods such as [22] have discussed the operation of 

a Pulse Width Modulated (PWM) grid-connected rectifier 

under grid faults. However, the LVRT strategy in grid-

connected PV inverters is challenging, since the dynamics 

of the PV panels, dc power processing stage, and the 

capacitive dc-link can affect the operation of the entire 

system. In [16, 23], an Instantaneous Active Reactive 

Control (IARC) was proposed, which leads to non-

sinusoidal output currents under unbalanced faults. A 

current reference generation method dealing with both PS 

and NS aiming at reducing the NS of the grid voltage has 

been proposed in [24]. However, the active and reactive 

power waveforms include oscillatory components under 

unbalanced grid faults. In [25], the LVRT strategy controls 

both NS and PS to eliminate the active power oscillations 

under grid faults. In [26], a transformer less three-level PV 

inverter is introduced and the effects of the unbalanced 

faults on the neutral point in this inverter are analyzed for 

LVRT operation. The focus of [26] is on proposing new 

control strategies to further balance the voltage fluctuations 

on the neutral point under unbalanced faults. [27] Has 

proposed a LVRT control strategy in the d-reference frame 

for the grid-connected converters without considering the 

characteristics of a renewable energy source, either PV or 

wind. In [28], a three-phase system has been investigated, 

which offers six current control freedoms with a zero-

sequence current path to mitigate both active and reactive 

power oscillations and also inject sinusoidal currents. 

However,in [28], a constant dc source has been used; the 

negative effects of the unbalanced faults on the capacitive 

dc-link have not beenexplored. Also, in [29], the dc-link 

voltage is assumed to be constant. This assumption is not 

proper in case of an unbalanced fault as total power would 

not be zero and ripple would be induced to dc link voltage. 

Although in [30] a PV source is modeled at the input side, 

the performance of the Fuzzy controllermethod is only 

discussed through simulations. The LVRT operation of 

current source grid-connected PV inverters is discussed in 

[31]. [32] has proposed a flexible control strategy for 

operation of the three-phase PV inverters under unbalanced 

faults; however, has not discussed control of the renewable 

energy source. The Fuzzy controller method in [33] has 

improved the Dual Vector Current Control (DVCC) 

method to control the high peak currents and minimize the 

power ripple. In [34], a control strategy is proposed that 

balances the PS and NS components utilizing the power 

capacity of the inverter. However, the injected active and 

reactive power components still contain oscillatory 

harmonics. In summary on existing LVRT control 

challenges, in three-wire three-phase systems, in order to 

inject sinusoidal currents under unbalanced faults, either 

active or reactive power or both of them will oscillate with 

twice the grid fundamental frequency. To further highlight, 

if neither active nor reactive power oscillates, the injected 

currents are non-sinusoidal. The aforementioned active 

power oscillation can have negative impacts on reliable 

operation of the grid-connected PV converters. In two-stage 

PV converters, where a dc-dc converter operates as 

Maximum Power Point Tracking (MPPT), it is common 

that a PI controller determines the active power reference. 

Thus, in case that the injected active power starts 

fluctuating, the PI controller cannot follow the sinusoidal 

variations in the injected power. This is because the PV 

power injected to the dc-link is constant. As a result, the 

dc-link voltage will fluctuate with the same frequency of 

the injected active power. Notably, due to high failure rates 

of the electrolytic capacitors of the two-stage PV converters 

[35], the system reliability is challenged. This is worsening 

by dc-link voltage ripples. In this paper, dc link ripples 

during unbalanced faults are reduced with proper control of 

dc-dc converter. Among the major contributions of the 

paper is to investigate the effects of the PV arrays on the 

entire system and propose a control strategy for the PV side 

under unbalanced grid faults in contrast to [10, 27, 29, 33, 

34, 36]; in these works, the current reference generation 

and grid side control have been discussed. Therefore, the 

operation of a two-stage grid-connected PV converter 

under LVRT conditions can be rarely found in the 

literature. Whereas, in this paper, the operation of the PV 

arrays, dc-dc converter, and dc-link voltage is carefully 

evaluated through simulations and experiments under 

unbalanced grid voltage sags. 

 In light of the above, this paper proposes (1) a 

new generaland flexible current reference generation 

method that injects sinusoidal currents even under 

unbalanced grid faults; (2) a control method that eliminates 
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double grid frequency oscillations from the injected active 

power and the dc-link voltage under unbalanced voltage 

sag faults, improving the long-term reliability of the PV 

converter; (3) a Non-MPPT operation mode for the dc-dc 

converter, which is enabled under severe faults, when the 

converter cannot handle the maximum PV power; (4) an 

effective current limiting method that can restrict the 

injected currents to the rated value. In order to realize the 

aforementioned advantages, the injected reactive power is 

allowed to oscillate with twice the grid fundamental 

frequency. 

 The paper is structured as follows: In Section II, 

the steadystateoperation of a two-stage grid-connected PV 

system is presented. Section III presents the Fuzzy LVRT 

strategy. Finally, the Fuzzy Controller algorithm is verified 

by simulations and also the experiments. Concluding 

remarks are provided at theend to summarize the 

advantages of the proposal. 

II. SYSTEM OPERATION 

This section is to analyze the inverter operation under 

normaland abnormal conditions for a three-wire three-

phase PVsystem. The two-stage three-phase system is 

shown in Fig. 2, which includes a boost converter and a 

full-bridge inverter interconnected through the dc-link 

capacitor. 

The formulation is performed in the Stationary 

Reference Frame (SRF). The conversion from the three-

phase system into the SRF is as 

 
 

WhereVα ,Vβare the voltages in the SRF and Va, Vb , Vcare 

thegrid voltages in the natural reference frame. Since the 

system isthree-wire, the phase currents will not contain 

zero sequences. Thus, the voltages and currents are 

obtained as: 

 

 
 

In which, V+, V-, I+, and I- are the amplitudes of the 

positive and negative sequences of the grid voltage and 

current, φ+, φ-, ∂+, and ∂- are the phase angles of the grid 

voltage and current.The apparent power S is written as 

 
Wherevand i  are the voltage and current vectors in the 

SRF,andP, Q are the active and reactive power, 

respectively. Since under normal conditions the grid 

voltages and loads are balanced, there will not be any 

oscillatory components in the active and reactive 

components of the power also the injected current is 

completely sinusoidal. However, under unbalanced 

conditions, the NS components will appear in both current 

and voltage vectors. Thus, the apparent power is re-written 

as 

 
In whichV+

αβ and V-
αβ are derived from: 

 
Whereq-jΠ/2 is a 90°-lagging phase-shifting operator applied 

to the time domain. Similarly, i+
αβand i-

αβ are achieved 

following (10). In (9), there are four terms in the apparent 

power formulation. In (12) to (19), these terms are written 

as active and reactive components Pn and Qn, where n 

varies from 1 to 4. 

Multiplying two terms with the same sequences 

will lead to aconstant term in the active and reactive power, 

like in (12), (13), (18), and (19). In contrast, the oscillating 

parts of the active and reactive power are caused by the 

multiplication of two terms with inverse sequences, like in 

(14)-(17). Therefore, the constant and oscillating parts of 

the total active and reactive power are written as: 
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Where P and Qare the total active and reactive power, P0, 

Q0, 

 

whereVα⫠ and Vβ⫠ are the orthogonal voltages (900-lead) of 

the SRF voltage vectors. In the denominator of (29)-(32), 

there are two terms Vp = (Vα
+2+ Vβ

+2) and Vp = (Vα
-2+ Vβ

-

2). Underbalanced or even unbalanced grid faults, these 

terms are almost constant. Accordingly, summation or 

subtraction of √Vpand √Vn leads to a constant term, as 

demonstrated in Fig. 3. Therefore, the denominator in these 

formulations is constant and without oscillation. Notably, 

Qrefis the average value of the reactive power required 

under the fault according to grid codes. Then, the SRF 

currents are driven from average value of the active and 

reactive power. These references determine the peak-peak 

value of the oscillations on the reactive power. The 

proposed formulation is customized for different objectives 

through definition of the following key parameters: kαP, kβP, 

kαQ, and kβQ. Accordingly, a general formulation is 

obtained as 

 

 
in which, iαpandiβq  are the active currents in the SRF, 

iαqandiβq are the reactive currents in the SRF, kαP, kβP, kαQ, 

and kβQare the key parameters, which can be either +1 or -1 

to adjust the active and reactive current references in the 

SRF considering grid requirements. Hence, 16 modes for 

reference generation exist with unique features, including 

the active power oscillation, reactive power oscillation, and 

sinusoidal currents. As mentioned previously, the purpose 

of this paper is to present a current reference generation 

method to eliminate oscillations from the active power and 

the dc-link voltage. Simulation case studies show that only 

in four modes the double grid frequency oscillations can be 

mitigated in the injected active power, which is 

summarized in Table I. 

TABLE I 

OPERATION MODES WITH NO ACTIVE POWER 

OSCILLATION. 

 
In order to exploit the full capacity of the converter, 

thedenominator in (34)-(37) has to meet the lowest value. 

Thus, the key parameters are considered as listed in Mode 2 

in Table I. In this case, the dc-link voltage should remain 

constant even if an unbalanced grid fault happens. 

However, it should be noted that due to the small 

resistances of the inductive filter, these oscillations cannot 

be completely eliminated from the dc link voltage [29]. The 

reason is that the oscillatory components consumed by the 

filter’s resistance, are provided by the converter. 
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Fig. 3. Behavior of the defined parameters under the faults: 

(a) 
√VP−√Vn

Vb
and (b) NNP – New Nominal Power. 

B. Current Limitation Method 

In order to prevent the overcurrent failure, a new 

efficientcurrent limiting method is proposed in the 

following. The rated power of the converter must be 

updated once a voltage sag is detected; it is called New 

Nominal Power (NNP). Normally, under voltage sag faults, 

the NNP value is less than the nominal power of the 

converter, which depends on the voltage sag depth. 

Therefore, the NNP is achieved as 

 
Where is the apparent power or the nominal power of the 

power converter, Vbaseis the base voltage, which is equal to 

the Root-Mean-Square (RMS) value of the line-line grid 

voltage.In order to verify the effectiveness of this method, a 

simulation is performed to show that by decreasing the 

phase voltages, the NNP decreases, which is demanded to 

restrict the injected currents. At first, three-phase voltages 

are balanced. Then, at t= 0.1 s, the phase-b voltage falls to 

0.7 p.u., while other phase voltages remain the same. The 

voltage sag orders are shown in Fig. 3. It is clearly 

demonstrated that the decrease in the phase voltages will 

result in the reduction in the NNP. 

On the other hand, according to the voltage sag 

depth, thereactive power can be calculated as below [37]. 

 
withVpu being calculated as 

 

Given the NNP and reactive power of Q, the maximum 

allowed active power (Pmax) for the inverter to inject to the 

grid while avoiding overcurrent can be achieved as: 

 
For operation of the converter under very deep voltage 

sags,NNP will have a low value, since √VP − √Vnbecomes 

small. Therefore, under a deep voltage sag, the condition is: 

 
If the reactive power reference is higher than the NNP, 

theconverter cannot inject that much reactive power to the 

gird. Hence, it should pick the NNP value for the reactive 

power reference and shed the dc power consumed from the 

PV arrays. 

 
Fig. 4.P-V characteristics of the PV array. The dc-dc 

converter switches from MPPT to the Non-MPPT operation 

mode. 

In summary, once voltage sag is detected, the 

NNP and Qvalues are calculated according to (38) and (39). 

Then, the maximum allowed active power (Pmax) 

preventing an overcurrent, is determined by (41). During 

the voltage sagfaults, Pmax is continuously compared with 

the active power reference (P*) provided by the dc-link 

controller. If Pmax>P* the exact amount of active power the 

converter has been injected previously can be still 

delivered. On the other hand, if Pmax<P* the inverter cannot 

inject the active power reference (P*) provided by the dc-

link controller. In this case, in order to keep the dc-link 

voltage constant, the operating point of the PV arrays 

should move in a way to extract Pmaxfrom the PV array. 

This operation mode is called Non-MPPT mode, which 

would start in case a voltage sag occurs and Pmax<P*. Fig. 4 

showshow the dc-dc converter is controlled in the Non-

MPPT mode. The right side of the P-V characteristic is 

chosen for the Non- MPPT mode, since the ramp is higher; 

in this case, the operating point can move faster than the 
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left side. In order to move to the right side, the duty cycle is 

reduced regarding (43). 

 
WhereVdc and VPVare the dc-link voltage and PV 

voltage,respectively. Once the fault occurs and the Non-

MPPT operation is activated, an approximate value for the 

duty cycle is calculated as 

 
In whichDc is the approximate value of the duty cycle for 

the new operating point, DMPPandPMPPare the duty cycle 

and PV power at the MPP. In Fig. 4, the left big red arrow 

clarifies shifting the operating point to the new position 

corresponded to �. The next smaller arrows show the 

operation of a PI controller adopted to tune the duty cycle 

of the dc-dc converter. 

 

C. The Control Block Diagram 

 

Fig. 5 represents the proposed Fuzzy control 

block diagram. Thecontrol structure consists of two parts, 

which can operate independently owing to the capacitive 

dc-link decoupling the two stages, dc-dc converter and 

inverter. A PI controller is adopted as a dc voltage 

regulator. The output of the PI controller determines the 

active power reference to stabilize the dc link voltage. The 

current controller block benefits from two Proportional-

Resonant (PR) controllers that separately control the 

injected currents. 

 

 

Fig. 5. Proposed Fuzzy based control block diagram of the 

tested. 

 

The dc-dc converter operates as the MPPT, in 

which the hillclimbingmethod is adopted. The dc-dc 

converter should switch to the Non-MPPT mode in case 

that a grid fault occurs and inverter cannot inject the 

maximum PV power. Fig. 6 further clarifies the control 

system. If Vpu falls below 0.9 per-unit, the voltage sag 

detection block will generate a fault signal activating the 

NNP, Q, and Pmax calculator block. Then, per comparison 

between Pmax and P* a comparator signal will be generated. 

Fig. 7 demonstrates the control of the dc-dcconverter. 

Black dashed-line presents the Non-MPPT 

controlalgorithm, which is activated once the Enable Signal 

is equal to1. Dcis the value calculated in previous section. 

There is an AND block, in which, if the comparator signal 

and fault signal are equal to 1, the dc-dc converter switches 

to the Non-MPPT mode. The PI controller tunes the new 

duty cycle for the Non-MPPT operation. Table II 

summarizes the PV converter operation under different grid 

conditions. MPPT may continue working under abnormal 

operation when the fault exists in the grid and Pmax<P*. It 

means that the inverter has the capacity to inject maximum 

power of the PV array as well as the required reactive 

power. In this case, the fault signal is 1, while 

thecomparator signal remains zero. 

 

 
 

Fig. 6.Flowchart of the proposed control algorithm. 
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Fig. 7. Block diagram of the dc-dc converter control 

(MPPT vs. Non-MPPToperation). 

 

 

 

 

 

 

TABLE II 

PV CONVERTER OPERATION UNDER DIFFERENT 

GRID CONDITIONS 

 

III. SIMULATION RESULTS 

A simulation testbed is developed in 

MATLAB/SIMULINKto verify the proposed fuzzy 

strategy. Table III shows the power converter parameters. 

The dc-link voltage is assumed to be 1.3√2VL-L,rms, which is 

equal to 696 V. A case scenario is defined for verification 

of the fuzzy controller method, in which VbandVc fall to 

0.45 per-unit at t = 0.2 s. Fig. 8(a) shows the threephase 

grid voltages. Once the fault occurs, Vpu falls to 0.63 per 

unit, LVRT operation is enabled. Fig. 8(b) shows the 

injected currents at the moment of the fault, which are 

properly controlled by the control strategy. Since the 

voltage sag is unbalanced, the currents in phase-b and 

phase-c are increased, however still restricted to 3.04 A, 

while phase-a decreases. However, the injected currents are 

purely sinusoidal. The active power is reduced; 

accordingly, the power extracted from the PV array is 

reduced by switching from the MPPT to Non-MPPT mode 

as shown in Fig. 8(c) and (d), respectively. Fig. 9(a) and (b) 

depict the injected active and reactive power, respectively, 

under the grid fault. Once an unbalanced voltage sag is 

detected, the active power is quickly reduced to 315 W 

(PMax) to prevent overcurrent failure. Although the fault is 

unbalanced, the active power is almost free of double 

frequency oscillations. Noticeably in Fig. 9(b), the injected 

reactive power increases to 925 VAR once the fault signal 

is equal to 1 and oscillates withat grid’s double frequency, 

which is intended in the fuzzymethod. As Fig. 9(c) 

illustrates, at the instant of the fault, the dc-link voltage is 

decreased, but after a short time, the dc-link controller 

reduces the active power reference, which is shown in Fig. 

9(d). Fig. 9(c) shows that the dc-link voltage is properly 

stabilized and recovered to 696 V. Small peak-peak 

oscillations can be observed at the dc-link due to the 

double- frequency component of the power that is 

consumed by the filter. 

 
(a) 

 

 
(b) 

Fig. 8. Simulation results of the PV system: (a) SIMULINK 

Model for the proposed System (b) three-phase grid 

voltages, three-phase currents, PV voltage, and PV power, 

at the moment of the unbalanced fault. 

 

 
(a)  
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(b) 

 
(c) 

Fig. 9. Simulation results of the PV system: (a) injected 

active power, (b) injected reactive power, (c) dc-link 

voltage 

VI. CONCLUSION 

This paper has proposed a fuzzy based control 

scheme for the three-wirethree-phase two-stage PV 

converter to improve the power quality under abnormal 

conditions. Among the major contributions of the fuzzy 

controller method is the mitigation of the double grid 

frequency oscillations in the dc-link voltage and the active 

power under unbalanced faults. Using the proposed current 

reference generation, the injected currents are sinusoidal 

with the THD value of lower than 5% in the experiments. 

More importantly, the control structure benefits from two 

operation modes, MPPT and Non-MPPT, both of which 

can operate under abnormal conditions. One of the main 

contributions of the paper is that a Non-MPPT operation 

mode for the dc-dc converter is introduced and 

experimentally implemented. This operation mode is 

comprehensively investigated in this paper considering PV 

arrays at the input side. This feature contributes to the 

current limitation method that restricts the injected currents 

to the rated value. In contrast to the earlier current limiting 

methods, the Fuzzy logic controller method benefits from a 

mathematical model that can be easily implemented in the 

embedded controller. 
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